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Relevant mechanisms in injury and repair

1. Ischemia and reperfusion injury
One of the most important mechanisms underlying DGF is ischemia and reperfusion injury (IRI). 
IRI is a consequence of ischemia and reperfusion (I/R) and inevitable in (kidney) transplantation. 
It consists of a complex pathophysiology involving activation of cell death programs (apoptosis, 
necrosis, necroptosis), endothelial dysfunction, transcriptional reprogramming and activation of 
the innate and adaptive immune system (fig. 1).1 Numerous pathways and signalling cascades 
are implicated.

Figure 1. Schematic overview of the pathophysiological consequences of ischemia and reperfusion

Ischemia
Due to a decrease in oxygen supply, cells will switch from an aerobic to an anaerobic metabolism 
which results in a decrease in ATP production and intracellular acidosis due to the formation of 
lactate. This causes destabilisation of lysosomal membranes with leakage of lysosomal enzymes, 
breakdown of the cytoskeleton and inhibition of membrane bound Na+/K+-ATPase activity. This 
last process gives rise to an intracellular accumulation of Na+-ions and water with as a consequence 
cellular edema. Due to a declined Ca2+ excretion there is also an intracellular Ca2+ accumulation 
which causes activation of Ca2+-dependant proteases like calpains. These calpains stay inactive 
during the ischemic period due to the acidosis but may damage the cell after normalisation of 
the pH during reperfusion. In the mitochondria the Ca2+ overload is responsible for the generation 
of reactive oxygen species (ROS). This will lead to opening of the mitochondrial permeability 
transition pores (mPTP) after reperfusion. During the ischemic period only small amounts of ROS 
are produced compared to the entire I/R process because of the redox reduction of cytochromes, 
nitric oxide synthases, xanthine oxidase and NADPH oxidase activation.
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During reperfusion oxygen levels increase and the pH normalises. pH normalisation is dangerous 
for the previously ischemic cells. The intracellular Ca2+ level further increases which activates the 
calpains causing injury to the cell structure and cell death. Due to normoxemia large quanteties 
of ROS are produced together with a reduction in the antioxidant capacity. These ROS contributes 
to injury of the cell membranes, the cytoskeleton and DNA. Additionally the combination of ROS 
and increase in mitochondrial Ca2+ load causes opening of the mPTP which leads to cell death 
trough apoptosis and necrosis. Most of the injury will occur during this reperfusion phase.1 Figure 
2 provides a schematic overview of the intracellular consequences of I/R.

Figure 2. Cellular consequences of I/R
ROS: reactive oxygen species; mPTP: mitochondrial permeability transition pore

2. Pathophysiology of IRI
I/R gives rise to several pathophysiological processes that may damage the kidney.

2A. Cell death: apoptosis, necrosis and autophagy
I/R leads to the activation of cell death programs. Of these programs necrosis is the most 
uncontrolled form. It is due to swelling of the cell and subsequent rupture of the cellular 
membrane.2 This will lead to an uncontrolled release of cellular fragments into the extracellular 
space. These fragments act as damage/danger associated molecular patterns (DAMPs) and are 
able to activate the innate and adaptive immune system entailing infiltration of inflammatory 
cells into the tissue and release of different cytokines. 
This is in contrast to the highly regulated and controlled process of apoptosis in which activation 
of the caspase signalling cascade results in a self-limiting programmed cell death. The caspases, 
a family of proteases, are essential for the process of apoptosis. There are two types of caspases: 
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initiator caspases (caspase 2, 8, 9, 10) and effector caspases (caspase 3, 6, 7).3,4 The initiator 
caspases are activated by binding to a specific activator protein complex (DISC, apoptosome).5 
These complexes activate the effector caspases through proteolytic cleavage upon which the 
effector caspases proteolytically degenarate various intracellular proteins. 
Apoptosis gives rise to apoptotic bodies, containing these intracellular protein fragments, via 
the process of membrane blebbing. The apoptotic bodies will undergo phagocytosis before 
they can spill their content into the extracellular space and therefor will generate a less immune 
stimulating impulse compared to necrosis. Apoptosis can be initiated through an intrinsic pathway 
(mitochondrial dependent pathway) in which the initiating signal comes from within the cell (e.g. 
damaged DNA, hypoxia, metabolic stress) or an extrinsic pathway (cell death receptor pathway) 
due to signals from out of the cell (TNF-α, Fas-ligand).5 A protein family which plays an important 
role in the regulation of apoptosis is the BcL-2 family.6 Members of this family can act as protectors 
(BcL-2, BcL-xL) which inhibit apoptosis, sensors (BH3 only proteins, Bad, Bim, Bid) which inhibit the 
protectors, or effectors (Bax, Bad) which initiate apoptosis by enhancing the permeability of the 
mitochondrial membrane.7 
The intrinsic pathway is mediated by intracellular signals of cell stress leading to an increase in 
the BH3 only proteins resulting in an inhibition of the protectors and activation of the effectors. 
The effectors Bax and Bad increase the permeability of the mitochondrial membrane (MOMP: 
mitochondrial outer membrane permeabilisation) resulting in leakage of apoptotic proteins. 
One of these mitochondrial proteins, known as SMAC (second mitochondria-derived activator of 
caspases), binds to proteins that inhibit apoptosis (IAPs, by suppression of the caspase proteins) 
causing an inactivation of the IAPs.8-10 Another protein released from the mitochondria, due to 
formation of a mitochondrial apoptosis-induced channel in the outer mitochondrial membrane, 
is cytochrome c.11 Upon release it binds with Apoptotic protease activating factor-1 (Apaf-1) 
and ATP. Next this complex binds to pro-caspase 9 creating a protein complex known as the 
apoptosome. The apoptosome cleaves pro-caspase 9 to its active form of caspase 9, which in turn 
is able to activate the effector caspase 3.
The extrinsic pathway is mediated through receptors of the TNF receptor (TNFR) family either via 
the TNF path or the Fas (first apoptosis signal) path.12 In the TNF path binding of TNF-α (produced 
by macrophages, NK-cells or CD4+ T cells) to a trimeric complex of TNFR1 molecules induces 
activation of the intracellular death domain and the formation of the receptor-bound complex 
1 made up of TRADD (TNF receptor-associated death domain), RIPK1 (Receptor-interacting 
protein kinase 1), two ubiquitin ligases: TNFR-associated factor (TRAF)-2 and cellular inhibitors of 
apoptosis (clAP)1/2 and the linear ubiquitin assembly complex LUBAC. This complex 1 can lead 
to a pro-survival pathway or to apoptosis. In case of apoptosis the TRADD dependant complex IIa 
(consisting of TRADD, Fas-associated death domain protein (FADD) and caspase 8) or the RISK-1 
dependant complex IIb also known as the ripoptosome (consisting of FADD, RIPK1, RIPK3 and 
caspase 8) is formed.13,14 In the Fas path, presence of the Fas ligand (FasL, expressed on cytotoxic 
T lymphocytes) causes three Fas receptors (CD95) to trimirize. This clustering and binding to the 
FasL initiates the binding of FADD. Three procaspase 8 or 10 molecules can then interact with the 
complex by their own death effector domains. The complex formed is called the death-inducing 
signalling complex (DISC). The DISC cleaves and activates complex 8 and 10.15 Activation of the 
initiator caspase 8 by both paths directly activates other members of the caspase signalling 
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cascade such as the eff ector caspase 3 but also can lead to an increase in BH3-only proteins (Bim, 
Bid) and trigger the intrinsic pathway.16 Figure 3 provides a schematic overview of the diff erent 
apoptotic pathways.

Figure 3. Extrinsic and intrinsic apoptotic pathway.
TNF-α: tumor necrosis factor-α; FAS-L: FAS ligand; FADD: Fas associated death domain; TRADD: TNF receptor- 
associated death domain; DISC: death-inducing signaling complex; MOMP: mitochondrial outer membrane 
permeabilisation; SMAC: second mitochondria-derived activator of caspases; IAP: inhibiting apoptosis proteins; 
APAF-1: Apoptotic protease activating factor
Adapted from Larry Li, Biologydictionary.net Editors. “Organ” Biologydictionary.net. 2014

Recently new pathways of a more regulated form of necrosis have been described. This process 
shows features of apoptosis as well as necrosis and is called necroptosis.14 One of the best-known 
pathways of necroptosis is via TNFR-1. In the absence of active caspase 8, phosphorylation of RIPK1 
and RIPK3 in complex IIb leads to formation of a complex called the necrosome. The necrosome 
recruits Mixed Kinase Domain Like protein (MLKL) , which is than phosphorylated by RIPK3.14 MLKL 
activates the necrosis phenotype by entering the bilipid membranes of organelles and the cellulair 
membrane. This causes formation of pores in these membranes and leads to release of cellular 
contents, functioning as DAMPs, into the extracellular space.17 As in necrosis the DAMPs are able 
to activate both the innate and adaptive immune system promoting proinfl ammatory responses 
that activate rejection pathways.18,19 A recent study in a kidney transplant mouse model showed 
that RIPK3-defi cient kidneys had better function and longer rejection-free survival.20 Therefore 
RIPK3-inhibiting drugs might be of interest in the reduction of IRI in organ transplantation. Next 
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to TNRF-1, other death receptors and toll like receptors (TLR) have shown to be able to induce 
necroptosis.14 
Finally, cells can preserve their metabolic function and escape cellular death. This due to autophagy 
of damaged cell parts. There are several pathways of autophagy of which macro-autophagy is the 
best studied. It involves formation of autophagosomes containing damaged cell parts or unused 
proteins. These double membrane autophagosomes travel through the cytoplasm to fuse with 
lysosomes (autolysosome) leading to the degradation of the damaged cell parts. This process 
is continuously active at low basal levels, preserving cellular homeostasis, but stimulated upon 
stress through various signals like nutrient deprivation, ROS formation, hypoxia, free amino acids 
etc.21-23 The first step in autophagy, the initiation, is regulated by two kinases: mammalian target 
of rapamycin complex 1 (mTOR, mTORC1), a member of the phosphatidylinositol 3-kinase-related 
kinase family, and AMP-activated kinsase (AMPK).21,24,25 Together they regulate the activity of the 
ULK1/2 complex consisting of Unc-51 like autophagy activating kinase (ULK1/2), the FAK family 
kinase interacting protein of 200 kDa (FIP200) and the autophagy related proteins ATG13 and 
ATG10.26,27 Activation of mTOR leads to the inhibition of autophagy (for instance through the PI3K/
AKT or the MAPK/Erk 1/2 signaling pathway) whereas activation of AMPK activates autophagy.28 
AMPK, activated upon intracellular AMP increase, is able to activate autophagy by inhibition of 
the mTORC1 through dissociation of mTORC1 from ULK1/2 allowing ULK1/2 to be activated.29,30 
AMPK, is also able to initiate autophagy in a direct way by phosphorylation of ULK1/2 forming 
the ULK1/2-complex.29 Another complex involved in the initiation of autophagy is the autophagy 
inducible beclin-1 complex or class III PI3K complex which consists of Vps34 (class III PI3K), beclin-1 
(a BH3 only domain protein member of the Bcl-2 family), vps15 and ATG14L. This complex is 
activated by the ULK-1 complex and inhibited by Bcl-2 and Bcl-XL. The ULK1/2 and class III PI3K 
complexes join to form the phagopore and eventually the autophagosme.31-33 This process is 
mediated by the Atg5-Atg12-Atg16 complex and the formation of phosphatidylethanolamine-
conjungated Light Chain (LC) 3 (LC3-II) facilitating elongation of the bilipid membrane to form a 
closed autophagosme.31,32,34-36 This autophagosome fuses with a lysosome in which LC3-II located 
on the inner membrane is degraded together with the content of the autophagosome. The LC3-II 
molecules adhered to the outer membrane are split off by Atg4 and recycled.33 Finally the content 
of the autolysosome is degenerated and the components are released to be reused to synthesise 
new proteins or to function as an energy source for the cell.37 Figure 4 illustrates the process of 
macro-autophagy.
During micro-autophagy, cytoplasmatic contents are directly engulfed into the lysosome 
without formation of a autophagosome.38 A very selective form of autophagy is the chaperone 
mediated autophagy (CMA) reserved for proteins with the recognition site for the hsc70 (heat 
shock cognate 70 of the Hsp70 family) containing complex.39,40 Binding of these specific proteins 
to this chaperone complex leads to formation of the CMA-substrate/chaperone complex which 
binds to the lysosome-associated membrane type 2A (LAMP2A) on the lysosomal mebrane. 
Upon recognition, the substrate protein unfolds and translocates across the membrane with the 
assistance of the hsc70 chaperone.41,42
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Figure 4. Pathway of macro-autophagy
AMPK: AMP-activated kinsase; mTORc1: mammalian target of rapamycin complex 1; AKT: Protein kinase B; 
PDK1: pyruvate dehydrogenase kinase 1; PI3K-1: phosphatidylinositol 3-kinase; ATG: autophagy related proteins; 
ULK: Unc-51 like autophagy activating kinase; FIP200: FAK family kinase interacting protein of 200 kDa; VPS: 
phosphatidylinositol 3-kinase; LC3-II: phosphatidylethanolamine-conjungated Light Chain (LC) 3
Adapted from: InVivogen (San Diego, California, US)

In renal IRI, autophagy is mostly upregulated, but both protective and harmful effects are observed, 
proposing a dual role for autophagy in renal IRI.43,44 Autophagy can be considered a protective 
mechanism in (oxidative) stress injured cells trough restoring cellular homeostasis. Kidneys from 
older donors are at increased risk of DGF. The age dependent decline in autophagy activity may 
be one of the underlying mechanisms of this phenomenon.45 Extensive oxidative stress (amount 
or duration), however, may have detrimental effects which eventually could trigger the switch to 
aggravation of the injury through autophagy dependant cell death. Excessive or prolonged ROS 
exposure may lead to the oxidative modification of macromolecules making them only partially 
degradable by the autolysosome. This indestructible product, known as lipofuscin, impairs 
functioning of the lysosomes and exacerbates injury.46 Furthermore an energy dependent 
process of autophagy could deprive the cell of needful energy. In this light excessive autophagy 
seen upon a prolonged duration of cold ischemia time and in DCD donors seems to be one of the 
underlying mechanisms behind augmentation of reperfusion injury seen in these circumstances, 
increasing the risk of DGF.43,47

The different cell death programs described above are induced in response to common stimuli. 
Several proteins in the autophagy and apoptosis pathway are shared resulting in an intimate 
crosstalk between apoptosis and autophagy. Regulation of these proteins determines cellular 
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fate to cell survival or cell death. Caspase mediated degradation of several autophagy regulation 
proteins limits autophagosome formation and therefore autophagy.48-50 Apoptosis inhibitors Bcl-
2 and Bcl-XL also inhibit autophagy by binding to Beclin-1 limiting its availability to form the 
classIII PI3K complex.51,52 Inhibition of cisplatin induced autophagy enhanced caspase 3 activation 
and apoptosis in renal proximal tubular cells.53,54 On the other hand overexpression of Atg5 and 
beclin-1 prevented cisplatinum induced caspase activation and apoptosis.55 Addiotionally there 
is evidence that autophagy induction regulates necroptosis. Inhibition of autophagy have shown 
to prevent necroptosis and vice versa inhibition of necroptosis is able to supress autophagy.56,57

2B. Endothelial dysfunction
At a vascular level, I/R leads to swelling of the endothelial cells, loss of the glycocalyx and 
degradation of the cytoskeleton. As a consequence intercellular contact of endothelial cells is 
lost, increasing vascular permeability and fluid loss to the interstitial space.58 Furthermore the 
endothelium will produce vasoactive substances like platelet derived growth factor (PDGF) 
and Endothelin-1 (ET-1), causing vasoconstriction.59 This vasoconstriction can be enhanced 
by a reduced NO production during the reperfusion due to decreased endothelial nitric oxide 
synthase (eNOS) expression and increased sensitivity of the arterioles for vasoactive substances 
like angiotensin II, thromboxane A2 and prostaglandin H2.60-62 Eventually this can lead to the 
so called no reflow phenomenon characterized by the absence of adequate perfusion on 
microcirculatory level despite reperfusion.
An important feature of IRI is the chemotaxis of leukocytes, endothelial adhesion and 
transmigration of these cells into the interstitial compartment.63 This process is initiated by 
increased expression of P-selectin on the endothelial cells and interaction of P-selectin with 
P-selectin glycoprotein 1 (PSGL-) expressed on the leukocytes. This interaction results in rolling 
of the leukocytes on the endothelium. Subsequently firm adherence of the leucocytes to the 
endothelium is achieved by the interaction of the β2-integrins lymphocyte function-associated 
antigen 1(LFA-1) and macrophage-1 antigen (MAC-1 or complement receptor 3, CR3) on the 
leukocyte and the intracellular adhesion molecule 1 (ICAM-1) on the endothelial cells. Platelet 
endothelial cell adhesion molecule 1 (PECAM-1) thereafter facilitates transmigration into the 
interstitial space. Once activated these leukocytes will release several toxic substances like ROS, 
proteases, elastases and different cytokines in the interstitial compartment which will result in 
further injury like increased vascular permeability, edema, thrombosis and parenchymal cell 
death.64 Figure 5 depicts the interaction of leukocytes and the endothelium upon IRI.

2C. Innate and adaptive immune response
IRI is accompanied by sterile inflammation in which the innate as well as the adaptive immune 
system are involved.

Innate immune response
The innate, or in-born or non-specific, immune system is evolutionary the oldest part of the 
immune system. It acts on infection or injury with a fast, short-lasting and aspecific response in 
which different cells and systems are involved. In the innate immune response, the toll-like
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Figure 5. Interaction of leukocytes and endothelial cells in the process of transmigration of leukocytes
Psgl-1: P-selectin glycoprotein 1; LFA-1: lymphocyte function-assisted antigen 1; ICAM-1: intracellular adhesion 
molecule 1; PECAM-1: platelet endothelial cell adhesion molecule 1; ROS: reactive oxygen species
Adapted from: Salvadori M, Rosso G, Bertoni E. Update on ischemia-reperfusion injury in kidney transplantation: 
Pathogenesis and treatment. World J Transplant. 2015; 5(2):52-67

receptors (TLRs) play an important role.65 TLRs are transmembrane proteins and are members of 
the interleukin-1 receptor (IL-IR) superfamily. They function as pattern recognition receptors (PRR) 
and are present on the cellular membrane and in the cytosol of cells like leukocytes, endothelial 
cells and tubular cells.66 DAMPs released upon injury are able to activate these TLR’s. The DAMPs vary 
greatly depending on type of injury and tissue involved. High-mobility group box-1 (HMGB-1), an 
intracellular protein involved in the organisation of DNA and the regulation of gene transcription, 
is one of the DAMPs linked to the pathogenesis of IRI.67-69 From the nucleus HMGB-1 can be 
released into the cytosol or extracellular space by passive leakage from injured cells or through 
active secretion by immune cells.70,71 In general, activation of the TLRs lead to the recruitment of 
various adapter molecules (TRAF6, MyD88, TIRAP, TRAM, TRIP). These adapter molecules activate 
different kinases (IRAK-1, IRAK-4, TBK, IKK) which will lead to activation of transcription factors 
(NF-κB, MAP3, IFR) and eventually results in an inflammatory response.1 In renal IRI, TLR4 plays an 
important role. Bergler and colleagues showed that TLR4 is highly upregulated after renal IRI, and 
that high TLR4 expression is strongly correlated with graft function in an allogenic renal transplant 
model in rats.72 Furthermore, TLR4 deficient mice are protected against renal IRI and kidneys from 
donors with a TLR4-loss of function allele show less pro inflammatory cytokines in the kidney after 
transplantation and a higher percentage of immediate graft function.73,74 Proposed endogenous 
ligands for TLR4 in renal IRI include HMGB-1 extracellular matrix (ECM) components like biglycan, 
heparin sulphate and soluble hyaluronan, and heat shock proteins (Hsps).75-81 Upon ligand 
binding, activation of TLR4 leads to downstream signalling via the MyD88 dependent and MyD88 
independent pathway. The MyD88 dependent pathway in which MyD88 and TIRAP or MyD88 
adapter-like (Mal) recruits and activates members of the IL-1 receptors associated kinases (IRAK) 
family, is considered to be the dominant pathway.82 IRAK activation leads to recruitment of TRAF6 
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and subsequently activation of TAK1. Activation of TAK1 than leads to the activation of inhibitor 
of nuclear factor-κB kinase (IKK) which results in the release of NF-κB from its inhibitor, promoting 
translocation to the nucleus. The MyD88 independent pathway is mediated by the adapter 
molecules TRIF/TRAM and downstream signalling leads to activation of 2 IKK homologs IKKε and 
TANK binding Kinase -1 (TBK1) which possibly form a complex together and activate transcription 
factors NF-κB and IFN-regulatory factor 3. From here pro inflammatory gene transcription is 
initiated.83 Figure 6 provides a schematic overview of intracellular TLR4 signalling. 
Activation of TLR4 in renal IRI has various consequences on the graft. First of all it promotes 
the release of different proinflammatory mediators like IL-6, IL-1β and TNF-α, accompanied by 
an increased expression of macrophage inflammatory protein-2 (MIP-2) and monocyte chemo 
attractant protein-1 (MCP-1) involved in the recruitment of neutrophils and macrophages.82

 Second,TLR4 activation leads to increased expression of adhesion molecules ICAM-1, VCAM-1 and 
E-selectin facilitating leukocyte migration and infiltration into the interstitial space (see above).
TLR4 signalling seems mandatory for this increased expression. Chen and colleagues showed that 
increased expression of adhesion molecules after renal IRI was absent in TLR4 knockout mice in 
vivo and the addition of HMGB-1 to isolated endothelia increased adhesion molecule expression 
on endothelia from wild-type but not from TLR4 knockout mice.84

Thirdly, activation of TLR4 on circulating immune cells of the innate immune system leads to 
activation of these cells. Neutrophils and macrophages are involved in an early stage after 
reperfusion. Neutrophils are regarded as the primary mediators of injury and its activation 
leads to ROS release, secretion of different proteases and renal tissue injury.85 Upon activation 
macrophages release proteolytic enzymes and proinflammatory cytokines like TNF-α, IL-1β and 
IFN-γ.86 In TLR-4 KO mice subjected to IRI, neutrophil and macrophage infiltration was mainly 
reduced.82 Also natural killer (NK) cells might play an important role in renal IRI. Zhang and 
colleagues showed that NK cells can induce tubular cell death in vitro, possibly by interaction of 
retinoic acid early inducible 1 (RAE-1) on renal tubular cells and NKG2D receptor on NK cells.87 In 
a mouse model, they showed that NK cells quickly infiltrate into the injured kidney following I/R 
and that NK cell depletion was protective in this renal IRI model.87 
Finally the TLR4 facilitated immune response is linked to renal fibrosis. The upregulation of TLR4 
upon I/R induces a strong inflammatory response accompanied by tubular necrosis, loss of 
brush border, formation of casts and tubular dilatation.82 Such a robust inflammation is known to 
potentiate interstitial fibrosis.88

Wang and colleagues demonstrated that MyD88 and TRIF deficient mice showed a significant 
reduction in interstitial fibrosis reflected by reduced α-smooth muscle actin (α-SMA) and collagen 
I and II accumulation.89 Altogether in view of the pivotal role of TLR4 in renal IRI, inhibition of 
TLR4 or upstream or downstream mediators could be an interesting target in reducing IRI and 
optimizing graft survival.
Next to the TLR signalling the complement system plays an important role in the innate immune 
response in IRI. This sytem consists of soluble proteins, regulatory proteins and membrane 
bound receptors and comprises three pathways. DAMPs are able to activate all three pathways 
via binding to C1q (classical pathway), C3 (alternative pathway) or PRRs of the lectin pathway 
(LP). These routes have different molecular pathways but all three lead to the formation of C3-
convertase
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Figure 6. Toll like recptor 4 signaling
MyD88: Myeloid differentiation primary-response protein 88; IRAK: IL-1 receptors associated kinases; TRAF: TNF 
receptor associated factors; TAK-1: Transforming growth factor beta-activated kinase 1; IKKs:inhibitor of nuclear 
factor-κB kinase; NF-κB: nuclear factor-κB; TRIF: TIR-domain-containing adapter-inducing interferon-β; TBK-1: 
TANK-binding kinase 1 IRF3: Interferon regulatory factor 3
Adapted from: Zhao H, Perez JS, Lu K, George AJ, Ma D. Role of Toll-like receptor-4 in renal graft ischemia-reperfusion 
injury. Am J Physiol Renal Physiol. 2014; 306(8):F801-11

(C4b2b, C3bBbP). C3-convertase cleaves and activates component C3, creating C3a and C3b. C3b 
together with C4b2b forms C5 convertase which will cleave C5 into C5a and C5b. C5b together 
with C6-9 will than form the Membrane Attack Complex (MAC, C5b-9). The formed complement 
effectors will lead to opsonisation (C3b), chemotaxis of neutrophils and macrophages (C3a,C5a) 
and lysis of the cell by formation of pores in the cell membrane by the MAC.90 Under normal 
physiological circumstances formation of the complement effectors is controlled by proteins 
(soluble or surface bound) that mediate break down of the convertases C3 and C5. After I/R this 
balance shifts to uncontrolled complement activation leading to complement mediated injury 
and rejection.91 Recently the LP has been pointed out the primary route of renal complement 
activation after I/R.90 Activation of the LP can take place through various PRRs like collectins 
(manose binding lectine (MBL) and collectin-11)92, surfactant proteins (SP-A, SP-B) and ficolins 
(ficolin1-3)93 These PRRs interact with MBL-associated serine proteases (MASPs, MASP1-3) upon 
which the collectin-MASP complex is able to bind to carbohydrate bearing ligands (for instance 
mannose or fructose expressed on stressed cells). LP activation is critically dependant on the 
action of MASP-2.94,95 In an isograft transplantation model in wild type and MASP-2 deficient 
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mice, Asgari and colleagues showed that renal function was preserved with MASP-2 deficiency.95 

After complex-ligand interaction, LP proceeds with cleavage of C4 and C2, mediated by MASP-2, 
leading to the formation of C3. Recently a C4 independent bypass in the LP pathway was also 
demonstrated.95 This could explain why C4 deficient mice are not protected against renal I/R and 
cellular mediated rejection.96,97 One of the PRRs assigned an important role in the LP is collectin-11 
(CL-11), a soluble C-type lectin containing a carbohydrate recognition domain and MASP binding 
domain.98 In renal tissue, tubular cells are the main source of CL-11 and expression increases after 
IRI.99 CL-11 has been appointed an important role on complement activation in the kidney. It has 
been shown that CL-11 engage L-fucose at sites of ischemic stress and inflammation initiating 
the LP.75 In a renal I/R model, CL-11 deficient mice showed no post ischemic and complement 
mediated injury supporting the importance of CL-11 in triggering renal complement activation. 
Next to inducing inflammation and cell death the complement system is able to modulate 
antigen presentation and T cell priming via C3a and C5a therefore playing a role in donor antigen 
sensitization and rejection.100 Antigen presenting cells express C3 and C5 along with complement 
receptors C3aR and C5aR1. Upon complement activation in the extracellular space C3a and C5a 
increase the presentation of alloantigens and expression of co-stimulatory molecules on the 
APC enhancing APC priming of T cells.90 Furthermore C3a and C5a promote T cell differentiation 
of CD4+ and CD8+ T cells. CD8+ cells mediate vascular and cellular T cell mediated rejection. 
Upon activation CD4+ T cells can stimulate further CD8+ T cell differentiation, they can proliferate 
and differentiate to memory and effector CD4+ cells which can activate macrophages, recruit 
leukocytes and stimulate inflammation and finally CD4+ cells stimulate B cell differentiation and 
in the end antibody production.90 The B cells response can also be enhanced in a direct manner 
by via C3b and C3d on the APC and the CR2 on the B cell. Activation of the B cell by binding to 
the donor alloantigen induces class switching of the donor specific antibody from IgM to IgG. 
Subsequently antibody mediated rejection (AMBR) occurs when IgG DSA recognizes antigens in 
the kidney graft and engage with C1q, C1r and C1s to activate the classical pathway.90 Therapeutic 
inhibition of C5 with the use of eculizumab, an anti-human C5 micro antibody, and C1 INH, a 
C1 esterase inhibitor show potential in the prevention and/or treatment in AMBR.101-103 However 
complement inhibition of downstream pathways (eculizimab) increases the risk of susceptibility 
for sepsis and inhibition of upstream pathways with C1 INH, since it is a broad protease inhibitor, 
extend beyond the alternative pathway and even beyond the complement system.104 
The link between the innate and adaptive immune response is made by dendritic cells (DCs). DCs 
are APCs and play an essential role in the pathogenesis of IRI. Immature DCs can be activated by 
DAMPs via TLRs and by the complement system. After maturation they are able to activate the 
adaptive immune system in a direct manner by antigen presentation to B and T cells or indirectly 
via cytokine signalling.1 This process can already start in the donor in which in case of a DBD 
donor DCs are activated by oxidative stress or C5a and present donor antigens to T cells of the 
recipient.105 Furthermore it is thought that DCs (subtype CDC11c+ and F4/80+) play an important 
role in the early pathophysiology of IRI by secretion of TNF-α, CCL5, IL-6 and MCP-1within the first 
24h after IRI.106 The interaction of the innate and adaptive immune system upon I/R is shown in 
fig 7.

Mechanisms in injury and repair



 36  

inflammation adaptive  
immune response 

Ligand 
complement 

pathways 

Ligand  
TLR  

(HMGB-1) 

Complement activation 

crosstalk trough  
intracellular signaling 

B-cell 

T-cell Dendritic cell 

tubulair cell 

neutrophil 

macrophage 

NK cell 
CD4+ 
CD8+ 

Adapter molecules (TRAF6, MyD88, TIRAP, TRAM, TRIP) 
 

Kinase (IRAK1,IRAK4,TBK,IKK) 
 

Transcription factors (NF-κβ, MAP3, IFR) 

complement 
receptor 

Toll-like 
receptor 

I/R 

DAMPs PRR 

Tregs 

Figure 7. Interaction of the innate and adaptive immune system in the pathophysiology of ischemia and 
reperfusion injury
I/R: Ischemia and reperfusion; DAMPs: danger associated molecular patterns; TLR: toll like receptor; HMGB-1: High- 
mobility group box; PRR: pattern recognition receptor; NK cell: natural killer cell; Tregs: regulatory T cell
Adapted from: Farrar C, Kupiec-Weglinski J, Sacks S. The innate immune sytem and transplantation. Cold Spring 
Harb Perspect Med. 2013; 3(10):a015479

Adaptive immune response
In contrast to the non-specific nature of the innate immune response, the role of the adaptive 
immune system is to recognize alloantigens and to react with an alloantigen specific response 
simultaneously generating an immunological memory. Involved cells are B and T cells. Activation 
of T cells occurs through binding of the T cell receptor (TCR), on the surface of the T cell, to the 
major histocompability complex (MHC, in case of humans the HLA system) on the APC. This can 
be in a direct way when the TCR binds to unprocessed allogenic MHC on the APC of the donor 
or in an indirect manner when MHC proteins of the donor have been taken up by APC of the 
recipient, processed and presented by the MHC of the recipient.107 
In case of IRI CD4+ T helper (Th) cells as well as CD8+ cytotoxic T cells are found in the kidney.108 
The TCR on CD4+ T cells can only bind to MHC class 2 molecules (HLA DP, DQ, DR). Upon activation 
these CD4+ T cells become cytokine producing effector cells harming the graft trough cytokine 
mediated inflammation.107 The effector CD4+ Th cells can differentiate into three major subtypes 
Type 1 (Th1), Type 2 (Th2) and Th17 cells depending on the cytokines they produce and the 
transcription factors they express. This differentiation process, also referred to as polarisation, 
starts with induction in lymphoid tissue. Cytokines produced by APCs (DCs and macrophages), 
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NK cells, basophils and mast cells act on T cells stimulated by the antigen and co stimulators. 
This induces the transcription of cytokine genes characteristic for the particular subset. Upon 
continued activation genetic modifications occur keeping the characteristic cytokine genes in 
a transcriptionally active state (commitment). The cytokines produced by the subset promote 
development of this subset and inhibit differentiation toward other subsets (amplification).107 The 
main effector cytokine of Th1 cells is IFN-γ and the key Th1 transcription factors are STAT4 and 
T-bet. Main effector cells are macrophages, B cells, CD8+ T cells and CD4+ T cells (amplification). 
IFN-γ secreted by Th1 cells will activate macrophages leading to secretion of inflammatory 
cytokines (TNF, IL-1 and IL-2), an increased production of toxic substances like ROS, NO and 
lysosomal enzymes and finally stimulation of expression of costimulatory molecules enhancing 
the efficiency of the macrophage as APC.107 The main effector cytokines of Th2 are IL-4, IL-5 and IL-
13 and key transcription factors are GATA-3 and STAT-6. IL-4 act on B cells to stimulate production 
of IgE antibodies which can lead to mast cell degranulation upon binding of IgE with mast cells.
IL-5 activates eosinophils inducing defence against helminthic infections. IL-4 and IL-13 are 
involved in alternative macrophage activation promoting development of M2 macrophages 
which have anti-inflammatory effects and may promote tissue repair and fibrosis.107 Signature 
cytokines of Th17 are IL-17 and IL-22. Differentiation into this subtype is mediated by IL-6 and 
TGF-β leading to activation of transcription factors STAT3 and retinoic acid-related orphan 
receptor γt (RORγt) respectively. IL-17 act on leukocytes and tissue cells and stimulates production 
of several chemokines and cytokines (TNF-α, IL-1β, IL-6) that recruit neutrophils and to a lesser 
extend monocytes to generate an inflammatory response. IL-22 produced in epithelial cells is 
primarily involved in maintaining the barrier function of epithelia.107 The differentiated T cells can 
convert from one subtype to another by changes in activation circumstances.109 It is suggested 
that Th1/Th2 ratio plays an important role in the pathogenesis of IRI. Yokota and colleagues 
demonstrated that STAT6-deficient mice with a defective Th2 phenotype have enhanced renal I/R 
injury whereas STAT4-deficient mice have mild improved function.110 Furthermore, Loverre and 
colleagues showed that kidney transplant recipients experiencing DGF predominantly expressed 
Th1 phenotype within the graft.111 In literature both Th1 and Th17 cells are associated with T cell 
mediated rejection.112-117 
The TCR on CD8+ T cells can only bind to MHC class 1 molecules (HLA A, B, C) presented on APCs. 
Upon activation in lymphoid tissue they differentiate into cytotoxic T cells (CTLs) or memory cells. 
This differentiation is facilitated by CD4+ Th1 cells by secreting cytokines that act directly on the 
CD8+ cells.107 The main cytokines involved are IL-2 (proliferation, differentiation CTL/memory cell), 
IL-12/IFN (differentiation CTL), IL-15 (memory cell survival) and  IL-21 (memory cell induction). 
The CTLs are able to kill cells presenting the allogenic class 1 MHC of the donor in the graft. This 
through binding on the target cell and release of granule content into the immune synapse. 
These granules contain perforin and granzymes. Perforin induces the uptake of granzymes into 
the target cell. These granzymes are capable of activating caspases and inducing apoptosis. The 
killing of the target cell can also be Fas/Fas-L mediated in which the CTL expose the Fas ligand 
on the membrane which will bind to the Fas receptor on the target cell inducing apoptosis. Only 
CTLs that are activated in the direct way (by donor MHC on donor APC) are able to kill graft cells.107 
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Additionally, like CD4+ Th cells, CTL secrete inflammatory cytokines, (predominantly IFN-γ) that 
attribute to inflammation and injury of the graft. The role of CD8+ cells in early phase of renal IRI 
is unclear, in a mouse model CD4+ deficient mouse were protected from IRI but CD8+ deficient 
mouse were not.118

Next to binding to the allogen, co-stimulation (binding to a co-stimulator on the APC) is an 
important phenomenon in the activation of T cells. In the absence of co-stimulation T cells die 
of apoptosis or become unresponsiveness for a prolonged period of time. The best known co-
stimulation pathway is the binding of the B7 proteins on APCs to a member of CD28 family on the 
T cells. Various stimuli such as IFN-γ, the innate immune system or activated CD4+ cells themselves, 
enhance the expression of B7 proteins on APCs. Members of the CD28 family can either generate 
a stimulatory or inhibitory signal upon binding with B7. Blockade of co-stimulation is a strategy 
now looked into for prevention of T cell mediated rejection (e.g. belatacept).119,120

Next to alloreactive CD4+ and CD8+ T cells, antibodies (immunoglobulins, Ig) against the graft 
contribute to rejection. Most of these Igs are produced by Th dependant alloreactive B cells. The 
naïve B cell recognizes allogenic MHC-molecules, processes these MHC-molecules and presents 
them to Th cells that were activated previously by the same alloantigen presented by APCs. 
The produced Igs (IgM/IgG) are then able to induce complement activation, and activation of 
neutrophils, NK cells and macrophages. The T cells are responsible for T cell mediated rejection 
and B cells together with complement activation for ABMR.107

The T cells which most likely play a protective role in renal IRI are regulatory T cells (Tregs). Tregs 
are a subset of CD4+ T cells whose function is to supress the innate as well as the adaptive 
immune response and maintain self-tolerance. Tregs can be discriminated from other T cells by 
expression of FoxP3 amongst other proteins like CD25. FoxP3 is probably the most important 
transcription factor for Treg differentiation. The mechanism of action of Tregs is production of 
immune suppressive cytokines IL-10 and TGF-β, reduction of APC s to stimulate T cells (possibly 
by binding to B7 proteins on the APC) and finally consumption of IL-2 an important growth factor 
for other T cells.107 TGF-β inhibits various immune cells amongst which: proliferation and effector 
functions of T cells, macrophages, neutrophils and endothelial cells. It regulates differentiation 
of FoxP3+ Tregs and promotes polarisation towards Th17 cells. Furthermore TGF-β promotes 
tissue repair by the ability to stimulate collagen synthesis and matrix modifying enzyme by 
macrophages and fibroblasts. IL-10 inhibits the production of IL-12 by activated macrophages 
and DCs, therefor inhibiting these cells and their IFN-γ production. It also inhibits T cell activation 
by inhibiting the expression of co-stimulators and MHC-II molecules on DCs and macrophages.107 
Tregs play a potentially promising role in the reduction of IRI and graft tolerance121-124 and at the 
moment several clinical trials are running evaluating the safety and effeciacy of FoxP3 cellular 
therapy in kidney transplantation (NCT02091232, NCT03284242, NCT01446484).125,126 However all 
that glitters is not gold since recent studies have shown that human FoxP3+ T cells show great 
variations in gene expression phenotype and function.127-130 Furthermore, recently a subset of 
FoxP3+ Tregs mimicking Th cells was discovered that secreted pro-inflammatory cytokines.130 Also 
the effect of different immune suppressive agents on the Treg phenotype needs to be elucidated 
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since these drugs might influence Treg phenotype.131,132 Altogether, more insight in function and 
biology is needed before this therapy finds its way to clinical setting.

2D. Transcriptional reprogramming
Hypoxic inducible factors (HIFs) protect the cell against I/R by regulation of genes involved in the 
metabolic cell cycle and inducing a protective cell response to hypoxia. HIFs are heterodimeric 
transcription factors consisting of an α and β subunit. There are 2 types of α subunits, HIF-1α 
and HIF-2α, which have common but also subunit specific target genes. In the kidney HIF-
1α is predominantly localized in tubular and glomerular cells whereas HIF-2α can be found in 
glomerular cells, peritubular endothelial cells and fibroblasts.133-135 In aerobic circumstances HIFs 
are inactive. Oxygen sensing prolylhydroxylases (PHD) hydroxylate the amino acid proline on the 
HIF-1α/HIF-2α subunit. This induces a conformational change enabling von Hippel-Lindau tumor 
suppressor protein (pVHL) to bind with the α-subunit leading to degradation of the HIF-α subunit. 
Hypoxia will lead to inhibition of the oxygen dependent PHD which enables nuclear translocation 
of the α subunit, binding of the α and β subunit and formation of HIF. In the nucleus HIF binds 
with the hypoxia response promotor element (HRE) leading to the transcription of various 
genes like glycolysis enzymes Glut-1 and aldolase (enabling ATP production under hypoxic 
circumstances), NF-κB, TLRs, adenosine receptors, vascular endothelial growth factor (VGEF), CD73 
and erythropoietin. Activation of HIF can also occur in normoxemic circumstances for instance 
by ROS, LPS, various cytokines and TCR-CD28 stimulation. Transcriptional reprogramming is a 
consequence of I/R that should be considered a protective mechanism.136 Figure 8 provides an 
overview of the intracellular stabilisation and activation of HIF.
Conde and colleagues showed in various models and human post transplantation biopsies that 
HIF-1α is induced in a biphasic manner namely during the hypoxic as well as the reperfusion 
phase. They pointed out the PI3K/Akt mTOR pathway to be responsible for this HIF-1α 
accumulation during the normoxemic reperfusion fase.137 In their study this second increase 
(e.g. during reperfusion) seemed crucial for tubular cell survival and recovery. During the hypoxic 
phase increase of HIF-1 resulted predominantly in the upregulation of PHD3 and VGEF mRNA 
which remained elevated during oxygenation. EPO mRNA was upregulated upon reperfusion. 
EPO and VGEF have been suggested to be involved in proximal tubular regeneration.138-140 Their 
human post transplantation biopsies revealed HIF-1α expression in proximal tubular cells without 
ischemic damage or features of regeneration suggesting a protective role for HIF-1α during I/R.137 
Oda and colleagues had similar findings in patients receiving a DBD/DCD donor kidney.
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Figure 8. Intracellular stabilisation and activation of hypoxic inducible factor
ROS-reactive oxygen species; LPS: lipopolysaccharide; TCR:T cell receptor; HIF: hypoxic inducible factor; pVHL:von 
Hippel-Lindau tumor suppressor protein; HRE: hypoxia response promotor element; TLR: toll like receptor; VGEF: 
vascular endothelial growth factor;

Their analysis of 46 post-transplant biopsies, gained 1 h after reperfusion, showed that expression 
levels of PI3K, Akt, mTOR and HIF-1α were significantly higher in patients without DGF compared 
to patients experiencing DGF (76% of the patients). Expression level of HIF-1α and donor type 
(DCD) were independently associated with DGF.141 HIF-2α expression in renal endothelial cells is 
suggested in several studies to be protective against renal IRI via protection and preservation of 
the vasculature endothelium by upregulation of angiogenic factors like VGEF and their receptors 
Tie2 and VGEFreceptor-2 (FLK-1).142-145 Increased production of HIF in myeloid and lymphoid 
cells influences the innate and adaptive immune response. T cell activation and proliferation is 
reduced under hypoxic conditions.146 A study of Zhang and colleagues revealed a hypoxia/HIF-
2α/adenosine2A receptor axis to be responsible in reduction of NK T cell activation and renal IRI 
upon I/R. HIF-1α induces a shift from Th1 to Th2 cells (decrease Th1/Th2 ratio) accompanied by a 
decrease in excretion of inflammatory cytokines. Furthermore HIF-1α promotes transcription of 
FoxP3 and therefor generation activation of Tregs.147 The activation and/or upregulation of HIF 
could be an interesting approach to reduce renal IRI and improve of renal transplant outcome

3. The coagulation system
Under normal conditions the endothelium expresses an antithrombotic phenotype148-150 

but following trauma, inflammation or IRI platelets are activated and fibrin is formed through 
activation of the coagulation cascade. Activation of the coagulation cascade is initiated by the 
formation of tissue factor (TF)-coagulation factor (F) VIIa complex (extrinsic pathway). Upon injury 
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or inflammation subendothelial TF on fibroblasts and smooth muscle cells is exposed and/or 
endothelial cells and leukocytes cells show increased expression of TF.151,152 TF then comes in 
contact with the circulation and forms a complex with FVII. Coagulation factors are inactive pro-
enzymes circulating in plasma that upon activation become active components able to catalyse 
the next reaction in the coagulation cascade. The TF-FVIIa complex activates FX or IX. Together 
with its co-factor FVa, FXa generates small amounts of thrombin from prothrombin. Thrombin 
generated by the extrinsic pathway, amplifies its own production on the surface of activated 
platelets by activating FXI of the intrinsic pathway and FV and FVIII, the intrinsic and common 
pathway cofactors. FXIa then activates FIX, which forms a complex with FVIIIa on the platelet 
surfaces leading to enhanced activation of FX. Activated platelets contribute to the amplification 
of thrombin generation and propagation of a thrombin burst through phosphatidylserine (PS)-
enriched surfaces and release of FV.153 Vice versa thrombin is able to activate platelets. Thrombin 
ultimately cleaves fibrinogen to fibrin and activates factor XIII, which crosslinks soluble fibrin. 
Activated platelets also release fibrinogen and FXIII from intracellular stores. Figure 9 provides a 
schematic overview of the coagulation cascade.
Adhesion of platelets starts with binding of the receptor complex glycoprotein (GP)-Ib-IX-X 
on the surface of platelets with collagen-bound Von Willebrand Factor. This adhesion is then 
strengthened by binding of the collagen receptors GPVI and integrin α2β1 on platelets to 
collagen. Interaction of collagen with platelet GP VI subsequently leads to the activation of 
platelet integrins which mediates platelet-platelet interaction Upon activation, platelets release 
ADP, serotonin, platelet-activating factor (PAF), VWF and platelet factor 4 (PF4), from their granules 
and thromboxane A2 (TXA2) is synthetized and released. This attracts and activates additional 
platelets. Additionally, activation modifies platelet integrin α 2bβ3, increasing its affinity to bind 
fibrin and VWF. Ultimately the interaction of fibrin and activated platelets leads to clot formation.
The coagulation cascade and platelet activation are negatively regulated by several proteins. In 
short:
Protein C, the bodies physiological anticoagulant, activated amongst others by thrombin to 
activated protein C (APC). APC together with protein S and cofactors, degrades FVa and FVIIIa.
Antithrombin (AT), a serine protease inhibitor (most coagulation factors are serine proteases), 
inactivates thrombin, FIXa, FXa, FXIa, and FXIIa. Adhesion of AT to these factors is increased by the 
presence of heparan sulfate in the glycocalix or the administration of exogenous heparin.
Tissue factor pathway inhibitor (TFPI,) inhibits the extrinsic pathway by limiting the action of TF and 
inhibiting activation of FVII and FX.
Plasmin, cleaves fibrin into fibrin degradation products (fibrinolysis, D-dimers). Plasmin is derived 
from plasminogen by proteolytic cleavage a process which is catalyzed by tissue plasminogen 
activator (t-PA), synthesized and secreted by the endothelium. 
Prostacyclin (PGI2) released by the endothelium inhibits platelet activation and release of granules 
by decreasing cytosolic levels of calcium.
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Figure 9. Overview of the initiation and amplification of the coagulation cascade upon vascular injury
TF: tissue factor; PS: phosphatidylserine

The equilibrium between endogenous anticoagulant mechanisms on one hand and activation 
of the coagulation cascade and platelets on the other, prevents bleeding or formation of 
thromboembolisms under normal conditions. End stage renal disease, hemodialysis and peritoneal 
dialysis may disturb this balance on various levels leading to a more pro- or anticoagulant state 
in the individual patient.154 These differential effects are listed in table 1. Underlying diseases, 
inherited coagulation disorders and the use of anticoagulants or antiplatelet medications may 
also influence the hemostatic state of renal transplant recipients.
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Pro-coagulant Anti-coagulant 
Coagulation cascade 

  fibrinogen level, associated with  level of 
proinflammatory markers like CRP and IL-6  

  TF level  
  FXIIa en FVIIa, APC complex  
 Activation RAAS system, associated with  

fibrinogen, D-dimer, plasminogen activator 
inhibitor (PAI)-1 (inhibits t-PA) 

 PD:  PAI-1,  levels FII, FVII, FVIII, FIX, FX, FXI 
and FXII 

Coagulation cascade 

Platelets 
 PD:  activity and  count  
 Aggregation through  L-arginine en  NO 
  PS expression on surface enhancing thrombin 

formation 
  p-selectin and fibrinogen receptor levels 

facilitating platelet-leucocyte interaction. 
Results in platelet activation, ROS formation 
and increased thrombotic state 

Platelets 
 function through uremic toxins (phenol, 

phenolic acid, guanidine succinic acid)  
  function, disturbance α-granules:                        

 ATP/ADP ratio,  serotonin  
  intracellular Ca 
  ATP release  
  thromboxane A2 adhesion,  aggregation, 

reversed by HD  
 Circulating fibrin fragments bind to GP IIb/IIIa 

rec adhesion,  aggregation 
 Continuous activation dialysis membrane (HD)  

Endothelium 
 Endothelial injury through continuous 

stimulation by hypoxia, thrombin, oxidants IL-
1, TNF-α, IFN-, endotoxins… loss of ant-
thrombotic properties. 

 Production of endothelial MP with surface 
exposure of PS, facilitating thrombin formation 
and TF, release soluble TF. MP also produced 
by other cells. 

 Homocysteine, inhibition trombomodulin 
dependant APC system permanent activation 
thrombin.  decrease tPA release 
endothelium hypofibrinolysis. 

Platelet-vessel wall interaction 
  concentration GP1b platelets  
  function GPIIb/IIIa complex 
 Functional defect vWF-platelet interaction 

related to uremic toxins  
 Inhibition platelet aggregation by vasoactive 

substances like NO  
 

Artherosclerosis 
 RF thrombosis  

Anemia 
 Influences bleeding time  
 Eryhtrocytes concentrate platelets at site of 

injury and stimulate their function. 
 Hemoglobin NO scavenger  
 Exogenous erythropoietin reduces bleeding 

time  
Antibodies 

 Antiphospholipid antibodies: detectable in 
many HD patients, significance not clear  

   prevelance anti prot C/anti prot S antibodies 
in HD patients with vascular access thrombosis, 
significance not clear  

Medication 
 Platelet aggregation inhibitors  
 Accumulation of LMWH, FXa inhibitors, 

thrombin inhibitors  

 

Table 1. Differential effects of end stage renal disease and dialysis on the coagulation system

CRP: C-reactive protein; TF: tissue factor; APC: activated protein C; RAAS: renin-angiotensin-aldosteron-system;  
PAI-1 plasminogen activator inhibitor-1 ; t-PA: tissue plasminogen activator; PD; peritoneal dialysis; HD; 
hemodialysis; NO: nitric oxide; PS: phosphatidylserine; ROS: reactive oxygen species; Ca: calcium; GP: glycoprotein; 
MP: microparticles; RF: risk factor; prot: protein; LMWH: low molecular weight heparin.
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