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INtroDUctIoN
Organ transplantation is the treatment of choice for end stage organ failure, and in recent dec-
ades one year results have greatly improved. Two major problems facing the transplant commu-
nity remain; long-term survival of organ grafts has still not reached its full potential, and the short-
age of suitable donor organs is still increasing [1].
Long-term graft survival is significantly hampered by chronic transplant dysfunction (CTD). This 
still poorly defined process of untreatable functional deterioration of an organ following trans-
plantation accounts for approximately 30 percent of graft loss in the first 5 years after trans-
plantation. In the kidney CTD, also known as chronic allograft nephropathy (CAN), is clinically 
characterized by progressive renal dysfunction, associated with hypertension and proteinuria [2]. 
Renal biopsies show characteristic but nonspecific histopathological changes in the vascular, glo-
merular and tubulointerstitial compartments of the kidney, which overlap with the histology of 
normally aging kidneys. Although the term CAN has been recently replaced by “interstitial fibrosis 
and tubular atrophy without evidence of any specific etiology” [3], we continue to use CAN in this 
thesis, as this is the terminology used in the majority of the literature available to date.
Increasing evidence suggests that the development of CAN is multifactorial in origin, with allo-
antigen dependent and allo-antigen independent factors contributing to the decline of renal 
graft function [4-6]. Of the allo-antigen independent factors, donor age and cold ischemia time 
seem to be the major correlate to transplant survival [7, 8]. Clinical observations suggest an in-
verse relationship between both donor age and ischemia time and long-term graft survival [9-11]. 
The mechanisms by which donor age or ischemia lead to reduced functional life span are cur-
rently unknown.
Several studies have shown the accelerated appearance of aging-phenotypes in transplanted or-
gans, suggesting that mechanisms of aging may operate at an accelerated pace in the develop-
ment of CAN [12-14]. 
Reactive oxygen species (ROS) are produced in excess during ischemia reperfusion after trans-
plantation and are a primary source of cellular damage. Accumulation of oxidative DNA damage 
generated by ROS formed as a consequence of cellular metabolism is also considered one of the 
major reasons why we age [15]. This suggests that normal aging, ischemia reperfusion injury and 
long-term organ rejection may share a common mechanistic basis.
Due to the growing shortage of donor organs, alternative sources of organs are increasingly ex-
plored. Grafts from so-called marginal, or expanded criteria donors (ECD) are increasingly used for 
transplantation. This source includes organs from donors > 60 years of age, donors with hyper-
tension and other pre-existing disease. Although recipients of a marginal kidney have a survival 
benefit compared to candidates who remain on the waiting list for transplantation, graft function 
and graft and patient survival following transplantation of a marginal organ are worse compared 
to transplantation of organs from standard criteria donors [16, 17]. Reasons for this observation 
are that graft outcome is adversely affected by donor age, and associated risk factors such as pre-
existing disease. Moreover, old organs are more vulnerable to the adverse effects of brain death 
and ischemic injury. Nevertheless, the number of ECD kidney donors has increased substantially 
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over the last years [18]. 
Protection of ECD grafts through amelioration of ischemic, surgical and inflammatory damage, 
may improve graft function and survival of those grafts on the long-term. Until now, several 
methods have been introduced to prevent ischemic injury per se with varying results. Of these, 
the induction of ischemic tolerance seems to be rather promising. The concept of ischemic toler-
ance is founded on the premise that a brief period of low-grade ischemic injury protects against 
subsequent prolonged exposure to ischemic injury [19]. In addition to classic ischemic pre-con-
ditioning, several compounds are also able to induce ischemic tolerance, a phenomenon called 
“pharmacological pre-conditioning”. 

Aim of the thesis
In the first part of this thesis, we aimed to elucidate the role of oxidative DNA damage and repair 
in the process of renal ischemia reperfusion injury and chronic allograft nephropathy. We have 
used knockout mice that are defective in DNA repair pathways to determine the consequences 
of defective repair of oxidative lesions for the development of renal ischemia reperfusion injury.
We addressed whether these pathways, whose absence results in accelerated aging syndromes, 
could affect acute and chronic outcome using a renal ischemia reperfusion injury model in mice. 
In the second part of this thesis, we explored three new treatment options to combat ischemia 
reperfusion injury and CTD. First, we investigated the protective role of adenosine and its recep-
tors A1 and A3 in ischemic preconditioning in the rat heart. Although a role for adenosine in dis-
tant ischemic preconditioning has been postulated, the mechanism underlying inter-organ pre-
conditioning remains elusive. We therefore tested the hypothesis that adenosine released by the 
remote ischemic organ stimulates local afferent nerves, which leads to activation of myocardial 
adenosine receptors, resulting in protection of the myocardium.
Next, we investigated the immunoregulatory properties of oligopeptides related to the β-chain 
of the pregnancy hormone ß-chorionic gonadotropin (ß-hCG). It has been previously reported 
that small synthetic oligopeptides related to human ß-hCG can reduce inflammation in a sepsis 
model. Here we tested whether such oligopeptides can reduce renal ischemia reperfusion injury 
in the mouse. 
Further, we explored the possibility to use common immunosuppressive agents to pre-treat or-
gan donors with the aim to protect the organ against the consequences of ischemic -, and surgi-
cally induced injury on transplant vasculopathy.
To understand the superior long-term survival of kidneys from living donors (LD) compared to 
brain death (BD) and (NHB) donors, we investigated the impact of brain dead and asystole by 
performing comparative studies on transcriptional changes that occur after organ retrieval and 
cold storage in kidneys from NHB, BD and LD donors. To this end, expression levels of genes in-
dicative of inflammation, cytoprotection, and injury after clinically relevant cold ischemia times 
were examined.
The experimental data of the various studies have been discussed in the context of literature data 
in Chapter 9, the Summary and general discussion. In this chapter also suggestions are given for 
future research in this area.
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AbStrAct
Chronic allograft nephropathy (CAN) is the single most important cause of late graft loss. Histo-
logic signs of CAN overlap with the histology of normally ageing kidneys. Clinical observations 
show an inverse relationship between either donor age or ischemia time and long-term graft 
survival. The mechanisms by which donor age or ischemia lead to reduced functional lifespan are 
currently unknown.
A review of the current literature on renal transplantation, ageing mechanisms and advances in 
the molecular pathogenesis of CAN was performed. 
Ischemia time and donor age have been identified as major allo-antigen-independent risk factors. 
Following transplantation, reactive oxygen species cause oxidative DNA and telomeric damage. 
Evidence for a molecular connection between oxidative DNA damage and ageing has increased, 
and suggests that the mechanisms causing normal ageing and long-term organ dysfunction may 
be fundamentally the same. The accelerated appearance of ageing phenotypes in transplanted 
organs has been shown in several studies. Together with the deleterious ongoing allogeneic im-
mune response of the recipient, this leads to accelerated exhaustion of the regenerative capacity 
of the kidney, and eventually to dysfunction of the renal allograft.
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INtroDUctIoN
Due to refinements in tissue typing, advancements in organ preservation, surgical techniques 
and more effective immunosuppressive agents, the short-term results after clinical organ trans-
plantation have improved progressively. For example, one year survival of cadaveric kidneys had 
increased from approximately 40% by the end of the 1960s to about 89% [1] today, and for living-
donor kidneys from 80 to 95% [1, 2]. Despite these promising short-term results, the rate of late 
graft failure, defined as greater than 1 year after transplantation, has not seriously improved for 
decades. For instance, the half-life of cadaver kidney allografts has remained consistently at 7.5-
8.8 years [3, 4]. Chronic Allograft Nephropathy (CAN) is the most important single cause of late 
graft deterioration and failure. Clearly, there is a need for better understanding of the etiology of 
this disease and for the development of effective strategies to prevent or halt this chronic attrition 
of transplanted organs. 

chroNIc AlloGrAft NePhroPAthy
CAN is a phenomenon in renal allografts characterized by a gradual deterioration in graft function 
months to years after transplantation, eventually leading to graft failure, accompanied by char-
acteristic morphologic features. Clinically, CAN manifests itself as a slowly progressive decline in 
glomerular filtration rate and is often associated with proteinuria and arterial hypertension, usu-
ally occurring after 90 days post-transplantation [5-7]. Histologic markers of CAN include intimal 
hyperplasia of graft arteries, glomerular sclerosis, tubular atrophy and interstitial fibrosis [7-9]. 
These histologic features have been found in protocol biopsies 2 years post-transplantation from 
as much as 67% of recipients of cadaveric kidney transplants [10, 11].

rISk fActorS AND mechANISmS of cAN
Until now the exact mechanisms of CAN are poorly understood. Several allo-antigen dependent 
and allo-antigen independent risk factors (Table 1) have been proposed to be involved in the 
pathophysiology leading to CAN [8].

Table 1. Risk factors for chronic allograft nephropathy

Allo-antigen dependent factors Allo-antigen independent factors

Histoincompatibility Ischemia reperfusion injury

Acute rejection Brain death

Subclinical rejection Infection

Calcineurin nephrotoxicity Hyperlipedemia

Suboptimal immunosuppression Age

Immunosuppressive agent Gender

Anti-donor antibodies Race

Size

Risk factors for chronic allograft nephropathy
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Allo-antigen dependent factors
Allo-antigen dependent risk factors, including histoincompatibility, acute rejection, subclinical 
rejection, suboptimal immunosuppression, CNI nephrotoxicity and different immunosuppres-
sive agents, have been linked to CAN by clinical and experimental data. Long-term graft survival 
strongly correlates with the degree of histocompatibility between donor and recipient [12, 13]. 
Acute rejection episodes strongly correlate with the lifespan of a graft [14, 15]. Clinical studies 
have found that the onset, frequency and severity of an acute rejection episode are independent 
risk factors for CAN [16, 17]. While the impact on CAN of a single acute rejection episode with a 
complete functional recovery in the early posttransplant period is minimal, the more severe and 
later acute rejection episodes are associated with a higher chance to develop CAN. These clinical 
observations have been confirmed in several experimental studies [18-20]. 
Subclinical rejection (SCR), defined as the presence of histologic rejection without concurrent 
renal dysfunction [21], appears to precede CAN in serial protocol biopsies, suggesting a correla-
tion between SCR and poorer long-term outcome [22, 23]. When evaluating the predictive value 
of SCR on long-term graft survival contradictory results have been found [24-27]. However, in a 
randomized prospective study, Rush et al [28, 29] showed improved long-term graft survival after 
treatment of SCR found in protocol biopsies with high dose steroids. Untreated SCR inflicts per-
manent tubulointerstitial damage and fibrosis [21, 30].
Since its introduction in organ transplantation in the 1980s, calcineurin inhibitors (CNI) have been 
the cornerstone of immunosuppressive therapy in renal transplant recipients, owing it to a dra-
matic reduction in the incidence and severity of acute rejection [31-34]. Although short-term re-
sults improved significantly, long term patient and graft survival have not improved in a similar 
manner. This can partly be attributed to the nephrotoxic side-effects of CNIs [35-37]. CNI toxicity 
is classified in two phases: an acute, functional, dose-dependent decrease in renal blood flow and 
glomerular filtration rate (GFR), and a chronic, dose-independent form with structural changes 
(arteriolosclerosis, glomerulosclerosis, tubular atrophy, and interstitial fibrosis) leading to a pro-
gressive and persistent decrease in GFR [38]. Both clinical and experimental studies show that 
a low dose of cyclosporine is associated with CAN, while higher dosing or triple versus double 
dosing can reduce the incidence of CAN [39-41]. However, maintaining high doses of CNIs for a 
prolonged period is not recommended because of its toxic side effects.
Finally, the type of immunosuppressive agent can also play a role. For example, at 1-year post-
transplantation the incidence and histologic severity of acute rejection is significantly lower in 
tacrolimus treated patients compared to cyclosporine treated ones. Subsequently, 3- and 5-years 
post-transplantation, a decreased risk of allograft failure was seen in patients receiving tacrolimus 
compared to patients receiving cyclosporine [42, 43]. 

Allo-antigen independent factors 
CAN can also develop in human kidney transplants between identical twins in the absence of an 
allo-immune response. Several allo-antigen independent factors have been identified, including 
ischemia reperfusion injury, brain death and donor age. 
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Ischemia reperfusion injury is thought to be a critical risk factor for both early delayed graft 
function (DGF) and late allograft dysfunction. In clinical transplantation it has been shown that 
prolonged ischemia is a strong risk factor for DGF and long-term graft loss [44-47]. In particular, 
Salahudeen and colleagues demonstrated that prolonged ischemia time is a significant predictor 
of long-term graft survival [44]. In this study ischemia time was analyzed as an univariate among 
6465 patients who received a kidney-only transplant of cadaveric origin for the first time in 1995. 
Ischemia time had a significant effect on the 6-year allograft survival; a 10 hour increase in isch-
emia time was associated with a hazard risk ratio of 1.20 for graft failure that persisted after ad-
justing for donor age, recipient age and race, HLA mismatch and rejection treatments in the first 
6 months. Six year graft survival was progressively worse for the categories with ischemia times 
between 0 and 10 hours, 11 to 20 hours, 21 to 30 hours respectively and significantly worse for 
ischemia time >30 hours. Likewise, Vistoli et al showed increased DGF and reduced 3-year graft 
survival with ischemia time longer than 16 hours in kidneys from donors older than 65 years [45].
Experimental studies have confirmed that ischemia reperfusion injury can also cause CAN-like le-
sions in the absence of allogenicity [48, 49]. Previous work from our laboratory demonstrated that 
rat kidney isografts with 24 hours cold ischemia develop the same functional and morphologic 
changes as seen in allografts. Similarly, Tilney showed that clamping of the renal pedicle of an 
uninephrectomized rat leads to the same functional changes as seen in isografts at 1 year post-
surgery [50]. These changes appear to be induced by the oxidative stress of ischemia reperfusion 
injury.
Brain death resulting from trauma or intracranial hemorrhage is associated with a variety of ad-
verse effects on donor organs prior to transplantation. The hypothesis has been put forward that 
brain death activates surface molecules on peripheral organs via cytokines; in brain death donors, 
increased serum cytokine levels, such as IL-1b, IL-6, IL-8, TNF-a, and RANTES are found before 
organ procurement [51]. Experimental models of brain death demonstrate increased activation 
of endothelial cells [52, 53] and the tempo of acute rejection is increased in organs from brain 
dead animals [54, 55]. In addition, the rise of intracranial pressure due to cerebral edema results 
in cerebral herniation. This triggers a massive release of catecholamines, causing profound vaso-
constriction and endothelial injury [56]. Endothelial activation coupled with release of cytokines, 
complement activation and depletion of tissue plasminogen activator leads to a procoagulant 
state [57]. Other aberrations include the initial release of anterior pituitary hormones, which leads 
to a subsequent reduction in the levels of circulating thyroid hormone, cortisol, insulin and antidi-
uretic hormone [58]. Diabetes insipidus rapidly occurs, and cardiac arrhythmias and rapid fluctua-
tions in blood pressure are common. All these factors may obviously adversely affect the function 
and integrity of the allograft.
The increasing gap between supply and demand of donor kidneys has led to an increase in the 
use of donors older than 50 years. Several clinical studies have demonstrated that increased do-
nor age is associated with increased short- and long-term allograft dysfunction [59, 60]. The effect 
of donor age on short-term graft survival in 30,000 transplantations, performed between 1987 
and 1991, was also described by Alexander and co-workers [61]: with each decade of increase in 

Mechanisms of ageing in chronic allograft nephropathy  |
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donor age, the relative risk of graft failure at 1 year rose by 15-20%. However, the magnitude of 
this effect increased exponentially with time. Graft failure at 2 years reached an odds ratio of 3.25 
in donors older than 70 years, as compared to a 30 year old donor group. In 1996, Gjertson [62] 
reported the long-term graft outcome with regard to donor age. In kidney allografts surviving 
the first post-operative year, donor age accounted for 30% of the variability in 5-year outcome. 
This decreased survival may explained by the observation that old kidneys have a lower nephron 
mass, more intersititial fibrosis and likely display a decreased intrinsic capacity to recover from 
injury [63].

mechanisms of cAN
With modern immunosuppressive agents, excellent long-term clinical results obtained from liv-
ing-related but also unrelated (random HLA match) donors have further supported the impor-
tance of alloimmune-independent mechanisms of graft injury [8, 64]. Currently, non-alloimmune 
specific risk factors related to the donor and the graft are associated with the development of 
CAN. These include ischemia time and donor age [47, 60, 65].
Ischemia-induced damage becomes apparent during the reperfusion of the transplanted organ. 
Reactive oxygen species (ROS) are formed, which damage vascular endothelial and other cells by 
causing oxidative DNA damage and lipid peroxidation in the cell membrane. This is thought to 
initiate the poorly understood pathogenetic process leading to late graft loss. Oxidative damage 
induces parenchymal injury and may initially kill a large number of cells, forcing proliferation to 
replenish the lost cells (Figure 1). Expression of adhesion molecules facilitates infiltration of leu-
kocytes in the kidney, which causes more tissue injury and leads to an innate immune response. 
Damaged graft cells also facilitate immune recognition via their own MHC molecules and thus 
promote the adaptive immune response (rejection), leading to more tissue injury and cell death. 
This may give rise to a self-sustaining mechanism with cycles of cell death and proliferation that 
eventually trigger cellular senescence, exhaustion of the proliferative potential and organ dys-
function. Donor age further enhances this phenomenon. Virtually all studies indicate that older 
donor age has an adverse effect on graft survival. Most studies find that older kidneys are more 
likely to undergo acute rejection. Reasons for this are currently unknown, but it has been sug-
gested that older kidneys are more immunogenic [66]. Recent evidence has shown that basal 
serum IL-6 levels increase with age, and ageing induces a pro-inflammatory state, which may well 
explain the higher immunogenicity of older kidneys [67]. 
In 1999 Phillip Halloran introduced the concept of accelerated senescence in chronic allograft 
nephropathy, proposing that ageing, nonimmune injury and rejection drive renal tissue down a 
common pathway to a state of depletion of finite repair potential [63]. In addition, several recent 
studies have shown accelerated appearance of ageing phenotypes in transplanted organs, which 
suggest that mechanisms of ageing are involved in the development of chronic renal allograft 
nephropathy. Next, we will discuss mechanisms of ageing and how these can be fitted in the 
concept of CAN.
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figure 1. Allo-antigen-dependent and -independent factors contribute to ongoing injury renal cells during transplantation

mechANISmS of AGeING
Ageing is a complex process that is poorly understood at either the cellular or molecular level. The 
main cause of ageing is thought to be by the accumulation of somatic damage. Among the vari-
ous types of somatic damage, oxidative damage by reactive oxygen species (ROS) is considered 
to be the leading cause of ageing [68]. ROS produced by normal cellular metabolism are a primary 
source of DNA damage. More than 100 different types of oxidative modifications have been iden-
tified in DNA [69]. These vary from a wide diversity of base and sugar modifications, to different 
types of single- and double-strand DNA breaks and to alterations in telomeres [70] (Figure 2). Dis-
ruption of vital processes such as transcription and replication by these modifications may lead 
to impaired cellular function, cell death or terminal growth arrest. ROS are also thought to be the 
source of oxidative damage sustained by organs during reperfusion after transplantation [71, 72]. 

Mechanisms of ageing in chronic allograft nephropathy  |
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figure 2. ROS as illustrated by O2. and OH., are a primary source of cellular damage. Adapted from Hoeijmakers [72]. 

DNA damage and repair 
To counteract oxidative DNA damage, nature has evolved several efficient, highly conserved DNA 
repair mechanisms, with partially overlapping substrate specificity [73]. These repair pathways 
can be roughly divided as follows: two excision repair pathways deal with modifications affecting 
only one of the DNA strands. The lesion is taken out in a “cut and patch” type manner, and the 
gap is filled in, using the intact complementary strand as a template. Nucleotide excision repair 
(NER) deals primarily with helix-distorting base modifications, while base excision repair (BER) 
removes small lesions caused by oxidative damage. Lesions on the transcribed DNA strand that 
block elongating RNA polymerases are targeted by transcription-coupled repair (TCR) in a process 
overlapping largely with NER, while lesions that block replicative DNA polymerases or by other 
recombination-based bypass mechanisms in favor of repair at a later time. These processes are 
critical for coping with ROS-induced base alterations and single-strand breaks. One of the most 
severe types of DNA lesions induced indirectly by ROS is a double strand break. Double-strand 
breaks (DSB)s are repaired by homologous recombination (HR) or the less accurate nonhomolo-
gous end joining (NHEJ), depending on the availability of an intact DNA copy or not, respectively.
Deficiencies in any of these repair mechanism give rise to several human heritable syndromes [74, 
75]. These disorders are either characterized by a high predisposition to cancer due to increased 
damage-induced mutation frequency and/or exhibit accelerated aging features, caused by en-
hanced damage-triggered cell death or cellular senescence. The latter conditions are termed seg-
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mental progeriod syndromes, because they all display early onset of some but not all features 
associated with normal ageing. At least three human disorders are associated with heritable de-
fects in NER: xeroderma pigmentosum (xP), trichothiodystrophy (TTD) and Cockayne syndrome 
(CS) [76]. Mouse models of these diseases display similar features of premature ageing like their 
human counterparts [77, 78]. In contrast hereditary defects in core BER components have not yet 
been identified in humans, most likely because they are lethal at the embryonic stage of develop-
ment: in mice, inactivation of genes essential for core BER reaction generally causes embryonic 
mortality [79]. Several rare human syndromes are also associated with defects in the repair or 
proper response to DSB, including ataxia telangiectasia (AT), Bloom syndrome and Werner syn-
drome (WS) [80, 81].
Thus, DNA damage caused by intrinsic and extrinsic oxidative stress can lead to a premature age-
ing phenotype, if not properly maintained by this intricate network of DNA repair pathways [82, 
83], lending strong support to time-dependent accumulation of oxidative DNA damage as a pri-
mary root cause of organismal ageing.

telomeres
Telomeres are the physical ends of linear chromosomes, consisting of a variable number of tan-
dem (TTAGGG)n repeats of DNA [84]. With each cell division they shorten, and when the shorten-
ing reaches a critical limit, chromatin starts to alter, leading to a halt in cell cycling by activation 
of a damage-sensing checkpoint or forcing cells to undergo DNA repair rearrangements [85]. In 
such a situation, cells cease to divide and reach a quiescent state termed replicative senescence. 
This situation can be prevented by the ribonucleoprotein enzyme telomerase, a specialized re-
verse transcriptase enzyme that can add telomeric repeats de novo to the 5’ end of telomeres 
based on the template provided by its integral RNA component (Terc). Active telomerase copies a 
region within its integral RNA component enabling chromosome 3’ ends extension by repeats of 
telemeric sequence [86]. Embryonic stem cells exhibit unlimited self-renewal capacity due to the 
expression of telomerase [87], while most human somatic cells exhibit low or absent telomerase 
activity beyond the early stages of development [88]. These telomerase negative cells experience 
progressive telomere attrition with each mitotic cycle, both in cell culture [89] and during ageing 
of the whole organism [90, 91]. Constitutive expression of human telomerase catalytic subunit 
(hTERT) can extend the lifespan in numerous cell types [92], while accelerated telomere shorten-
ing is seen in several human premature ageing syndromes (e.g. Werner syndrome, ataxia telangi-
ectasia, dyskeratosis congenita) [93-95], arguing for a central role of telomere maintenance in at 
least some aspects of normal ageing. Telomere length in a given cell thus may serve as a marker of 
its replicative history and of the residual capacity for further cell division both in highly prolifera-
tive tissues such as skin, gut and blood and perhaps as well in regeneration of organs including 
liver and kidney that are not normally highly proliferative but whose cells have an intrinsic capac-
ity to proliferate upon damage. 
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cellular senescence
By the classic experiment of Hayflick and Moorehead cellular senescence has been defined as an 
irreversible loss of replicative capacity, occurring in primary human fibroblasts after a reproduc-
ible number of population doublings [96]. This number, termed the Hayflick limit, is fairly constant 
under standard cell culture conditions, but can be modified substantially by increasing or de-
creasing, especially oxidative stress levels [97]. There is a general correlation between donor age 
and Hayflick limit, with a higher fraction of cells displaying markers of a senescent phenotype in 
tissues from older donors and shorter Hayflick limits for cultures from donors with premature age-
ing syndromes [98, 99]. Senescent cells remain alive and metabolically active for many months but 
present atypical features when compared to their replication competent counterparts, including 
altered morphology (increased cell surface and volume, decreased cell saturation density), lipo-
fuscin accumulation, changes in the activity of several enzymes [100-102], including increased 
activity of acidic ß-galactosidase [103], changes in the expression of many genes at the mRNA and 
protein levels [104-106] and decreased telomere length [107, 108]. Senescent fibroblasts produce 
large amounts of ROS like H2O2. They contain 30% more 8-oxo-dG in DNA and four times as many 
free 8-oxo-Guanidine bases, pointing to the accumulation of oxidative DNA damage [109].
The numerical reproducibility of the Hayflick limit immediately suggested the idea of a ‘biological 
clock’ or, more specifically, a replication counter that counts biological time in numbers of cell di-
visions and after a reproducible number of divisions would trigger signaling pathways that block 
cellular growth [110]. Several processes have been put forward as possible counting mechanisms, 
of which telomere attrition is the most established one [111]. Recent work indicates that it is not 
the length of the telomeres themselves that triggers a senescent arrest but rather the stability 
of the telomeric loop. Telomere shortening is thought to destabilize the telomeric loop, thereby 
increasing the probability of uncapping the telomeres [112, 113]. 
Cellular senescence is not only triggered by the telomere driven checkpoint, but also by several 
other pathways. For instance, overexpression of certain oncogenes induces a senescent pheno-
type in primary mouse and human cells [114, 115]. In human epithelial cells, suboptimal culture 
conditions can trigger a telomere-independent, p16 dependent growth arrest [116]. Inhibitors of 
histone deacetylases modify chromatin towards a more decondensed structure, thereby induc-
ing a senescent-like growth arrest [117]. Finally, DNA-damaging stress can induce cellular senes-
cence. Several types of stress have been demonstrated, including drugs generating double strand 
breaks [118], different kinds of radiation [119, 120] and different means of generating chronic and 
acute oxidative stress [121-123]. Oxidative stress can modify the rate of telomere shortening [124, 
125]. Telomeres accumulate single and double strand breaks under oxidative stress. During repli-
cation polymerases are stalled transiently. This might lead to premature termination of replication 
at the telomeres and to larger attrition of telomeres than would be the case by the end replication 
problem alone [126]. Likewise, an inverse correlation was found between antioxidant defence 
capacity and the rate of telomere shortening [127], suggesting that ROS-mediated DNA damage 
is a major cause of cellular senescence. 
Mechanistically and phenotypically, telomere-driven and stress-induced premature senescence 
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are very similar [128-130]. It appears that similar phenotypes are triggered either by a pre-pro-
grammed cell division counter or by random DNA stress and damage and inability to repair this 
damage. Thus, cellular senescence is to a large extent governed by internally and externally gen-
erated (oxidative) stress and the cells ability to cope with it.

mechANISmS of AGeING IN reNAl SeNeSceNce
Deterioration of renal function during normal ageing is among the most dramatic of any organ 
or organ system, and are both functional and structural [131]. The number of functioning glom-
eruli declines roughly in accord with the changes in renal weight, while the size of the remaining 
glomeruli increases [132, 133]. This results in a decline in glomerular filtration rate (GFR), a rise 
in renal vascular resistance, decline in renal blood flow and an increase in basement membrane 
permeability, leading to an increase in urinary protein excretion [134]. The structural phenotype 
of renal senescence is associated with both total and cortical renal mass decrease with age [135, 
136]. Other histological features are hyalinosis and fibrous thickening of the arterial intima, inter-
stitial fibrosis, global glomerular sclerosis, focal tubular atrophy, and patchy inflammation [137]. 
The cellular and molecular pathways of renal ageing are still poorly understood. Recently the 
mechanisms involved in cellular senescence (in vitro) have also been implicated to play a role 
in normal ageing kidneys [138, 139]. Melk and colleagues have demonstrated that aged human 
kidneys show features of cellular senescence similar to cultured somatic cells. With age, an in-
crease in the expression of the cyclin-dependent kinase inhibitor p16INK4a in renal cortex was seen. 
Also, increased p16INK4a and p53 levels, markers and mediators in cellular senescence in cultured 
human and mouse cells [140-143], correlated with the degree of glomerulosclerosis, interstitial 
fibrosis and tubular atrophy. Likewise, telomere shortening has been described in ageing kidneys 
[144]. Experimental studies show similar results; cellular senescence markers, including p16INK4a, 
lipofuscin and senescence-associated ß-galactosidase (SA-ß-Gal) increase and telomere length 
decreases in rat kidney with growth and age [145, 146]. These clinical and experimental senes-
cence associated changes have also been shown in other organs and organ systems, including 
liver, lung, heart, peripheral blood cells and vascular tissue [147-151]. When these organs or organ 
systems are subjected to intrinsic and extrinsic environmental stresses, like chronic disease or in-
creased oxidative stress around transplantation, the burden of proliferative demand is increased 
which may lead to premature senescence with increased expression of several cellular senes-
cence markers. Cellular senescence has been reported to play a important role in the progression 
of cardiovascular disease [152-154], chronic hepatitis and liver cirrhosis [155-157], and bone mar-
row transplantation [158, 159]. 
In case of transplanted kidneys, CAN is the major cause of long-term transplant loss other than pa-
tient death [8]. Kidneys suffering from CAN have histologic features resembling normal aged kid-
neys, like intimal hyperplasia of graft arteries, glomerular sclerosis, tubular atrophy and interstitial 
fibrosis [7-9, 63, 160] and show similar gradual deterioration in function only at an accelerated 
pace in months to years after transplantation [5-7]. In recent years both clinical and experimental 
studies show that, when kidneys are faced with excessive stress associated with transplantation, 
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cellular senescence is accelerated. It has been shown that the senescence biomarker SA-ß-Gal is 
expressed in 67% in kidney biopsies of chronic allograft nephropathy, compared to 15 % in con-
trol biopsy specimens [161]. SA-ß-Gal positive cells had shorter telomeres than cells that did not 
express the marker. A clear correlation is demonstrated between the severity of CAN and the per-
centage of senescent cells. Also shown is the correlation between the presence of senescent tu-
bular epithelial cells and donor age, one of the risk factors of CAN summed up in Table 1. Studies 
indicate an increased expression of cyclin-dependent kinase inhibitors p16INK4a, p27Kip1 [162] and 
p21WAF1/CIP1 [163] in CAN. p21WAF1/CIP1 expression in kidneys with CAN correlates with the number of 
acute rejection episodes. Cyclin-dependent kinase inhibitors play an important role in inducing 
the senescent phenotype [164, 165]. Oxidative stress has been implicated in accelerated telomere 
attrition [110] and recent experimental work suggests that (oxidative stress in the form of ) isch-
emia reperfusion injury contributes to telomere attrition in a kidney transplantation model [166]. 
Thus, oxidative stress, sustained during transplantation, causes DNA and telomeric damage and, 
unless efficiently repaired, contributes to renal senescence. Together with the deleterious effects 
of brain death, donor age, nephrotoxic immunosuppression and an ongoing allogeneic immune 
reponse of the recipient, this leads to exhaustion of the regenerative capacity of the kidney over 
time, and eventually to dysfunction of the renal allograft. 
Insights in the mechanisms of oxidative DNA stress and subsequent repair may significantly con-
tribute to our understanding of the etiology of CAN, which may lead to additional preventive or 
therapeutic measures to prolong kidney graft survival.
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AbStrAct
Cockayne syndrome and other segmental progerias with inborn defects in DNA repair mecha-
nisms are thought to be due in part to hypersensitivity to endogenous oxidative DNA damage. 
The accelerated aging-like symptoms of this disorder include dysmyelination within the central 
nervous system, progressive sensineuronal hearing loss and retinal degeneration. We tested the 
effects of congenital nucleotide excision DNA repair deficiency on acute oxidative stress sensitiv-
ity in vivo. Surprisingly, we found mouse models of Cockayne syndrome less susceptible than wild 
type animals to surgically induced renal ischemia reperfusion injury, a multifactorial injury medi-
ated in part by oxidative damage. Renal failure-related mortality was significantly reduced in Csb
–/– mice, kidney function was improved and proliferation was significantly higher in the regenera-
tive phase following ischemic injury. Protection from ischemic damage correlated with improved 
baseline glucose tolerance and insulin sensitivity and a reduced inflammatory response following 
injury. Protection was further associated with genetic ablation of a different Cockayne syndrome-
associated gene, Csa. Our data provide the first functional in vivo evidence that congenital DNA 
repair deficiency can induce protection from acute stress in at least one organ. This suggests that 
while specific types of unrepaired endogenous DNA damage may lead to detrimental effects in 
certain tissues, they may at the same time elicit beneficial adaptive changes in others and thus 
contribute to the tissue specificity of disease symptoms. 
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INtroDUctIoN
The case for the involvement of oxidative damage to macro-molecules in the etiology of aging, 
aging-related disorders and so-called ‘premature aging’ disorders (here referred to as segmental 
progerias) is compelling. The free radical theory as originally proposed by Harman [1] and extend-
ed in recent years [2] posits that reactive oxygen species (ROS), by-products of endogenous cel-
lular metabolism, inflict damage on lipids, protein and DNA. Despite defence systems to prevent 
or repair such damage, oxidized macromolecules accumulate over time in vivo and are thought 
to underlie both normal and pathological aging. When combined with congenital defects in cer-
tain of these defence systems, for example, genome stability mechanisms, endogenous oxidative 
damage may also contribute to the symptoms of segmental progerias, which display some but 
not all of the characteristics of normal aging in accelerated or exacerbated forms [3]. 
Nucleotide excision DNA repair (NER) is one such defence system that removes a range of dam-
ages, including helix distorting lesions induced either by exogenous ultraviolet radiation (e.g. 
pyrimidine dimers) or endogenous oxidative radicals (e.g. cyclopurines) [4]. Two basic modes of 
lesion recognition have been defined. In the first, lesions occurring anywhere in the genome are 
recognized by damage-binding proteins such as the xPC-HR23A/B-CEN1 complex. This triggers 
the assembly of the multiprotein NER machinery, which functions via a cut and patch mechanism 
to remove the damage and fill the remaining single-strand gap [5]. In the second mode of recog-
nition, transcription-coupled (TC)-NER, lesions that block an elongating RNA polymerase trigger 
assembly of the NER machinery in a process that depends on the chromatin remodelling protein 
CSB [6] and a ubiquitin ligase complex containing the TC-NER specific protein CSA [7, 8]. 
Defects in CSA or CSB can give rise to Cockayne syndrome, a severe neurodevelopmental disease 
marked by photosensitivity (but curiously without skin cancer predisposition), dysmyelination 
within the central nervous system, progressive sensineuronal hearing loss, retinal degeneration 
and cachectic dwarfism resulting in an aged appearance [9]. Mouse models lacking Csa or Csb 
function recapitulate some progeroid characteristics of the human disease, including cachexia 
and progressive loss of photoreceptor cells, but with a normal lifespan and an overall milder 
phenotype than in humans [10-12]. In support of the role of oxidative stress hypersensitivity in 
Cockayne syndrome etiology, an increase in photoreceptor cell loss following whole-body ion-
izing radiation was observed in both Csa–/– and Csb–/– mice [13]. Thus, at least particular CS cell 
types appear hypersensitive to the effects of oxidative DNA damage, a property that may underlie 
tissue-specific disease phenotypes. 
Contrary to the notion of hypersensitivity to oxidative stress in Cockayne syndrome is the obser-
vation that mouse models of Cockayne syndrome and related NER-deficient segmental proge-
rias (NER progerias) display characteristics of hypopituitary dwarf mutants or dietary restricted 
wild type mice [14-18]. In dwarf and dietary restricted mice, these phenotypes, including reduced 
body weight and temperature, hypoglycemia, hypoinsulinemia and reduced serum IGF-1, are 
correlated not only with extended longevity but also resistance to acute oxidative stress [19]. In 
progeroid NER mice, these phenotypes have been interpreted as an adaptive response to unre-
paired endogenous DNA damage engaged to protect from further oxidative stress injury [20]. 
One important prediction of this interpretation is that mice should be resistant rather than hyper-
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sensitive to acute oxidative stress. 
Ischemia reperfusion injury is a complex insult initiated by loss of blood flow to an organ. During 
the ischemic period, the lack of molecular oxygen as an electron acceptor in oxidative phosphory-
lation prevents ATP generation and compromises processes with high energy demand, such as 
maintenance of ion gradients across intracellular membranes. Reinitiation of oxygenated blood 
flow, or reperfusion, results in inappropriate activation of cellular oxidases and ROS generation, 
which can affect not only the reperfused organ but distant sites in the body as well [21]. Following 
reperfusion, a maladaptive inflammatory response mediated in part by the release of ROS from 
neutrophils infiltrating the tissue causes further injury [22]. In the kidney, ischemia reperfusion 
injury is associated with cell death primarily in the stripe between the cortex and medulla con-
sisting mainly of tubular epithelial cells via necrosis or apoptosis, depending on the severity of 
the insult [23]. Recovery and a return to proper kidney function depends on regeneration of the 
tubular epithelial cells and remodelling of the renal tubules, a process which takes place in the 
days and weeks following the injury. 
We used surgically induced renal ischemia reperfusion injury to test whether mouse models of 
Cockayne syndrome are susceptible to acute oxidative stress, as predicted by photoreceptor sen-
sitivity to ionizing radiation, or protected from it, as predicted by physiological similarities be-
tween other short-lived progeroid NER mice and long-lived, stress resistant mice. Here we report 
resistance to renal ischemia reperfusion injury in mouse models of Cockayne syndrome. 

reSUltS
Warm ischemia was induced in the left kidney of male wild type and Csb–/– (subsequently referred 
to as WT and CSB, respectively) mice for 37 min by clamping the renal artery/vein with a non-
traumatic surgical clamp. The 37-min time point was chosen based on the results of preliminary 
experiments in which ischemia times were titrated between 30 and 45 min. Following clamp re-
lease, the undamaged right kidney was removed so that animal survival depended on the func-
tion of the damaged kidney; mice entirely lacking kidney function build up toxic compounds in 
their blood and die within 2–4 days. Survival of CSB mice was significantly higher than WT (Figure 
1A). On post-operative day (POD) 7, survival was 56% in CSB mice but only 30% in the WT group 
(log rank score P < 0.0033; n = 24 CSB, 40 WT). 
Kidney function was determined by measuring the concentrations of urea and creatinine in the 
serum. High levels of these waste products indicate an inability of the kidney to remove them 
from the blood and thus correlate inversely with kidney function. Interestingly, pre-operative 
urea and creatinine values were slightly but significantly lower in CSB mice than in WT mice (urea 
8.5 ± 1.3 mmol L–1 (CSB) vs. 9.7 ± 1.2 mmol L–1 (WT), P = 0.0007; creatinine 95 ± 17 μmol L–1 (CSB) 
vs. 122 ± 34 μmol L–1 (WT), P = 0.002). Following ischemia reperfusion injury, these markers of 
kidney function rose with similar kinetics, suggesting maximal dysfunction on POD 2 and a return 
to function beginning on POD 3. However, average values were significantly lower in CSB animals 
on POD 1 for urea and on PODs 1 and 2 for creatinine (Figure 1B,C), consistent with better survival 
in the CSB group. 
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figure 1.  CSB mice are better protected against warm renal ischemia reperfusion injury than WT. (A) Kaplan-Meier survival 
curves of CSB (n = 24) and WT (n = 40) animals; a log rank score of P < 0.0033 indicates a highly urea (B) and creati-
nine (C). Statistically significant differences in magnitude observed at individual time treatment that did not involve 
ischemia are indicated.

We next analysed cell death at various time points after the injury to look for differences that 
could explain the observed survival and functional benefits in CSB animals vs. WT controls. We 
used histology to score for acute tubular necrosis, the major form of cell death due to this type 
of injury (Figure 2A). In both groups, acute tubular necrosis peaked on POD2; in the CSB group, 
average total cell death was lower at all time points, reaching statistical significance on PODs 1 
and 2. The high mortality due to kidney dysfunction in the wild type group prevented meaningful 
comparisons beyond POD 3. 
Following cell death and clearance of cellular debris by shedding into the lumen of the tubules, 
kidneys damaged by ischemia reperfusion injury may undergo a regenerative phase in which 
cellular proliferation can be observed. Since the survival benefit of the CSB mice was likely only 
partially explained by the lower cell death on PODs 1 and 2, we next asked whether regeneration 
of the kidney was enhanced. We used three different assays to gauge this parameter: histology, or 
the presence of mitotic figures in H&E stained sections; immunohistochemistry against the pro-
liferating cell nuclear antigen (PCNA); and PCNA immunoblotting of total kidney homogenates 
to assess total levels of this protein. In both groups, mitotic figures were first seen on POD 3, with 
significantly higher scores in CSB mice (Figure 2B; P = 0.025). We next looked at PCNA on the 
single-cell level by immunohistochemistry. The number of PCNA positive cells was significantly 
increased in the CSB group on POD 1 (Figure 2C; P = 0.035), possibly indicative of its additional 
role in DNA repair. We further analysed PCNA levels in total kidney homogenates by immunoblot. 
Although pre-operative PCNA levels were similar between groups, significantly higher levels of 
PCNA were observed on POD 3 in the CSB group (Figure 2D; P = 0.042). Taken together, these 
results are consistent with enhanced proliferation leading to better regeneration and survival in 
CSB vs. WT animals. 
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figure 2.  Cell loss and regeneration following 37 min warm renal ischemia reperfusion injury. (A) Cell death as determined by 
H&E-stained paraffin sections on the indicated day following IR. Day 0 kidneys were contralateral kidneys harvested 
immediately after clamp release. (B–D) Regeneration as determined by mitotic index in H&E stained sections (B); 
relative number of cells expressing PCNA as determined by IHC (C); and total PCNA protein level as determined by 
immunoblotting on the indicated days following ischemia reperfusion injury (D). Statistically significant differences 
between CSB and WT on a given day are indicated by asterisks (**P < 0.01, *P < 0.05). 

Previously, it was reported that wild type C57BL/6 mice subjected to 30–50 min of warm ischemia 
to one kidney followed by contralateral nephrectomy had a 1-week survival of approximately 
80%, with no statistically significant differences between ischemia times [24]. We consistently 
found mortality of approximately 70% due to kidney failure following 30–37 min warm ischemia 
(Figure 1A and data not shown), making it difficult to study the course of organ recovery beyond 
POD3. To circumvent this problem, we repeated our experiments in WT and CSB mice using 25 
min of warm renal ischemia. With this amount of ischemic damage, survival was 100% in both 
WT and CSB groups (data not shown). However, 25 min of ischemia resulted in significantly less 
kidney dysfunction in mice lacking the CSB protein relative to WT controls at all time points fol-
lowing ischemic damage as measured by serum urea (Figure 3A, top). A similar trend was seen for 
creatinine (Figure 3A, bottom). 
Analysis of total cell death by histology revealed a significant elevation above preoperative val-
ues in CSB and WT (although less than after 37 min warm ischemia) on all PODs examined, but 
no significant differences between genotypes (data not shown). Despite similar low amounts of 
cell death between groups, we observed large differences in proliferation following 25 min warm 
renal ischemia. As with 37 min ischemia, proliferation was elevated in CSB vs. WT mice. Regenera-
tion scored by mitotic figures in histological sections was first seen in wild type mice on POD 3, 
while regeneration was already significantly elevated relative to baseline in CSB mice on PODs 
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2 and 3 (Figure 3B; P = 0.035 and P = 0.021, respectively). The number of PCNA positive cells on 
PODs 1 and 2 was also significantly increased in the CSB group (Figure 3C; P = 0.005 and P = 0.002, 
respectively). Because PCNA is involved in DNA repair as well as proliferation, we stained sections 
for an additional proliferative marker, Ki-67, which is expressed during all active phases of the cell 
cycle (G1, S, G2 and mitosis) but is absent from resting cells (G0). Ki-67 positive cells were also 
increased in CSB mice, with a maximum on POD 2 (Figure 3D; P = 0.016). 
The cyclin-dependant kinase inhibitor p21, which binds stoichiometrically to PCNA and inhibits 
its action in DNA replication, is a key regulator of proliferation following renal ischemic injury. 
Mice lacking p21 display hyperproliferation and greatly reduced survival [24]. We tested p21 pro-
tein levels by immunohistochemistry (Figure 3E). Consistent with increased proliferation in CSB 
relative to wild type on PODs 1 and 2, the number of p21 positive cells was significantly reduced in 
CSB mice (POD 2, P = 0.016). Interestingly, p21 staining was equal in wild type and CSB on POD3, 
coincident with a decline in the first wave of proliferation following injury. 

figure 3.  Kidney function, cell death and regeneration following 25 min warm renal ischemia reperfusion injury in CSB and 
WT animals. (A) Kidney function of the indicated genotypes following IRI or mock treatment as determined by con-
centration of serum urea (top) or creatinine (bottom). Statistically significant differences between CSB and WT on 
a given day are indicated by asterisks (**P < 0.01, *P < 0.05). (B–E) Regeneration as indicated by mitotic figures in 
H&E stained sections (B) and immunohistochemistry against PCNA (C), Ki67 (D) and p21 (E) as indicated. Statistically 
significant differences between CSB and WT on a given day are indicated by asterisks (**P < 0.01, *P < 0.05).
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We next turned to potential mechanisms of protection against renal ischemia reperfusion inju-
ry specific to CSB animals. Addition of antioxidants is a proven way to ameliorate the effects of 
this injury [25]. Furthermore, antioxidant capacity is increased in multiple organs in both genetic 
dwarfism and dietary restriction, a property thought to contribute to stress resistance and in-
creased longevity in these mice [19]. We thus looked for evidence of increased antioxidant capa-
city on the level of gene expression. We used quantitative RT-PCR over a time course before and 
after renal ischemia reperfusion injury to analyse antioxidant defence capabilities as represented 
by the steady state levels of candidate mRNAs including superoxide dismutase-1, glutathione 
reductase and hemoxygenase-1 (Figure 4A and data not shown). 
At baseline, steady state amounts of these mRNAs were not significantly different between WT 
and CSB groups. Similarly, over a 24-h period following 25 or 37 min warm renal ischemia, some 
of these genes (e.g. hemoxygenase-1) were significantly upregulated above baseline but none 
were consistently, significantly differentially regulated between CSB and WT groups (Figure 4A 
and data not shown). 
Another proven way to reduce the effects of ischemia reperfusion injury is to prevent the inflam-
matory response that follows tissue injury, for example, by neutralization of cellular adhesion mol-
ecules that serve to recruit neutrophils to the site of tissue injury by genetic or antibody-based 
methods [26]. We examined the expression of P-selectin and ICAM-1 – endothelial adhesion mol-
ecules that are upregulated upon tissue injury and whose expression correlates negatively with 
survival and functional outcomes. We observed a significant increase in both markers following 
renal IRI above baseline levels; this increase, however, was less in the CSB animals (Figure 4A). An 
area-under-the-curve analysis revealed significant differences in expression of both P-selectin (P 
= 0.02) and ICAM-1 (P = 0.05) following renal ischemia reperfusion injury, consistent with less 
damage subsequent to the reperfusion and a better outcome.
Finally, enhanced sensitivity to the effects of insulin on glucose metabolism is a property shared 
by dwarf and dietary restricted mice that had been proposed to underlie longevity benefits ob-
served in these models [19]. We chose to analyse glucose metabolism by performing both glu-
cose tolerance and insulin sensitivity tests in overnight fasted CSB and WT mice. We found a sig-
nificant increase in the ability of CSB animals to clear glucose from the circulation in response to 
a bolus injection of insulin or glucose, respectively (Figure 4B). It should be noted that despite 
the slight but significant elevation of fasting glucose levels observed at baseline in CSB animals 
subject to the glucose tolerance test, no significant difference was observed in the insulin toler-
ance test between CSB and WT (P = 0.34) nor in the combined data set (P = 0.41). This lack of a 
significant difference is consistent with previous reports of fed glucose levels of single mutant CS 
and xPCS mice at postnatal day 15 prior to weaning, while in more severe xPA-deficient double 
mutant animals hypoglycemia was observed [16, 17].

|  
Ch

ap
te

r 3



41

figure 4.  Mechanisms of reduced susceptibility to renal ischemia reperfusion injury in CSB vs. WT mice. (A) Time course of 
hemeoxygenase-1 (HO-1), P-selectin and ICAM-1 mRNA expression as indicated in the kidney following 37 min renal 
ischemia reperfusion injury using quantitative real time PCR. Expression levels at all time points were set relative 
to the WT group at t = 0 hours. Statistically significant differences between genotypes at a given time point day 
are indicated by an asterisk (*P < 0.05). (B) Improved insulin sensitivity and glucose clearance in CSB vs. WT mice as 
indicated. Whole blood glucose levels at the indicated time points following intraperitoneal injection of insulin (n = 
11 WT, 7 CSB) or glucose (n = 9 WT, 5 CSB) into overnight fasted animals. Statistically significant differences between 
genotypes at a given time point day are indicated by asterisks (**P < 0.01, *P < 0.05).

Cockayne syndrome can also be caused by defects in the CSA gene. In mice, Csa–/– (subsequently 
referred to as CSA) mice are nearly indistinguishable from CSB mice [11]. We tested the resistance 
of CSA mice to renal ischemia reperfusion injury and found evidence of protection against both 
25 and 37 min warm ischemia in CSA mice vs. WT controls at the level of kidney function (Figure 5A). 
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No sex bias has been previously reported for Cockayne syndrome [9] or for mouse models of this 
disease. To see whether the protective effects we observed are specific to males, we tested CSB fe-
males for resistance to 37 min of warm renal ischemia. Female mice are in general less susceptible 
to this injury than males [27], and as expected we observed less evidence of kidney dysfunction-
related mortality following 37 min warm ischemia in females than in males. However, CSB females 
displayed evidence of increased resistance to injury, including significantly lower urea and creati-
nine in the serum 24 h after reperfusion (Figure 5B).

figure 5.  Protection from renal ischemia reperfusion correlates with genetic defects in TC-NER and extends to CSB females. 
(A) Functional response of TC-NER deficient CSA vs. WT animals to 25 and 37 min warm IRI according to serum urea 
(top) and creatinine (bottom) values on the indicated days after IRI. Statistically significant differences between 
genotypes at a given time point day are indicated by asterisks (**P < 0.01, *P < 0.05). (B) Functional response of WT 
vs. CSB females to 37 min warm renal IRI as measured by serum urea (top) and creatinine (bottom) values prior to 
and 24 h after injury.

DIScUSSIoN
Although the genetic lesions causative of Cockayne syndrome are known, the molecular defect(s) 
leading to the observed symptoms remains unclear. The prominent inability to repair UV-induced 
DNA lesions in Cockayne cells from both man and mouse models has led to the hypothesis that 
hypersensitivity to DNA damage, presumably oxidative in nature, is primarily responsible for dis-
ease symptoms. Consistent with this, CSB mice are hypersensitive to the effects of whole-body 
ionizing irradiation, a potent oxidative stress [28], and both CSA and CSB mice demonstrate an 
increase in photoreceptor cell loss following ionizing radiation [13]. However, primary CSB cells 
[16] as well as immortalized CSA cells [29] are not hypersensitive to oxidative stress. 
A number of recent reports have described overlap between short-lived segmental progeroid 
NER models and long-lived hypopituitary dwarfs or dietary restricted wild type mice on the level 
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of physiology and gene expression [14-18, 20]. These phenotypes have been interpreted as an 
adaptive response to genotoxic stress overlapping with the starvation response. A previously 
untested prediction of this interpretation is increased resistance rather than hypersensitivity to 
acute oxidative stress in these models. 
Consistent with this prediction, we showed here that mouse models of Cockayne syndrome defi-
cient in either Csa or Csb are less susceptible to renal ischemia reperfusion injury than wild type 
mice. Susceptibility was measured in terms of animal survival, kidney function and histological 
evidence of damage and organ regeneration. In all cases, CSB mice did significantly better than 
WT mice. On the molecular level, we observed less upregulation of the cell-cycle inhibitor p21 af-
ter injury in CSB mice, consistent with less damage and/or better proliferative potential. Upregu-
lation of inflammatory markers ICAM-1 and P-selectin were also significantly reduced following 
injury in CSB mice, consistent with either reduced damage and/or a dampened ability to mount 
an inflammatory response. Finally, improved glucose tolerance and insulin sensitivity at baseline 
were observed in overnight fasted CSB animals relative to WT controls. Taken together with pre-
vious studies demonstrating hypersensitivity to ionizing radiation in certain tissues, these data 
suggest that hypersensitivity and resistance to oxidative stress can coexist in the same animal, 
depending on the tissue or cell type involved. 
Although the mechanism of protection against acute stress in the long-lived dwarf or dietary 
restricted models is not known, a number of plausible candidate mechanisms have been identi-
fied. These include increased antioxidant capacity, reduced inflammation and improved glucose 
homeostasis due to heightened insulin sensitivity [19]. The induction of genes including heme-
oxygenase-1 upon ischemic injury demonstrated that the capacity of CSB animals to mount a 
transcriptional response is normal despite a defect in the repair of RNA polymerase-stalling bulky 
DNA lesions. However, we did not observe any differences in antioxidant capacity on the level 
of gene expression between WT and CSB mice. We did find a difference in the upregulation of 
two markers of inflammation, P-selectin and ICAM-1. Reduced inflammation is associated with 
improved outcome following renal ischemia [22], suggesting that these differences may in part 
underlie the stress resistance observed in the CSB model. 
Glucose tolerance and insulin sensitivity tests were both consistent with improved response of 
CSB animals to the effects of insulin. Improved insulin sensitivity is associated with extended 
longevity in various models including genetic dwarfism and dietary restriction and is usually as-
sociated with reduced IGF-1 and improved glucose metabolism. How improved insulin sensitiv-
ity might underlie protection from acute stress observed here, or extended longevity observed 
in other models, remains unknown. As insulin and insulin-like growth factor signalling are pro-
survival, and growth factor delivery can improve outcome after ischemic injury to other organs 
including the brain [30], we speculate that increased sensitivity to these growth factors may result 
in both better cell survival as well as improved proliferation following ischemia reperfusion injury. 
Which defective biochemical activity (or activities) of CSB is causative of disease phenotypes, 
possibly including protection from renal ischemic insult? We speculate that a defect in TC-NER 
is the likely culprit based on the following genetic argument. CSB and other proteins implicated 
in Cockayne syndrome are multifunctional and have roles in various cellular processes, defects 
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in any of which could in principle give rise to disease symptoms. Nonetheless the symptoms of 
Cockayne syndrome are remarkably similar regardless of the underlying genetic lesion, particu-
larly in mice including CSA, CSB, xPCS or TTD models in an xPA deficient background, as well as in 
xPG, xPF and ERCC1 single mutant animals [20]. We speculate that this common phenotype likely 
stems from a defect in a shared process in which each of these proteins participates directly. To 
date, the only common pathway in which each of these multifunctional proteins has a direct role 
is TC-NER. It should be noted, however, that the presumed unrepaired lesion or repair intermedi-
ate remains to be identified. 
We propose a model in which a congenital DNA repair deficiency results in activation of systemic 
protective mechanisms including a reduced inflammatory response and improved insulin sen-
sitivity. These mechanisms would then lend resistance to certain forms of acute stress in some 
tissues (renal ischemia reperfusion injury to the kidney, as shown here) but not others (ionizing 
radiation in the photoreceptor layer of the eye [13]). We can envision at least two distinct mecha-
nisms by which this organ/tissue specificity could occur. Based on the neuronal phenotypes in 
Cockayne patients and mouse models, TC-NER deficiency could in principle result in neuronal 
deficiencies causing a state of real or perceived dietary restriction, for example, through defective 
function of neurons involved in nutrient sensing, or neuronal control of the gut leading to mal-
absorption. Extended periods of dietary restriction in wild type mice have been shown to protect 
against ischemic damage to organs including the heart [31] and the brain [32]. Alternately, unre-
paired TC-NER substrates in the genome may elicit an adaptive stress response similar to dietary 
restriction but in the absence of reduced food intake. Consistent with this latter interpretation is 
the adaptive response involving transient alterations in glucose homeostasis and serum IGF-1 
levels observed in a related TC-NER deficient mouse model during the potentially stressful period 
of postnatal development [16]. 
Hormesis is a common biological phenomenon in which exposure to a low intensity stressor in-
duces a general adaptive response that has net beneficial effects on the cellular and/or organis-
mal level, including protection against subsequent, higher-dose exposures as well as to differ-
ent types of stress [33, 34]. Dietary restriction has been proposed to act as a mild stressor that 
extends longevity through hormetic mechanisms [35, 36]. Interestingly, ischemic precondition-
ing, a procedure used to protect against ischemic insult that entails brief period(s) of ischemia 
prior to a longer ischemia time, is also thought to function via hormesis [37]. Our data suggest 
that specific types of unrepaired endogenous DNA lesions may also be hormetic in nature. The 
interplay between tissue-specific sensitivities to endogenous DNA damage and the resulting 
adaptive responses may underlie the complex phenotypes observed in segmental disorders such 
as Cockayne syndrome. Having identified such unexpected benefits associated with DNA repair 
deficiency, further elucidation of underlying mechanisms may allow exploitation of the benefits 
without suffering the severe complications associated with congenital DNA repair insufficiencies. 

|  
Ch

ap
te

r 3



45

exPerImeNtAl ProceDUreS
Animals
Animals were allowed free access to food and water throughout the experiments. All experiments 
were performed with the approval of the appropriate ethical board. Male Csb–/– [12] and Csa–/– [11] 
mice in a C57BL/6 background were bred at the animal facility of the Erasmus Medical Centre; 
C57BL/6 J mice were purchased from Harlan, Horst, the Netherlands. 

Ischemia model 
Mice between 12 and 16 weeks of age were anaesthetized by isoflurane inhalation. Following 
a midline abdominal incision, an atraumatic microvascular clamp was used to occlude the left 
kidney for 25–37 min. After the release of the clamp, a contralateral nefrectomy was performed. 

kidney functional measurements 
Blood samples were collected by retro-orbital puncture. Serum urea and creatinine levels were 
measured using quantiChrom assay kits based on the improved Jung and Jaffe methods, respec-
tively (DIUR-500 and DICT-500, Gentaur, Brussels, Belgium) according to the manufacturer’s in-
structions, or were determined using an ELAN analyzer (Eppendorf Merck, Hamburg, Germany) 
with Ecoline S + reagents (Diagnostic Systems GmbH, Holzheim, Germany) according to the man-
ufacturer’s instructions. 

histology 
Kidneys were harvested, bisected longitudinally, fixed for 24 h in formalin and embedded in 
paraffin. Three-micrometer sections were stained with hematoxylin and eosin, modified Jones 
staining or periodic acid Schiff (PAS). Immunohistochemistry was performed on deparaffinzed 
sections following antigen retrieval in boiling 10 mM sodium citrate. 

mrNA expression analysis 
Total RNA was extracted from frozen kidney using TRIzol reagent (Invitrogen) and oligodT or hex-
amer-primed cDNA synthesized using SuperScript II (Invitrogen) according to the manufacturer’s 
instructions. quantitative real-time PCR was performed using an Opticon2 DNA Engine (MJ Re-
search) or a MyIq (Bio-Rad) with SyBR Green incorporation. Each sample was tested in duplo at 
least two times. 

Glucose tolerance and insulin sensitivity tests 
Mice were fasted overnight prior to testing. Following baseline blood glucose determination from 
tail blood of conscious, restrained mice, animals were injected with a bolus of glucose (1.5 mg glu-
cose/gram body weight) or insulin (0.75 U kg–1 body weight) into the intraperitoneal cavity. Blood 
glucose determinations were performed as above at the indicated times following injection using 
a HemoCue glucose 201 RT blood glucose analyzer (HemoCue, Ängelholm, Sweden). 
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Statistics 
Data are expressed as the mean ± SEM. Statistical analyses of data on urea, creatinine, histomor-
phology, immunohistochemistry and immunoblot was performed using Student’s t-test. Survival 
was analysed by Kaplan-Meier (SPSSv11). 
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AbStrAct
Previously, we have reported that congenital DNA repair deficiency can result in activation of 
systemic protective mechanisms resulting in a reduced inflammatory response in the short-term. 
The question remains whether oxidative stress would in the long-term lead to functional or histo-
logical signs of accelerated renal ageing in DNA repair deficient mice. 
Therefore, in a cohort of mice with deficiencies in NER proteins Csb, Ttd and xpa were subjected 
to renal ischemia reperfusion. Functional and histologic data was collected over time. 
Up to eleven months after ischemia reperfusion injury no difference was found in survival, histol-
ogy, or kidney function as measured by creatinine, blood urea nitrogen (BUN), albuminuria and 
glomerular filtration rate (GFR) between NER-deficient mice and wild-type. 
These data are in line with the assumption that unrepaired endogenous DNA lesions may elicit 
an adaptive response, which protects against acute oxidative injury, with sustained functional 
outcome in the long-term. Further elucidation of this adaptive response could lead to specific 
interventions to preserve kidney function on the short- and long-term after ischemic injury.
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INtroDUctIoN
Renal transplantation has, since the first successful transplantation in 1954 of a healthy kidney, 
become an increasingly successful medical treatment for patients with end-stage failure of vari-
ous organs. However, kidney transplantation has still not achieved its full potential as a long-term 
treatment for end-stage organ failure. CTD is the single most important cause of late graft loss. 
Histologic signs of CTD include intimal hyperplasia of graft arteries, glomerular sclerosis, tubular 
atrophy and interstitial fibrosis, which overlap with the histology of normally aging kidneys.
Increasing evidence suggests that the development if CTD is multifactorial in origin, with allo-
antigen dependent and allo-antigen independent factors contributing to the decline of renal 
graft function [1, 2]. Of the allo-antigen independent factors, donor age and cold ischemia time 
seem to be the major correlate to transplant survival [3]. Clinical observations suggest an inverse 
relationship between both donor age and ischemia time and long-term graft survival [4, 5]. The 
mechanism by which donor age or ischemia lead to reduced functional life span is currently un-
known.
Reactive oxygen species (ROS) produced by normal cellular metabolism and in excess during 
ischemia reperfusion after transplantation are a primary source of cellular and DNA damage. 
Since the free radical theory as originally proposed by Harman [6], evidence for a molecular con-
nection between oxidative DNA damage and ageing, aging-related disorders and so-called ‘pre-
mature aging’ disorders (here referred to as segmental progerias) is compelling, which suggests 
that the mechanism causing normal ageing and long-term organ rejection may fundamentally 
be the same. 
To counteract oxidative DNA damage nature has evolved several efficient, highly conserved DNA 
repair mechanisms [7]. Nucleotide excision DNA repair (NER) is one such repair system that re-
moves a range of damages [8]. Two basic modes of lesion recognition have been defined. In the 
first, lesions occurring anywhere in the genome are recognized by damage-binding proteins such 
as the xPC-HR23A/B-CEN1 complex. This triggers the assembly of the multiprotein NER machin-
ery, which functions via a cut and patch mechanism to remove the damage and fill the remaining 
single-strand gap. This system is referred to as global-genome (GG)-NER. In the second mode of 
recognition, transcription-coupled (TC)-NER, lesions that block an elongating RNA polymerase 
trigger assembly of the NER machinery in a process that depends on the chromatin remodelling 
protein CSB [9] and a ubiquitin ligase complex containing the TC-NER specific protein CSA [10, 11]. 
Deficiencies in any of these proteins give rise to at least three distinct heritable human disorders: 
xeroderma pigmentosum (xP), trichothiodystrophy (TTD) and Cockayne syndrome (CS) [12-14]. 
Patients with xP exhibit a >1000-fold increase in UV-induced skin cancer, accelerated photo aging 
of the skin and frequent neurodegeneration [15]. xP can be classified by mutation in one of seven 
genes (xPA to xPG). Like human patients, xpa mutant mice show an similar increased incidence 
of skin cancer [16]. In CS patients physical and neurological development are severely impaired, 
resulting in dwarphism, cachexia, loss of retinal cells and dysmyelination [17]. The reported aver-
age age of death is close to 12 years [18]. Mouse models lacking Csa or Csb function recapitulate 
some progeroid characteristics of the human disease, including cachexia and progressive loss of 
photoreceptor cells, but with a normal lifespan and an overall milder phenotype than in humans 
[19-21].
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Whereas CS is caused by a defect only in TCR, the molecular basis of TTD is found in partial de-
fects in GG-NER and TC-NER. This disorder arises from point mutations in the xPB, xPD and TTDA 
genes. Mutations in this gene can give rise to xP, CS or TTD. This is explained by the fact that xPD 
encodes for one of the two subunits of transcription factor II helicase (TFIIH), which is involved in 
both global genome and transcription repair, as well as in basal transcription initiation [22, 23]. 
TTD patients, affected by prominent symptoms of accelerated ageing, suffer from skeletal and 
neurological degeneration, cachexia, ichthyosis and characteristic brittle hair, nails and scaly skin. 
TTD patients have a reduced life expectancy, but extensive clinical heterogeneity exists, ranging 
from mild growth retardation to life-threatening cachexia. The Ttd mouse model closely resem-
bles the human disorder. Ttd mice show reduced life span, osteoporosis, osteosclerosis, grey hair 
and cachexia [24, 25]. 
In support of the role of oxidative stress hypersensitivity in DNA repair deficiency syndromes, an 
increase in skin and corneal malignancies and loss of photoreceptor cells following whole-body 
ionizing radiation was observed in respectively Ttd–/–, Xpa–/– and Csb–/– mice [25-27]. Thus, at least 
particular cell types appear hypersensitive to the effects of oxidative DNA damage, a property 
that may underlie tissue-specific disease phenotypes.
However, a number of recent reports have described that mouse models of NER-deficient seg-
mental progerias (NER progerias) display characteristics of hypopituitary dwarf mutants or di-
etary restricted wild type mice [28-32]. These phenotypes, including reduced body weight and 
temperature, hypoglycemia, hypoinsulinemia and reduced serum IGF-1, are correlated in dwarf 
and dietary restricted mice not only with extended longevity but also resistance to oxidative 
stress [33]. 
In the present study, we wondered whether DNA repair deficient mouse models exposed to acute 
renal oxidative stress, would show an increased stress resistance, as seen in models of dwarf-, and 
dietary restricted mice [33], or would be hypersensitive and show long-term deterioration of kid-
ney function triggered by the acute insult, as seen in photoreceptor cells following whole-body 
ionizing radiation.

exPerImeNtAl ProceDUreS 
Animals
The experimental protocol was approved by the Animal Experiment Committee under the na-
tional Experiments on Animals Act and adhered to the rules laid down in this national law that 
serves the implementation of “Guidelines on the protection of experimental animals” by the 
Council of Europe (1986), Directive 86/609/EC. Male Csb–/– (n=9) [21], Xpa–/– (n=4) [35] and Ttd–/– 

(n=9) [36] mice in a C57BL/6 background were bred at the animal facility of the Erasmus Medical 
Centre; C57BL/6 J mice were purchased from Harlan, Horst, the Netherlands and were assigned to 
the sham group (n=5) or the experimental group (n=8). 

Ischemia model 
Mice between 12 and 16 weeks of age were anaesthetized by isoflurane inhalation. Following a 
midline abdominal incision, an atraumatic microvascular clamp was used to occlude the left kid-
ney for 30 min. After the release of the clamp, a contralateral nefrectomy was performed. Animals 
were sacrificed 11 months after reperfusion.
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kidney functional measurements 
Blood samples were collected by retro-orbital puncture. Serum urea and creatinine values were 
measured using a kinetic urease method where the decrease in NADH adsorbance is measured 
photometrically, using an ELAN multianalyser (Eppendorf-Merck, Germany). Urine was collected 
monthly by placing the mice individually in metabolic cages (Tecniplast, Buguggiate (Va), Italy) 
for 24 hours. Protein excretion was measured colorimetrically by addition of red [37]. The glo-
merular filtration rate (GFR) per 100 g body weight (BW) was based on the clearance of creatinine 
(GFR (ml/min) = [creatinine]urine multiplied by 24h volume/ [creatinine]serum).

histology 
Kidneys were harvested, bisected longitudinally, fixed for 24 h in formalin and embedded in par-
affin. Three-micrometer sections were stained with hematoxylin and eosin, modified Jones stain-
ing or periodic acid Schiff (PAS) and assessed by light microscopy for presence of proteincontain-
ing tubules, microcalcifications, cell death and regeneration, in a blind fashion by I.M. Bajema.

Statistics 
Statistical analysis was evaluated by one-way analysis of variance with Bonferroni’s post hoc test. 
p<0.05 was taken to denote statistical significance. Data are expressed as mean±SEM (SPSSv11).

reSUltS
weight
During the experiment there was an increase in the weight of the mice in the sham, wild-type 
and xPA group (Figure 1). In the CSB and TTD group the weight of the mice remained stable. At 
the end of the study period there was a significant difference in weight of the control wild-type 
compared to the CSB and TTD groups.

figure 1.  During the experiment there was an increase in the weight of the mice in the sham, wild-type and xPA group. In the 
CSB and TTD group the weight of the mice remained stable. At the end of the study period there was a significant 
difference in weight of the control wild-type compared to the CSB and TTD groups.
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renal function
In total seven animals died during the 11 month study period. One mouse in the sham group died 
after eleven months, one mouse in the wild-type nephrectomized group also after 11 months, 
two mice in the CSB group, one in the second month and the other after eleven months, 2 mice in 
the TTD group after eight months and one mouse in the xPA group after 11 months. In all cases, 
mortality was not associated with signs of renal dysfunction, such as an increase in mean blood 
urea nitrogen (BUN) or proteinuria. At autopsy, all kidneys had a normal appearance. Figure 2A-D 
shows the results of serum creatinine, BUN, albuminuria, GFR in mice after 30 minutes of warm 
ischemia of the left kidney. There were no significant differences in mean serum creatinine be-
tween the groups during the experiment. 
Mean BUN compared between the sham, wild-type, CSB and xPA group did not significantly differ 
over time. However, mean BUN in the TTD group was significantly elevated during the experi-
ment. Also, a rise in BUN was seen after 11 months, compared to BUN before clamping in the CSB, 
xPA and TTD groups. This elevated BUN after 11 months was not seen in the control wild-type and 
sham operated group. 
Urinary albumine excretion did not statistically differ in all the groups and was stable throughout 
the experiment.
At the first month, GFR was higher in the TTD group compared to the xPA group, however no 
significant difference was found when compared to the control wild-type group. Except for this 
timepoint, no statistical difference was found between the groups and the GFR remained stable.

figure 2.  (A) There were no significant differences in mean serum creatinine between the groups during the experiment. 
(B) Mean BUN compared between the sham, wild-type, CSB and xPA group did not significantly differ over time. 
However mean BUN in the TTD group was significantly elevated during the experiment. Also, a rise in BUN was 
seen after 11 months, compared to BUN before clamping in the CSB, xPA and TTD groups. This elevated BUN after 
11 months was not seen in the control wild-type and sham operated group. (C) At the first month, GFR was higher 
in the TTD group compared to the xPA group, however no significant difference was found when compared to the 
control wild-type group. Except for this timepoint, no statistical difference was found between the groups and the 
GFR remained stable. (D) There were no significant differences in mean proteinuria between the groups during the 
experiment
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macroscopic appearance and histology
At the end of the experiment, the remaining kidney of all groups had a normal macroscopic ap-
pearance. Histomorphologically, no glomerular changes were seen. Protein containing tubules, 
microcalcifications, cell-death and regeneration were not seen. Minor focal interstitial infiltration 
was noted in 2 animals in the xPA group, in 3 animals in the CSB group and 1 in the control wild 
type group.

DIScUSSIoN
CTD is the single most important cause of late graft deterioration and failure. Clinical observa-
tions suggest an inverse relationship between ischemia time and long-term graft survival [5] and 
have led to the assumption that ischemic injury leads to premature ageing of organs and reduced 
lifespan [38, 39]. The mechanism by which ischemia leads to reduced lifespan is currently un-
known, but clearly is not solely dependent of the host alloimmune response [40, 41]. To explore 
the relationship between renal ischemia reperfusion injury, long-term renal dysfunction and pre-
mature ageing, we studied the effects of long-term renal ischemia reperfusion injury in mice with 
premature aging syndromes due to specific GG-NER and TC-NER deficiencies. A follow-up period 
of 11 months was based on results from previous experimental studies, in which clamping of re-
nal vessels in rats led to renal dysfunction from 8 weeks post ischemia reperfusion injury [42], and 
on previous observations that these mice have a reduced lifespan [7].
The use of a clamping model enabled us to study the influence of ischemia reperfusion injury as 
an isolated factor on renal function and morphology, in the absence of an allogeneic response.
The present study demonstrates that up to 11 months an ischemic insult of 30 minutes in uni-
laterally nephrectomized wild-type mice does not lead to long-term changes in renal function 
nor histological changes, as observed in CAN. Clamping of the renal vascular pedicle did result 
in short-term deterioration of renal function in all groups (data not shown), but in all groups a 
subsequent recovery was observed. Most experimental studies evaluating renal I/R injury in mice 
have focused only on acute events after ischemia. Long-term outcome has been subject of only 
a few studies [43, 44]. Burne-Taney et al. applied 60 minutes of warm unilateral ischemia without 
contralateral nephrectomy. They report a fibrotic kidney 6 weeks after ischemia. Sixty minutes of 
ischemia was chosen because it produces severe damage to the kidney. Therefore it is quite likely 
that the ischemic kidney did not recover from the injury at all, and the animals survived on their 
remaining undamaged kidney. This makes interpretation of these data difficult. In our model 30 
minutes of unilateral ischemia was followed by contralateral nephrectomy, leaving the animal 
dependent on its damaged kidney. Longer ischemia times in our hands resulted in high mortal-
ity rates due to renal dysfunction (data not shown). Only when kidneys were transplanted over a 
MHC barrier long-term changes as seen in CAN, could be detected . In contrast in rat models, IRI 
led to histological and functional changes 8 weeks after clamping [40]. Collectively, these data 
strongly suggest that in mouse models of both alloantigen-dependent and –independent factors 
are needed to produce CAN-like features.
Like in the wild-type animals, in the DNA repair deficient mice no significant difference in renal 
function or morphology was observed in 11 months. A significant difference was found in serum 
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urea concentration in the TTD mice, but this did not reflect renal function, as serum creatinine 
levels were not elevated and no morphologic abnormalities could be detected. The elevated se-
rum urea levels could point to dehydration in these mice. In hypovolemic states, an increase in 
proximal tubule sodium reabsorption is seen [45]. This produces a parallel increase in urea reab-
sorption, as urea aborption is passively linked to reaborption of sodium and water. The net effect 
is a fall in urea excretion and elevations in the serum urea concentration. On the other hand serum 
creatinine concentration does not rise under these conditions. In normal subjects the serum urea/
creatinine ratio is approximately 10:1, however in hypovolemic states this value frequently rises 
to greater than 20:1 [46]. In TTD mice we found a serum urea/creatinine ratio of 30:1. Hypovole-
mia in these mice fits in the phenotype of premature aging, as an impaired thirst mechanism is 
frequently seen in elderly subjects [47]. In our study, after 11 months follow-up, CSB and TTD mice 
weighted significantly less than wild-type and xPA mice. This is in line with the cachectic features 
in mice with CS and TTD features.
Although accelerated aging has been put forward to contribute to the pathophysiology of CTD 
[38, 39, 48], we could not demonstrate the involvement of NER pathways. On the contrary, re-
cently we have reported increased resistance to acute oxidative stress in kidneys of Csb–/– mice 
after renal ischemia reperfusion injury on short-term function [34]. This congenital DNA repair de-
ficiency seems to result in the activation of a systemic protective mechanism protecting against 
acute oxidative injury. The results in the present study underscore these findings. The protection 
against the acute consequences of renal ischemia reperfusion injury in these mice predicts that 
the long-term sequelae of this injury are also absent. 
We wondered whether DNA repair deficient mouse models exposed to renal oxidative stress, 
would show an increased stress resistance, as seen in models of dwarf-, and dietary restricted 
mice, or would be hypersensistive, as seen in photoreceptor loss after whole body ionizing radia-
tion. Here we report that acute oxidative stress does not lead to alteration of long-term term func-
tion, histology nor survival in mouse deficient of xpa, Csb and Ttd proteins. Although the exact 
mechanism still has to be revealed, we propose that unrepaired endogenous DNA lesions elicit an 
adaptive hormetic response, which protects against acute oxidative injury, with sustained func-
tional outcome in the long-term. Further elucidation of these adaptive responses could lead to 
specific interventions to preserve kidney function after oxidative injury on short- and long-term. 
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AbStrAct
Although adenosine is cardioprotective in the rat, there is general agreement that adenosine is 
not involved in ischemic preconditioning (IPC) in this species. Because evidence is accumulating 
that the signal transduction pathway leading to cardioprotection by IPC is stimulus-dependent, 
we hypothesized that the failure to show a role tor adenosine might be due to the use of brief IPC 
stimuli. We therefore investigated whether myocardial adenosine receptor activation (and which 
of its subtypes) would play a role in IPC in the rat heart when longer IPC stimuli are employed. The 
concept of ischemic preconditioning (intraor gan protection) has been expanded to interorgan 
preconditioning (IOPC; myocardial protection by brief ischemia in other organs). The mechanism 
underlying IOPC remains elusive, however, although a role for adenosine and activation of a neu-
rogenic pathway has been postulated. We therefore also tested the hypothesis that adenosine 
released by the remote ischemic organ stimulates local afferent nerves, which leads to activation 
of myocardial adeno sine receptors.
In pentobarbital-anesthetized rats, a preconditioning stimulus consisting of 3 sequences of 3-min 
coronary artery occlusion (CAO) each followed by 5 min of reperfusion limited infarct size pro-
duced by a 60-min CAO which was not affected by a high dose of the adenosine receptor antago-
nist 8-(p-sulfophenyl)theophylline (8-SPT). In contrast, the protection afforded by a single 15-min 
CAO was abolished by the same dose of 8-SPT demonstrating not only the involvement of ad-
enosine in IPC in rats, but also that this depends critically on the IPC stimulus. Selective blockade 
of A1- (low dose of 8-SPT) or A3-receptors (MRS-1191), blunted the protection by classical IPC with 
a 15-min CAO, while a combination of 10SPT and MRS 1191 abolished classical IPC, which implies 
that activation of both A1- and A3-receptors contributed to the protection by the 15-min CAO. 
IOPC with a 15-min mesenteric artery occlusion (MAO15), reduced infarct size produced by a 60-
min CAO, which was abolished by pretreatment with the ganglion blocker hexamethonium, but 
not when hexamethonium was administered at 5 min of mesenteric artery reperfusion. In con-
trast, 8-SPT abolished IOPC independent of the timing of administration (either before or 5 min 
following MAO15), indicating that adenosine receptors downstream of the neurogenic pathway 
(i.e. in the heart) are involved. Involvement of small intestinal adenosine receptors is suggested 
by the finding that intramesenteric artery (but not intraportal vein) infusion of adenosine (10 µg/
min) was as cardioprotective as MAO15. This protection was also prevented by hexamethonium. 
In conclusion, in IOPC by a 15-min MAO adenosine locally released during small intestinal isch-
emia stimulates afferent nerves in the mesenteric bed during early reperfusion, thereby initiating 
a neurogenic pathway that ultimately leads to activation of myocardial adenosine receptors and 
hence cardioprotection. 
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INtroDUctIoN 
Based on numerous studies including those in which the selective adenosine A1-receptor an-
tagonist PD 115,199 and the non-selective adenosine antagonist 8-SPT failed to block ischemic 
preconditioning (IPC) [1-3], Ganote and Armstrong [4] concluded that myocardial adenosine re-
ceptor activation, in contrast to all other species studied, is not involved in IPC in the rat although 
administration of exogenous adenosine is cardioprotective in this species [5]. In the aforemen-
tioned IPC studies [1-3] the duration of the (multiple) IPC stimuli was 3-5 min. Interestingly, in-
tracoronary adenosine deaminase is ineffective in attenuating infarct size limitation by a 3-min 
coronary artery occlusion (CAO), but abolishes the cardioprotection by a 10-min CAO in swine 
[6]. We therefore hypothesized that adenosine might also play a role in IPC in rats when precon-
ditioning stimuli of longer duration are used. We therefore investigated the putative involvement 
of adenosine in IPC by a 15-min CAO, a stimulus which has been shown to protect the rat heart [7, 
8]. We also preconditioned rat hearts by three cycles of 3-min CAO and 5 min of reperfusion (as 
used by Li and Kloner [2]), to exclude that differences in breed, sex and experimental procedures 
acted as confounding factors. Our results not only confirmed the findings by Li and Kloner [2] but 
also demonstrated that a high dose of 8-SPT completely blocked the cardioprotection by a single 
15-min CAO stimulus. Since 8-SPT is a non-selective adenosine receptor antagonist and evidence 
is accumulating that not only selective A1- but also selective A3- agonists confer cardioprotection 
[9-11], we subsequently investigated whether both A1- and A3- the adenosine receptor subtypes 
are involved in IPC [12]. 
Przyklenk et al. [13] expanded the concept of ischemic preconditioning from intraregional to in-
terregional myocardial protection by showing that a brief coronary artery occlusion (CAO) not 
only preconditioned the distribution area of that coronary artery but also protected the adjacent 
virgin myocardium. In our laboratory [7], we subsequently showed that 15 min of small intes-
tinal or renal ischemia preceding a 60-min CAO by 10 min also limited myocardial infarct size. 
This interorgan preconditioning (IOPC; remote myocardial preconditioning; preconditioning at 
a distance) of the heart by preceding transient ischemia in remote organs has been confirmed 
for the small intestine [14, 15], kidney [16-18], and skeletal muscle [19], but may not apply to all 
remote organs as global cerebral ischemia preceding a 60-min CAO did not limit infarct size [20]. 
The mechanism underlying IOPC remains elusive, although Gho et al. [7] showed the involvement 
of a neurogenic pathway, as pretreatment with the ganglion blocker hexamethonium abolished 
IOPC by small intestinal ischemia. Reperfusion of the occluded mesenteric artery before the onset 
of the 60-min CAO was mandatory as reopening of the mesenteric artery within 1 min after the 
coronary artery was occluded did not confer cardioprotection. This finding suggests that activa-
tion of the neurogenic pathway occurs up on mesenteric artery reperfusion [7]. Adenosine may 
also be involved in IOPC [17, 18], but the site(s) of action of this mediator, i.e. the ischemic organ 
or the heart or both, was not investigated. Takaoka et al. [18] proposed that myocardial adenosine 
receptors might be involved because the adenosine concentrations in the carotid artery after 
renal ischemia exceeded those after regional myocardial ischemia. On the other hand, PeIl et al. 
[17] concluded from the degree of hypotension following renal artery reperfusion, that adenos-
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ine release from the kidney was insufficient to produce cardioprotection via the circulation. They 
suggested, based on the observations by Gho et al. [7], that adenosine released in the ischemic 
kidney stimulated the afferent renal nerves and thereby protected the myocardium, a hypoth-
esis that is supported by recent experiments in anesthetized rabbits [16]. To further elucidate the 
mechanism of IOPC, we not only investigated whether activation of adenosine receptors is in-
volved in IOPC by small intestinal ischemia, but we also determined the location(s) (myocardium 
and/or small intestine) of the adenosine receptors involved [21]. 

methoDS 
experimental procedures 
Pentobarbital anesthetized (60mg/kg, ip) male Wistar rats (300g) were intubated (PE-240) for pos-
itive pressure ventilation (Harvard rodent ventilator) with room air [7, 8, 12, 21]. The thoracic aorta 
was cannulated via the carotid artery with a PE-50 catheter for measurement of arterial blood 
pressure and computation of heart rate. A catheter was positioned in the femoral vein for infu-
sion of Haemacell (Behringwerke) to maintain fluid balance. After thoracotomy via the left third 
intercostal space and opening of the pericardium, a silk 6-0 suture was looped under the coronary 
artery for later occlusion. In animals that underwent IOPC, a laparotomy was performed and the 
anterior mesenteric artery was dissected free and looped by a loose suture to allow later mesen-
teric artery occlusion with an atraumatic clamp. Pentobarbital was suffused in the abdominal cav-
ity to maintain anesthesia. Rectal temperature was continuously measured and was maintained 
at 36.5-37.5°C (8). 
Rats that fibrillated during occlusion or reperfusion were allowed to complete the protocol when 
conversion to normal sinus rhythm occurred spontaneously within 1 min, or when resuscitation 
by gently thumping on the thorax or defibrillation with a modified battery of 9 V was successful 
within 2min after onset of fibrillation. 
After surgery, a 30-min stabilization period was allowed before the start of the experimental pro-
tocol. All animals were subjected to a 60-min CAO followed by 120 min of reperfusion, after which 
area at risk (AR) and infarct area (IA) were determined using trypan blue and nitro-blue-tetrazo-
lium staining [7, 8, 12, 21]. Infarct size (IS), defined as 100 x lA/AR (%), was analyzed by one-way 
analysis of variance followed by Student-Newman-Keuls test. Statistical significance was accepted 
when P < 0.05. Data are mean ± SEM.

reSUltS
Protocol I: Involvement of adenosine in classical ischemic preconditioning in the rat heart. 
Figure 1 shows that classic al IPC by a single 15-min CAO followed by 10-min of reperfusion 
(CAO15), limited infarct size to 45 ± 2% versus 69 ± 1 % in Sham rats that underwent only the 
60-min CAO. 8-SPT in a non-selective dose of 2 x 25 mg/kg (50SPT), had no effect on infarct size 
in Sham rats, but abolished the protection afforded by CAO15. The figure also shows that IPC by 
3 cycles of 3-min CAO and 5 min of reperfusion (3-CAO3), limited infarct size to 24 ± 6%, but that 
50SPT did not attenuate the cardioprotection (IS = 18 ± 3%), confirming earlier observations by 
Li and Kloner [2]. 
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figure 1.  Both 3-CAO3 and CAO15 (although to a lesser extent) limit infarct size, but only the protection by CAO15 is abol-
ished by 8-SPT. *P < 0.05 vs Sham; †P < 0.05 vs corresponding CAO15.

Protocol II: Involvement of adenosine A1- and A3-receptor subtypes in ischemic precon-
ditioning in the rat heart. 
Figure 2 shows that cardioprotection by IPC with CAO15 was blunted by 50% when rats were 
pretreated with either an A1-receptor selective dose of 8-SPT (10SPT) [12] or an A3-receptor selec-
tive dose of MRS-1191 [12]. Combination of 10SPT and MRS-1191 abolished the cardioprotection 
by CAO15 (10SPT + MRS + CAO15), indicating that both A1- and A3-receptors contributed to IPC 
in the rat heart. 

figure 2.  Infarct size limitation by CAO15 is attenuated by the A1 selective dose of 8-SPT (10SPT), as well as by an A3 selective 
dose of MRS-1191 (MRS), and abolished by combined pretreatment with the A1 and A3 antagonists or a non-selec-
tive dose of 8-SPT (50SPT). *P < 0.05 vs Sham; †P < 0.05 vs CAO15; ‡P < 0.05 vs 10SPT + CAO15 and vs MRS + CAO15.
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Protocol III: Involvement of adenosine receptor stimulation in interorgan preconditioning. 
Three cycles of 3-min mesenteric artery occlusion and 5 min of reperfusion (3- MAO3) failed to 
protect the myocardium (Figure 3), while a single 15-min MAO preceding a 60-min CAO by 10 min 
of reperfusion (MAO15) provided similar protection as CAO15. Pretreatment with the non-selec-
tive dose of 8-SPT (50SPT) abolished the cardioprotection by MAO15 (Figure 3). The A1-selective 
dose of 8-SPT (10SPT) and the A3-selective dose of MRS 1191 each attenuated the cardioprotec-
tion by MAO15 by approximately 65%, while combined pretreatment (10SPT + MRS) with the 
A1- and A3-selective doses of these antagonists abolished the cardioprotection.

figure 3.  Cardioprotection by interorgan preconditioning (IOPC), and involvement of adenosine and A1 and A3-receptor sub-
types in IOPC by MAO15. Both A1 and A3-adenosine receptor subtypes were required for IOPC by MAO15. Also note 
that whereas 3-CAO3 was more cardioprotective than CAO15 in classical preconditioning (see Figure 1), 3-MAO3 
was ineffective in eliciting IOPC.  *P < 0.05 vs Sham; †P < 0.05 vs MAO15.

Protocol IV: effect of small intestinal adenosine receptor stimulation on myocardial in-
farct size by 60-min cAo.
Figure 4 shows that a 15 min adenosine infusion (10µg/min) into the mesenteric artery (ADO 
lMA), followed by 10 min washout, limited infarct size produced by a 60-min CAO (IS = 47 ± 4%) 
to the same extent as MAO15 (IS = 49 ± 4%). Pretreatment with hexamethonium abolished the 
cardioprotection by ADO lMA (Hex + ADO IMA), implicating the involvement of a neurogenic 
pathway in the cardioprotection by ADO IMA. This is also confirmed by the lack of effect of infu-
sion of the same dose of adenosine into the portal vein (ADO IPV), excluding that (i) recirculation 
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of adenosine during ADO IMA stimulated cardiac adenosine receptors directly, and (ii) spillover 
of adenosine during ADO IMA stimulated adenosine receptors in the liver and contributed to the 
cardioprotection by ADO IMA. 

figure 4.  Involvement of small intestinal adenosine receptor stimulation in IOPC. Intramesenteric artery infusion of adenosine 
(ADO IMA) limited infarct size to the same extent as MAO15 (see Figure 3). The protection by ADO IMA was under 
neurogenic control as pretreatment with hexamethonium (Hex + ADO IMA) abolished the protection and intrapor-
tal adenosine infusion (ADO IPV) was ineffective. *P < 0.05 vs Sham. †P < 0.05 Hex + ADO IMA vs ADO IMA.

Protocol V: Involvement of myocardial adenosine receptor stimulation in IoPc.
Figure 5 shows that whereas pretreatment with hexamethonium abolished IOPC by MAO15 (Hex 
+ MAO15, IS = 74 ± 2%), hexamethonium did not abrogate IOPC when administered at 5 min of 
mesenteric artery reperfusion (MAO15 + Hex, IS = S4 ± 2%). In Contrast, both pretreatment (50SPT 
+ MAO15, IS = 73 ± 2%) and treatment at 5 min of mesenteric reperfusion with 8-SPT (MAO15 + 
50SPT, IS = 67 ± 3%) abolished IOPC.

figure 5.  Involvement of myocardial adenosine receptor stimulation in IOPC by MAO15. Notice that, whereas treatment with 
hexamethonium 5 min after MAO15 (MAO15 + Hex) had no effect on IOPC, treatment with 8-SPT 5 min after MAO15 
(MAO15 + 50SPT) abolished IOPC. *P < 0.05 vs Sham; †P < 0.05 vs MAO15.
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DIScUSSIoN
Involvement of adenosine in IPc in the rat heart 
The role of adenosine in ischemic preconditioning has been confirmed in several species such as 
rabbits [22], dogs [23] and swine [24, 25]. However, several groups of investigators have failed to 
show a contribution of adenosine to infarct size limitation by IPC in the rat heart, although pre-
treatment with exogenous adenosine is cardioprotective in this species [4]. We hypothesized that 
the failure to establish the role of adenosine in the aforementioned studies in rats [4] could be due 
to the fact that the duration of the IPC stimulus may have been too short [6]. In the present study 
we confirmed that protection afforded by 3 cycles of 3-min CAO and 5 min of reperfusion was not 
amenable to adenosine receptor blockade with 8-SPT [2]. In contrast, when a preconditioning 
stimulus of 15min duration was used, the protection was already blunted by a dose of 8-SPT that 
was half (2 x 5 mg/kg) and abolished by a dose that was 2.5 times (2 x 25mg/kg) that was used 
by Li and Kloner [2]. These observations imply that adenosine receptor activation (both A1- and 
A3-subtypes) is involved in IPC, provided that the duration of the preconditioning stimulus is suf-
ficiently long. 
In interstitial fluid collected between 1 and 6 min of a 6-min of global normothermic ischemia in 
isolated hearts, myocardial interstitial adenosine concentrations increased from 0.25 to 6.8µM in 
rats but only from 0.33 to 2.0µM in rabbits [26]. The Ki value of adenosine for the A1-receptor is 
10-100nM in rats and 28nM in rabbits [4, 27]. In view of the three fold higher interstitial adenosine 
levels during ischemia in the rat compared to the rabbit heart, and the similar affinity for A1-
receptors in rat and rabbit hearts, it is difficult to explain why adenosine would not contribute to 
IPC in the rat heart [4]. Since Headrick [26] used a 6-min CAO, the different results obtained in rats 
and rabbits can only be explained by a more rapid increase in adenosine in the rabbits, whereas 
in rats interstitial adenosine levels do not increase sufficiently during the initial 3 min of occlusion 
to produce adequate adenosine receptor stimulation. 
Since endogenous adenosine has a 10-100 fold higher affinity for the A1-receptors over A3-re-
ceptors, it is possible that in other species the A3-receptor may not contribute to the same ex-
tent. Interestingly, the protection by hypoxic preconditioning against hypoxia-induced damage 
in isolated rabbit cardiomyocytes could only be partially blocked by the adenosine A1-selective 
antagonist DPCDx, and required a combination of DPCPx with either the adenosine A1/A3 antago-
nist BWA1433 or with 8-SPT, for complete blockade, suggesting that also in the rabbit heart both 
adenosine A1- and A3-receptors might contribute to ischemic preconditioning in vivo [28].

IoPc stimulus 
In our original study [7], MAO15 was as effective as a CAO15 in limiting myocardial infarct size 
produced by a subsequent 60-min CAO. Because 3-CAO3 afforded greater protection than CAO15 
[12], we investigated whether 3-MAO3 was also more cardioprotective than MAO15. Our data 
show that these multiple brief MAO’s were unable to precondition the myocardium.
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Involvement of adenosine receptor stimulation in IoPc 
The cardioprotection by small intestinal ischemia was completely prevented by pretreating rats 
with 50 mg/kg 8-SPT, implying that adenosine is at least one of the mediators leading to cardio-
protection in this model of IOPC. The present study also demonstrates that, at least with the cur-
rently used stimulus, both the A1- and A3-receptor subtypes contribute. Adenosine may also play 
a role in IOPC by renal ischemia [16-18], but in none of these studies the location and the subtype 
of the involved adenosine receptors was investigated. 

myocardial adenosine receptors 
Because the adenosine receptor antagonists were administered intravenously prior to MAO15, 
the data in Figure 3 do not reveal the site of action of adenosine. In order to investigate whether 
the myocardial adenosine receptors were involved, we administered 8-SPT after 5 min of mesen-
teric artery reperfusion because at this time point hexamethonium did not influence cardiopro-
tection by IOPC, indicating that IOPC no longer required activation of the neurogenic pathway. 
8-SPT administered at 5 min of mesenteric artery reperfusion abolished all cardioprotection by 
IOPC, implying that the myocardial adenosine receptors must be involved in the mechanism un-
derlying this phenomenon. The myocardial adenosine receptors involved are of both the A1- and 
A3-subtypes [21], which is in agreement with our findings in classical IPC in protocol II. 

Small intestinal adenosine receptors 
ADO IMA limited myocardial infarct size produced by 60-min CAO to the same extent as MAO15. 
Moreover, because infusion of the same dose of adenosine in the portal vein did not protect 
the myocardium, the adenosine must have acted in the small intestine. The protection by locally 
administered adenosine was abolished after pretreatment with hexamethonium, implying that 
the neurogenic pathway was also involved in this model of pharmacological IOPC. The intrames-
enteric artery infusion rate was chosen such that only the adenosine receptors in the small intes-
tine were activated. However, we do not know how the adenosine concentrations in the small 
intestine achieved during intramesenteric artery infusion compare to the concentrations that are 
achieved during MAO15. Therefore, it cannot be excluded that in the portal vein higher concen-
trations were reached upon reperfusion of the ischemic small intestine than during the direct 
infusion of adenosine into the portal vein. If true, these higher concentrations might have been 
sufficient to stimulate afferent nerves in the liver and thereby have contributed to the cardiopro-
tection by small intestine ischemia. The observation that the protection by ADO IMA was very 
similar to that by MAO15 suggests that the concentrations during ADO IMA and MAO15 were 
also similar. 
To definitively demonstrate the involvement of adenosine receptor stimulation in the small in-
testine in IOPC requires blockade of intestinal receptors, while leaving the myocardial receptors 
unaffected. Because of the half-life of the antagonists used in the present study, recirculation 
will lead to adenosine receptor blockade in the heart. Nevertheless, the present observations are 
consistent with the hypothesis that in IOPC by small intestinal ischemia, locally released adenos-
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ine triggers afferent nerves which in turn lead to stimulation of myocardial adenosine receptors.
Adenosine is currently under investigation for its purported ischemia reperfusion damage limit-
ing effects [29, 30]. The results of the present study suggest that the cardioprotective effects of 
intravenous adenosine may not only be due to direct effects in the heart but could at least in 
part result from adenosine receptor activation in remote tissues which via neurogenic pathways 
increase interstitial adenosine levels in the heart. 
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AbStrAct
We have previously reported that small synthetic oligopeptides related to human ß-chorionic go-
nadotropin (ß-hCG) can reduce inflammation. Here we investigated whether such oligopeptides 
can reduce renal ischemia reperfusion injury in the mouse. 
Ten different oligopeptides were administered 1 minute before induction of renal ischemia and 1 
minute before reperfusion. 
Survival at 72 hours post reperfusion was significantly higher in mice treated with oligopeptides 
MTRV, LqG, VLPALPq or AqGV as compared to placebo treated mice. Some oligopeptides were 
more effective than others. AqGV completely prevented mortality and best preserved kidney 
function. Next, AqGV was tested in a dose-escalating study in a range of 0.3 to 30 mg/kg. A sur-
vival gain was observed with all doses. Improvement of kidney function was observed from 1 mg/
kg. Highest survival and best preserved kidney function was observed at 3 and 10 mg/kg. 
Upon treatment with AqGV, a significantly lower influx of neutrophils was found, apoptosis was 
decreased, whereas tubular epithelial cell proliferation was significantly increased at 24 hrs post-
reperfusion. Serum levels of TNF-a, INF-g, IL-6 and IL-10 were significantly decreased at 24 hours 
post reperfusion. E-selectin mRNA levels in kidneys were significantly decreased at 6 hours post-
reperfusion. AqGV did not reduce mortality when treatment was started after reperfusion. 
This study shows that small oligopeptides related to the primary structure of b-hCG, especially 
AqGV, are promising potential drugs for preventing the development of renal ischemia reperfu-
sion injury.
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INtroDUctIoN
Inflammation plays a major role in the pathophysiology of renal ischemic reperfusion (I/R) injury 
[1]. The initial ischemic injury results in up-regulation of adhesion molecules on activated en-
dothelium and release of cytokines, reactive oxygen species (ROS) and eicosanoids. Leukocytes, 
recruited by chemokines and pro-inflammatory cytokines, potentiate injury by generating more 
ROS and eicosanoids, thereby further enhancing inflammation.
Human chorionic gonadotropin (hCG) is a hormone produced during pregnancy by placental tro-
phoblasts [2], but is also produced by the pituitary gland and leukocytes in non-pregnant females 
and males [3,4]. It consists of an a- and b-chain (Figure1). In human pregnancy urine and in com-
mercial hCG preparations hCG occurs in a variety of forms, including breakdown oligopeptide 
products. During pregnancy, the urine contains increasing proportions of nicked hCG and hCG 
b-core fragments [5]. Nicked hCG has peptide bond cleavages in loop 2 of the b-chain between 
residues 44 and 52, whereas hCG b-core completely lacks the b-chain loop 2, which consists of 
amino acid residues 41-54.
We have previously shown that the 400 – 2000 Dalton peptide fraction of pregnancy urine, but 
not of normal female or male urine, is able to inhibit the development of diabetes in NOD mice, 
whereas fractions greater than 2000 Dalton, including hCG, did not have this activity [6]. We then 
reported that the synthetic hexapeptide VLPALP, which is part of the primary structure of the hCG 
b-chain loop 2, reduced mortality in a murine model of lipopolysacharide (LPS) induced systemic 
inflammatory response syndrome [7,8]. 
Based on these findings, and known preferential cleavage sites of the hCG ß-chain loop 2 
[5,9-12], we selected six different synthetic oligopeptides (MTR, MTRV, LqG, LqGV, VLPALP and 
VLPALPq), which are part of the primary structure of loop 2 of the hCG ß-chain, as well as four 
alanine variants of LqG and LqGV (AqG, LAG, AqGV and LAqV) and tested these in a murine 
model for their capacity to reduce renal I/R injury. 

figure 1.  Structure of β-hCG with loop 2 and the amino acid sequence of loop 2 indicated. Adapted from Lapthorn et al. 
[35]. Arrows indicate the preferential cleavage sites in loop 2.
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mAterIAlS AND methoDS
experimental design
The experimental protocol was approved by the Animal Experiments Committee under the Dutch 
Experiments on Animals Act and adhered to the rules laid down in this national law that serves 
the implementation of “Guidelines on the protection of experimental animals” by the Council of 
Europe (1986), Directive 86/609/EC. 
Ten different hCG-related oligopeptides (MTR, MTRV, LqG, LqGV, VLPALP, VLPALPq, AqG, AqGV, 
LAG and LAGV) were evaluated for their capacity to reduce ischemia reperfusion induced renal in-
jury as compared to mice treated with phosphate-buffered saline (PBS). Five mg/kg body weight 
of oligopeptide or PBS in a volume of 0.1 mL was administered intravenously (i.v.) 1 minute before 
clamping the kidney, and 1 minute before releasing the clamp.
Subsequently a dose-escalating study was performed with AqGV. The AqGV was given in doses 
of 0.3, 1, 3, 10, and 30 mg/kg in a volume of 0.1 mL and was administered i.v. 1 minute before 
clamping, and 1 minute before releasing the clamp. Possible toxic side effects were studied by 
careful observation of control and peptide treated mice for signs of discomfort. 
Contra-lateral kidney samples were obtained for further analysis. At 24, and 72 hr post-reper-
fusion, mice were sacrificed and clamped kidneys were harvested and snap frozen for further 
analysis. Serum urea levels were measured to determine kidney function. Infiltrating cells were 
analysed using immunohistochemistry. In all groups survival was assessed and analyzed by Ka-
plan-Meier analysis. 
In an additional experiment AqGV was given in a dose of 5 mg/kg BW in a volume of 0.1 mL and 
administered i.v. 1 minute before clamping, and 1 minute before releasing the clamp. At 6 and 24 
hr post-reperfusion, mice were sacrificed and blood was obtained for cytokine measurements in 
serum. From the 6hr post-reperfusion group the clamped kidney was harvested for determina-
tion of mRNA expression levels. 
Furthermore, survival experiments were performed in which mice received PBS or AqGV (5mg/kg 
BW) at 12 and 24 hours, or at 6 and 12 hours post-reperfusion. 

mice 
Male C57BL/6JOlaHsd mice of 12-16 weeks of age were obtained from Harlan (Horst, The Nether-
lands). Mice were kept under standard laboratory conditions (temperature 20-24ºC, relative hu-
midity 50-60%, 12 h light/12 h dark) and were allowed free access to food (Hope Farms, Woerden, 
The Netherlands) and water. 

Ischemia model
Mice were anaesthetized by isoflurane inhalation. Anaesthesia was maintained using a mixture 
of N2O/O2/isoflurane. Blood was collected by retro-orbital puncture. Body temperature was main-
tained by placing the mice on heating pads. Following a midline abdominal incision, the left renal 
pedicle was localized and clamped for 25 minutes using an atraumatic micro-vascular clamp. After 
inspection for signs of ischemia, the wound was covered with PBS soaked cotton and the animal 
was covered with a tin foil insulation sheet. After release of the clamp, restoration of blood-flow 

|  
Ch

ap
te

r 6



75

was inspected visually and a contra-lateral nephrectomy was performed. The abdominal wound 
was closed in two layers, and mice were given 0.5 ml PBS subcutaneously.

oligopeptides
Selection was based on either the known preferential cleavage sites or known in vivo nick sites 
of the sequence MTRVLqGVLPALPq (aa41-54) of loop 2 of the b-subunit of hCG [14, 16-19]. Select-
ed oligopeptides were MTR (aa41-43), MTRV (aa41-44), LqG (aa45-47), AqG and LAG (alanine replaced 
oligopeptides of LqG), LqGV (aa45-48), AqGV and LAGV (alanine replaced oligopeptide of LqGV), 
VLPALP (aa48-53), VLPALPq (aa48-54). Oligopeptides were synthesized (Ansynth BV, Roosendaal, The 
Netherlands) using the fluorenylmethoxycarbonyl (Fmoc)/tert-butyl-based methodology with a 
2-chlorotritylchloride resin as the solid support. Oligopeptides were dissolved in PBS at a concen-
tration of 1 mg/ml and stored at -20°C in small aliquods.

functional measurements
Serum urea and creatinine values were measured using a kinetic urease method where the de-
crease in NADH absorbance is measured photometrically, using an ELAN multianalyser (Eppen-
dorf-Merck, Germany).

Immunohistochemistry
Primary antibodies used were rat-anti-mouse CD4, CD8, CD45, neutrophils, macrophages, CD54 
(Serotec, Oxford, UK). Antibodies were diluted in PBS/5% BSA solution. Primary antibody was ap-
plied on for 30 min at RT and slides were subsequently incubated with a mixture of goat-anti-rat 
IgM+IgG (H+L) alkaline-phosphate conjugated antibody (Southern Biotech, Birmingham, USA) 
for 30 min at RT. Enzyme detection was performed using Naphthol AS-Mx, New Fuchsine, sodi-
um-nitrite and levamisol mixture in Tris-HCl pH8 as a substrate for 30 min at RT in the dark. 
Formalin-fixed-paraffin sections (3 mm) were used for Ki-67 staining. Slides were deparaffinized 
and rehydrated and boiled for antigen retrieval in a 0.01M sodium citrate solution for 30 min in a 
microwave-oven. Endogenous peroxidase was blocked with a 0.03% H2O2 solution. The sections 
were incubated overnight at 4oC with rat-anti-mouse Ki-67 primary antibody (Dako Cytomation, 
Glostrup, Denmark) and subsequently incubated for 30 min at RT with rabbit-anti-rat IgG conju-
gated with HRP secondary antibody (Dako Cytomation, Glostrup, Denmark). Enzyme detection 
was performed using DAB as a substrate. Slides were rinsed in tap water, counterstained with 
haematoxylin and rinsed with tap water again. As a negative control the primary antibody was 
omitted. Positive cells were counted in 10 high power fields (400x) using a semi quantitative scor-
ing system as follows: 0: no positive cells, 1: 1-10 cells, 2: 11-30 cells, 3: 30-60 cells, 4 > 60 cells.

measurement of apoptotic cells
Formalin-fixed-paraffin sections were stained for apoptotic cells by TUNEL staining using the 
ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Millipore, USA) according to the manu-
facturers instructions. Positive cells were counted in 10 fields at a magnification of 400x.

Amelioration of renal ischemia reperfusion injury by synthetic oligopeptides related to human chorionic gonadotropin  |
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cytokine measurements
TNF-a, IFN-g, IL-6, IL-10, IL-12, and MCP-1 were measured using a commercially available cyto-
metic bead array (CBA) (BD Biosciences, San Jose, CA, USA) and a BD FACSArrayTM Bioanalyzer (BD 
Biosciences). Analysis of the data was performed using FCAP ArrayTM software (BD Biosciences). 
Assay sensitivity was 2.5 pg/ml.

real-time quantitative (rQ)-Pcr analysis 
Sections of kidney were homogenized and RNA was isolated using the qiagen RNeasy kit (qia-
gen, Hilden, Germany). In total 1mg of RNA was reverse transcribed and Rq-PCR using an Ap-
pliedBiosystems 7700 PCR machine (Foster City, CA, USA) was performed as described previously 
[13]. In all 6h samples the mRNA transcript levels of TNF-a, IFN-g, IL-6, IL-10, IL-12, MCP-1, and 
the adhesion molecules E-selectin and ICAM-1 were determined. Transcript levels of these genes 
were quantified by normalization against ABL. 

Statistical analysis
Survival data were compared by log-rank analysis. Other data were analysed using ANOVA, fol-
lowed by a Mann-Whitney – U test. Calculations were performed using SPSS v11.0 for Windows. 
A p value≤0.05 was considered statistically significant. Data are presented as mean values ± stan-
dard error of the mean.

reSUltS
effect of hcG-related oligopeptide treatment on survival
25 minutes of warm renal ischemia and contra-lateral nephrectomy resulted in a survival of 50% 
in the control group at 3 days post-reperfusion (Table 1). The groups treated with oligopeptides 
MTR, LqGV, VLPALP, AqG, LAG and LAGV (5 mg/kg), had survival rates not significantly different 
from controls. Treatment with LqG led to a significant better survival (90%), while treatment with 
oligopeptides MTRV, VLPALPq or AqGV totally prevented mortality.

Survival

Treatment 24h 72h P

PBS 90% 50%

MTR 100% 60% ns

MTRV 100% 100% < 0.05

LqG 100% 90% < 0.05

LqGV 100% 80% ns

VLPALP 100% 70% ns

VLPALPq 100% 100% < 0.01

AqG 100% 70% ns

AqGV 100% 100% < 0.01

LAG 100% 70% ns

LAGV 90% 90% ns

Table 1.  Effect of various hCG-related oligopeptides (5 mg/kg) on the survival of mice subjected to ischemia reperfusion damage 
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effect of hcG-related oligopeptide treatment on kidney function
Treatment of mice with oligopeptide MTRV, AqGV or LAGV provided significant (p<0.05) func-
tional protection against renal I/R injury at both 24 and 72 hr, as measured by serum urea lev-
els (Figure 2). Although treatment with LqG resulted in significantly decreased serum urea at 
24 hours post-reperfusion (p<0.05), at 72 hours no significant beneficial effect was found. While 
treatment with VLPALPq did not cause a significant decrease in serum urea at 24 hours, at 72 
hours it was significantly decreased as compared to the control group (p<0.05). Treatment with 
AqGV provided the most powerful protection against renal ischemia reperfusion injury at both 
24 hours (p<0.01) and 72 hours (p<0.01). 

figure 2.  Renal function as reflected by serum urea levels. Pre-operative values and 24 and 72 hours post reperfusion values in 
the different oligopeptide treated groups were compared to PBS-treated controls. Treatment with MTRV and AqGV 
significantly reduced renal function loss both at 24 hours and 72 hours after ischemia reperfusion injury. Treatment 
with LqG reduced serum urea levels at 24 hours. Treatment with VLPALPq and LAGV showed significantly reduced 
serum urea levels at 72 hours. *p<0.05 and  #p<0.01 (n = 10 animals / group).

effect of different doses of AQGV (0.3 – 30 mg/kg) on survival
Because AqGV showed the most powerful protection against warm renal I/R injury, we deter-
mined the optimal dose of this oligopeptide in a dose escalating study. Therefore, AqGV was 
administered in doses ranging from 0.3 to 30 mg/kg, and compared to mice treated with PBS. A 
survival rate of 60% was seen in the control group (Table 2). Although treatment with 0.3, 1 and 
30 appeared to result in a survival benefit, no significant difference could be measured (80%, 90%, 
and 80%, respectively). The doses of 3 and 10 mg/kg totally prevented mortality (p<0.05).

Survival

Treatment (mg/kg) 24h 72h P

PBS 100% 60%  

0.3 100% 80% ns

1.0 100% 90% ns

3.0 100% 100% < 0.05

10 100% 100% < 0.05

30 100% 80% ns

Table 2. Effect of different doses of AqGV on the survival of mice subjected to ischemia reperfusion damage.
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effect of different doses of AQGV (0.3 – 30 mg/kg) on kidney function
Treatment of mice subjected to renal I/R damage with 1, 3, 10 and 30 mg/kg AqGV resulted in 
significant reduction of serum urea levels at 72 hours (p<0.05). A dose of 3 mg/kg resulted in 
best preservation of kidney function, with return to normal function already observed at 72 hrs 
(p<0.01). With 0.3 mg/kg no significant benefit was observed (Figure 3). Creatinine values con-
firmed these data but in our model did not show the same level of responsiveness to the injury 
as urea.

figure 3.  Renal function as reflected by serum urea (A) and creatinine (B). Values are shown pre-operative, and after 24 and 
72 hours in groups treated with AqGV in a dose escalation study (0.3 – 30 mg/kg), and compared to a PBS-treated 
control group. Treatment with AqGV in a dose from 1 mg/kg up to 30 mg/kg significantly reduced renal function 
loss after renal ischemia reperfusion injury. The dose of 3 mg/kg was the most potent. *p<0.05  and  #p<0.01 (n = 
10 animals / group).

effects of AQGV on cellular infiltration, apoptosis and proliferation.
To study the mechanism underlying the protective effect of AqGV, we investigated the cellular 
infiltrate and proliferation in the kidneys of mice treated with 5 mg/kg AqGV. At both 24 and 72 
hr post reperfusion the neutrophil influx was significantly decreased in the AqGV-treated group 
(p=0.03 and p=0.022, respectively) (Figure 4A). Additional staining for CD4+, CD8+ cells and mac-
rophages revealed no differences between the two groups (data not shown). TUNEL staining 
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identified apoptotic cells which were localized mainly in the tubular epithelium (Figure 4B, middle 
and lower panels). The number of TUNEL-positive cells was significantly lower in AqGV treated 
animals 24 hours after reperfusion (Figure 4B). Ki-67 staining showed a significantly higher prolif-
erative activity of renal tubular epithelial cells in AqGV-treated mice at 24 hours (Figure 4C). At 72 
hours this difference had disappeared

figure 4.  A. Renal neutrophil influx as assessed  by immunohistochemical staining. AqGV treatment reduced neutrophil infil-
tration after 25 minutes of renal warm ischemia as assessed at 24 and 72 hours post-reperfusion. Data are expressed 
in a semi-quantitative way as described in the Material and Methods section. *p<0.05 (n = 10 animals / group). B. 
AqGV treatment significantly reduced the number of apoptotic cells in the kidney 24 hours after renal ischemia 
reperfusion injury. *p=0.01 vs PBS treated controls at 24 hours (n= 6 - 10  animals / group, upper panel). Middle and 
lower panels: representative photomicrographs of TUNEL stained control-, and AqGV treated kidneys respectively, 
24 hours after reperfusion (200x). C. Proliferation as assessed by Ki-67 immunohistochemistry. AqGV treatment sig-
nificantly enhanced cellular proliferation at 24 hours after renal ischemia reperfusion injury. Although a higher trend 
of proliferation was seen at 72 hours as well, no statistically significant difference was found. Data are expressed in a 
semi-quantitative way as described in the Material and Methods section.  *p<0.05 (n = 10 animals / group).

Amelioration of renal ischemia reperfusion injury by synthetic oligopeptides related to human chorionic gonadotropin  |
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effects of AQGV on serum cytokine levels and renal mrNA transcript levels
Using the bead-array we determined serum cytokine levels at 6 and 24 hr post-reperfusion. MCP-
1 was below the detection limit in all samples. No differences in serum TNF-a, IFN-g, IL-6, IL-10, and 
IL-12 levels were observed at 6hrs post-reperfusion. At 24 hrs post-reperfusion the levels for all 
cytokines were decreased upon AqGV treatment, with IL-6, IL-10, IFN-g (p < 0.05), and TNF-a (p < 
0.01) being significantly lower (Figure 5A). 

figure 5.  A. Treatment with AqGV reduces serum cytokine levels at 24 hours after  renal ischemia reperfusion injury. *p<0.05, 
†p<0.01 (n = 5 per group).  B. Treatment with AqGV reduces renal E-selectin (left panel) but not ICAM-1 (right panel) 
mRNA levels at 6 hours after renal ischemia reperfusion injury. Data are presented as mean value ± sem. *p<0.05 (n 
= 6 animals / group).Effect of post-reperfusion AqGV treatment on survival 

AqGV treatment showed no effect on inflammatory cytokine mRNA levels 6 hrs post-reperfusion 
(data not shown). AqGV treatment did result in a significant (p < 0.05) down regulation of renal 
E-selectin, but not ICAM-1 mRNA expression at 6 hr post-reperfusion as compared to PBS treated 
mice (Figure 5B). 
AqGV treatment given either at 12 and 24 hr post-reperfusion or at 6 and 12 hr post-reperfusion 
did not improve survival (~50%) as compared to the control group (data not shown). 

DIScUSSIoN
We investigated whether treatment with synthetic oligopeptides, consisting of 3 to 7 amino acids, 
based on the primary structure of hCG, was able to reduce warm ischemia reperfusion injury of 
the kidney. We demonstrate for the first time that oligopeptides as small as three or four amino 
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acids can significantly reduce mortality seen after severe renal I/R injury and improves kidney 
function as measured by serum urea levels. Especially AqGV showed superior results in enhanc-
ing survival and preservation of kidney function after 25 minutes of renal ischemia. A dose of 
3-10 mg/kg proved to be the most potent with regard to reducing mortality as well as preserving 
kidney function. Furthermore, up to 30 mg/kg, no toxicity was observed. Also in rats, dogs and a 
human phase I study no harmful side effects of single and repeated AqGV administration were 
found. Data of these studies will be published elsewhere (manuscript in preparation).
Both natural hCG and commercial hCG preparations have been investigated for their role on the 
immune system, because of their putative immunomodulating role during pregnancy in protect-
ing the fetus from rejection [14].
Our previous work [6] shows that short-term treatment of female NOD mice, with a hCG prepara-
tion purified from first trimester pregnancy urine, starting prior to the onset of hyperglycemic 
symptoms, inhibits the development of type I diabetes. Interestingly, however, the anti-diabetic 
activity of the used hCG preparation did not reside in the heterodimeric hCG molecule, or its sub-
units, but in a 400-2000 Dalton fraction.
Subsequently, we showed in a model of LPS-induced systemic inflammatory response syndrome 
in mice that treatment with this low weight molecular fraction was capable of inhibiting the sep-
tic shock morbidity as well as mortality [7]. The same beneficial effect was obtained with the syn-
thetic oligopeptide VLPALP, which sequence is part of loop 2 of the b-chain of hCG [7]. Recently, 
we showed that hCG-related oligopeptides reduce inflammation and liver injury in a rat model of 
hemorrhagic shock and resuscitation [15]. 
During pregnancy, hCG occurs in a variety of forms and breakdown products in serum and urine, 
including intact hCG, a- and b-subunits, nicked hCG, hCG b-core fragment, and smaller peptide 
fragments. Both nicked hCG and the b-core subunit consist of a b-chain with a defective loop 2. 
This loop, consisting of the amino acid residues 41-54, is absent in b-core subunit, and is cleaved 
in nicked hCG [9-12]. Since the immunomodulatory activity of hCG resided in the low molecular 
weight fraction, we hypothesised that in vivo liberated breakdown products, such as those origi-
nating from the proteolytic cleavage of peptide bonds between amino acid residues 41-54, may 
have significant biological activity [8]. Based on known preferential cleavage sites [5,9,10,12], we 
tested synthetic oligopeptides MTR, MTRV, LqG, LqGV, VLPALP, VLPALPq and, based on alanine 
replacement mapping, the LqG and LqGV analogs AqG, LAG, AqGV and LAGV (Figure 1). Of these 
oligopeptides, MTRV, LqG, VLPALPq and AqGV appeared able to reduce mortality and decline in 
kidney function induced by warm renal ischemia reperfusion injury, AqGV being the most effec-
tive (Table 1 and Figure 1).Cell migration plays an important role during the initial phase of renal 
I/R injury. Up-regulation of adhesion molecules on endothelial cells, induced by locally produced 
pro-inflammatory mediators, is amongst the first changes observed after renal I/R injury and is 
central to the pathogenesis of ischemic acute kidney injury [1,16]. Subsequently leukocytes be-
come activated by local pro-inflammatory factors, thereby facilitating adherence to endothelial 
cells and subsequent renal tissue infiltration [1]. Sequestered neutrophils induce parenchymal 
damage, followed by cytokine production by resident renal cells and infiltrating cells, which pro-
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motes further tissue damage [1,17]. It has been demonstrated that renal mRNA expression of the 
early adhesion molecule E-selectin peaks within 6 hours post-reperfusion, with neutrophils infil-
trating in parallel. E-selectin blockage with the selectin specific ligand sPSGL has been shown to 
inhibit renal neutrophil infiltration after I/R and to preserve kidney function [18]. In mice treated 
with AqGV we observed decreased E-selectin mRNA levels 6 hrs post-reperfusion and decreased 
renal neutrophil infiltration at 24 hours post-reperfusion. Apoptotic cell death, an important de-
terminant of cellular damage in ischemic kidneys [19] was also significantly reduced in AqGV 
treated mice. Additionally, serum levels of the inflammatory cytokines TNF-a, INF-g, IL-6, and IL-10 
were significantly decreased 24 hours post-reperfusion upon AqGV treatment. This data is indica-
tive of decreased renal injury and fits with the preservation of kidney function we observed upon 
AqGV treatment. The lower levels of systemic cytokines observed upon AqGV treatment may be a 
reflection of reduced formation as well as better renal clearance of these cytokines [20]. The lower 
serum cytokine levels likely contribute to the decreased mortality by preventing systemic inflam-
mation and subsequent complications in these animals [21]. 
Our data indicate that AqGV treatment protects against renal I/R injury by interfering with early 
E-selectin upregulation, thereby reducing neutrophil influx, parenchymal damage and possibly 
cytokine production. So far it is unclear what the molecular mechanism of action is by which 
AqGV exerts its effects. It is possible that AqGV mediates its effect by an as yet unidentified recep-
tor. However, we cannot exclude the possibility that, due to the small size and molecular weight, 
AqGV penetrates the cell membrane [22] and exerts its action either by interfering with signaling 
cascades or the transcriptional machinery. E-selectin is expressed de novo on endothelial cells 
after transcriptional induction by pro-inflammatory agents [23]. Whether AqGV inhibits the local 
production of pro-inflammatory mediators that induce E-selectin or directly interferes with the 
intracellular signalling cascade involved in activating E-selectin transcription is not clear so far. In 
contrast to E-selectin, ICAM-1 expression was not altered by peptide treatment. The transcription 
factor HMGA1 is required for optimal activation of E-selectin gene transcription while it has no 
role in activating ICAM-1 transcription [24,25] Therefore it is possible that AqGV interferes specifi-
cally with pathways required for E-selectin transcriptional activation.
Although previous work revealed a pathophysiologic role of the T-cell as mediator of ischemic 
ARF [26,27], we did not find a significant difference between the AqGV and placebo treated mice 
in numbers of CD4+, CD8+ T-cells or macrophages. Our data fit with the observation that RAG-1 
deficient mice (lacking both T- and B-cells) are not protected from renal I/R injury [28]. 
Ki-67, a marker for cellular proliferation, is part of a nuclear protein complex expressed in the 
G1, S, G2 and M phases of the cell cycle in proliferating cells [29,30]. Mice treated with AqGV 
showed significantly increased numbers of Ki-67 positive renal tubular epithelial cells at 24 hr 
post-reperfusion, reflecting enhancement of the regenerative process [31]. The increase in prolif-
eration is likely facilitated by a reduction in inflammation-induced tissue injury, since high levels 
of pro-inflammatory cytokines have been shown to suppress regeneration of ischemically dam-
aged kidneys [32].
AqGV treatment, at a dose of 5 mg/kg BW, given at either 12 and 24 hr post-reperfusion or at 
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6 and 12 hr post-reperfusion was not associated with improved survival. Although we cannot 
formally exclude that these post-reperfusion treatment regimens improved kidney function, it 
appears that in the currently used model AqGV only prevents the onset of renal ischemia reperfu-
sion injury. This may indicate that AqGV inhibits the activation of pathophysiological pathways 
involved in renal ischemia reperfusion injury, but is unable to reverse these pathways once acti-
vated. However, since we do not exclude that higher doses of AqGV given post-reperfusion do 
reverse renal-ischemia reperfusion injury, detailed dose-response studies are warranted to gain 
full insight into the renoprotective effect of AqGV, and other hCG-related oligopeptides. 
In conclusion, this study shows that treatment of mice with 5 mg/kg of either one of the hCG-
related oligopeptides MTRV, LqG, VLPALPq or AqGV shortly before and immediately after renal 
pedicle clamping can significantly reduce mortality and ameliorate kidney injury in a model of 
warm ischemia reperfusion injury. Of the various oligopeptides evaluated, AqGV appeared to 
be the most potent one. The renoprotective effect of AqGV was associated with decreased renal 
E-selectin transcripts, decreased renal neutrophil infiltration, reduced numbers of apoptotic tu-
bular epithelial cells and a reduction of systemic levels of TNF-a, IFN-g, IL-6 and IL-10. This data im-
plies that AqGV interferes with the early renal inflammatory response induced by I/R and as such 
prevents parenchymal damage and organ dysfunction. These new renoprotective oligopeptides 
show great promise for preventing the development of renal ischemia reperfusion injury and may 
well be used in clinical situations where renal I/R is foreseeable, such as semi-elective surgeries 
including kidney transplantation, cardiac surgery, and abdominal aorta surgery. So far, phase 1A 
and phase 1B studies with AqGV (EA-230) have been successfully completed and phase II studies 
are underway [33,34].
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AbStrAct
We tested whether transplant arteriosclerosis can be reduced by pre-treatment of the donor with 
immunosuppressive agents, using a rat allogeneic aorta transplantation model.
Donor rats received no pre-treatment, or tacrolimus, methylprednisolone, rapamycin, or my-
cofenolate mofetil (MMF) 16 and 2 hours before explantation of the grafts. Eight weeks after trans-
plantation, aorta allografts were harvested. Percent intima area / intima + media area (I/I+M), 
inflammatory cells and in-situ MMP-2 and -9 activity were determined. In pre-transplantation bi-
opsies, MMP-2 and -9 ratio, and mRNA levels for genes of interest were determined.
In pre-transplantation biopsies we found no differences in MMP-2/9 ratio, and Bcl-2, Bax, TGF-β, 
HO-1, p21, and HIF-1α mRNA expression between the groups.
Aorta allografts, pre-treated with tacrolimus, showed significantly lower I/I+M ratio compared to 
untreated controls (p<0.01). Pre-treatment with methylprednisolone, rapamycin or MMF did not 
significantly reduce I/I+M ratio. In-situ MMP-2/ MMP-9 activity was significantly reduced in grafts 
treated with tacrolimus and rapamycin compared to controls (p<0.05). Immunohistochemistry re-
vealed a high number of CD4+ cells and high CD4/CD8 ratio in grafts pre-treated with tacrolimus.
Donor pre-treatment with tacrolimus significantly reduces transplant arteriosclerosis and is as-
sociated with reduced in-situ MMP-2 / MMP-9 activity and increased numbers of CD4+ cells.
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INtroDUctIoN
Although organ transplantation is the treatment of choice for end stage organ failure, two major 
problems facing the transplant community remain; Long-term survival of organ grafts has still not 
reached its full potential, and the shortage of suitable donor organs is still increasing [1].
Long-term graft survival is significantly hampered by chronic transplant dysfunction (CTD). This 
still poorly defined way of untreatable functional deterioration of an organ following transplan-
tation accounts for approximately 30 percent of graft loss in the first 5 years after transplanta-
tion. The histomorphological hallmark of CTD in all parenchymal allografts is vasculopathy. This 
process is characterized by neo-intima formation due to migration and proliferation of vascular 
smooth muscle cells into the intima [2].
It was recently shown that pre-treatment of kidney allograft donors with dopamine significantly 
reduces inflammation and tubulitis after transplantation, which may reduce graft damage, and 
improve long term outcome [3]. In addition, the immunosuppressive drugs cyclosporin [4,5], ta-
crolimus [4-6], mycophenolate mofetil [7] and methylprednisolone [8,9] have been shown to re-
duce ischemic injury, which is an inevitable consequence of organ transplantation.
These findings suggest that pre-treatment of organ donors with immunosuppressive agents may 
result in an improvement in graft function, which may be beneficial to long term graft survival. 
Thus, commercially used immunosuppressants may not only protect the graft against rejection 
after transplantation, but may also protect the donor organ against the consequences of preser-
vation, surgery, and immunologically induced injury. 
The aim of the present study therefore is to investigate whether donor pre-treatment with immu-
nosuppressive agents reduces transplant vasculopathy using the rat aorta transplantation model. 

mAterIAlS AND methoDS
experimental design
The experimental protocol was approved by the Animal Experiment Committee under the na-
tional Experiments on Animals Act and adhered to the rules laid down in this national law that 
serves the implementation of “Guidelines on the protection of experimental animals” by the 
Council of Europe (1986), Directive 86/609/EC. 
Donors were divided in four groups and received commercially available immunosuppression 16 
and 2 hours before harvesting of the graft. These time points were chosen since they fit within the 
time frame between diagnosis of brain death and organ retrieval which is usually 10 - 24 hours 
in the clinic.
Controls: no pre-treatment, tacrolimus (Prograft, Astellas, the Netherlands): 5 mg kg-1 by oral ga-
vage, mycofenolate mofetil (MMF) (CellCept, Roche, the Netherlands): 20 mg kg-1 by oral gavage, 
rapamycin (Rapamune, Wyeth, The Netherlands): 5 mg kg-1 by oral gavage, and methylpredniso-
lone (Solu-Medrol, Pharmacia, The Netherlands): 5 mg kg-1 intravenously (Table 1). Five to ten 
animals per group were studied. Immediately after harvesting of the grafts, a tissue sample was 
snap frozen in liquid nitrogen for future analysis.
Eight weeks after transplantation, graft recipients were killed, and the aorta grafts harvested. In-
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timal thickness and vascular remodelling were measured in histological slides. Infiltrating cells 
were analysed using immunohistochemistry, MMP activity was determined by zymography, and 
mRNA expression determined by quantitative PCR.

Group Donor pre-treatment Dosage

1 None

2 Tacrolimus 5 mg / kg

3 Mycofenolate mofetil 20 mg / kg

4 Rapamycin 5 mg / kg

5 Methylprednisolone 5 mg/kg

Table 1.  Experimental groups
Donors were divided in four groups and received commercially available immunosuppression 16 and 2 hours be-
fore harvesting of the graft a follows: controls: no pre-treatment, tacrolimus: 5 mg/kg by oral gavage, mycofenolate 
mofetil: 20 mg/kg orally, rapamycin: 5 mg/kg orally, methylprednisolone: 5 mg/kg intravenously.

Animals
Male Brown Norway (BN) (Rt1n) and Wistar Augouti (WAG) (Rt1u) rats of 12-14 weeks old, weigh-
ing 250–300g, were purchased from Harlan-CPB (Austerlitz, The Netherlands). They were housed 
three per cage under standard laboratory conditions. The animals had free access to water and rat 
chow (Hope Farms, Woerden, The Netherlands).

Aorta transplantation
Intra-abdominal aorta transplantation was done in the fully allogeneic BN to WAG rat model. Do-
nor and recipient animals were anesthetized with isoflurane. Anesthesia was maintained using a 
mixture of N2O/O2/isoflurane. A segment of infra-renal aorta of approximately 1cm was isolated, 
excised, perfused with saline, and stored in 4oC PBS until transplantation, approximately 20 min-
utes later. In the recipient a similar aorta segment was removed, and the graft was anastomosed 
end-to-end to the recipient aorta using 9/0 sutures (B. Braun, Melsungen, Germany).

histology
Aortic grafts were fixed in 3,6% formalin for 24 hours, and embedded in paraffin wax. Five mm 
sections were cut and stained with haematoxylin-eosin and elastica van Giesson. The area of the 
intima and area of the media were calculated using a computerized image analysis system (q-
Win, Leica, Germany). Results were expressed as mean ± SD of the intima area divided by the sum 
of intima and media area) (I/I+M ratio) x 100.
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Immunohistochemistry
Frozen sections (5 mm) were cut and stored at –20°C until used. For immunohistochemical detec-
tion of graft infiltrating cells, slides were air dried and fixed in acetone for 10 min at room tem-
perature and rinsed with Phosphate Buffered Saline (PBS). Endogenous peroxidase was blocked 
in a 0,03% H2O2 solution. After pre-incubation with 10% Normal Rabbit Serum (DAKO) for 10 min 
at room temperature in PBS/5% BSA, sections were incubated with mouse-anti-rat primary an-
tibodies against CD4, CD8, CD45, CD5, ED1, or granulocytes (Serotec, The Netherlands) for 30 
minutes at room temperature. The slides were rinsed two times with PBS and incubated with a 
mixture of rabbit-anti-mouse IgG, 2% rat serum and 2% rabbit serum for 30 min at RT. After rins-
ing the slides two times in PBS they were labelled using PAP complex. Enzyme detection was 
performed by incubation with DAB for 8 min. Subsequently, the slides were rinsed in tap water, 
counterstained with hematoxylin, dehydrated in increasing concentrations of alcohol, cleared 
with xylene and mounted using Pertex. As a negative control the primary antibody was omitted. 
Positive cells were counted using a Leica DM4000 light microscope using a magnification of 400x, 
and expressed as total number of cells per mm2 ± SEM.

rNA and protein isolation
One mm sections of aorta explants were homogenized for 30 seconds using a pro 200 homog-
enizer equipped with a 02-07075 generator (PRO scientific inc., Oxford, CT) in 0.5 ml Trizol (Invitro-
gen, Breda, The Netherlands). Total RNA was isolated according to the manufacturer’s guidelines 
with 10 mg RNAse-free glycogen per sample as a carrier (Invitrogen), precipitated and subse-
quently dissolved in 25 ml DEPC-treated water. RNA concentration was determined using a Nano-
drop ND-1000 UV-VIS spectrophotometer (Nanodrop technologies, Wilmington, DE) and stored 
at -80°C until further use. Proteins were isolated from the phenol-chloroform phase as described 
in the instructions supplied by the manufacturer, and dissolved in 1% SDS/50 mM NaOH. Samples 
were stored at -20°C until used.

cDNA synthesis
Approximately 1 mg of total RNA was used as template for first-strand cDNA synthesis using 
M-MLV Reverse Transcriptase (Invitrogen) according to the protocol of the supplier. 500 ng of 
oligo(dT)18 was used as a starting point for reversed transcription. All temperature-dependent 
steps were performed using a Biometra T-gradient cycler (Biometra Gmbh, Göttingen, Germany). 
cDNA samples were stored at -20°C.

Donor pre-treatment with tacrolimus reduces transplant vasculopathy  |
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Primers
Primers used to amplify the genes of interest can be found in Table 2. 

Gene Forward Reverse

TGF-β 5-actggagttgtccggcagtgg-3 5-tcacctcgacgtttgggactg-3

Bcl-2 5-acatcgccctgtggatgactg-3 5-gcatgctggggccatatagttc-3

Bax 5-tgctgatggcaacttcaactgg-3 5-tggttctgatcagctcgggca-3

Hif-1α 5-agtcagcaacgtggaaggtgc-3 5-acaaatcagcaccaagcacgtc-3

p21 5-ccacagcgatatcgagacactca-3 5-acagacgacggcatactttgctc-3

HO-1 5-tttcagaagggtcaggtgtcca-3 5-agtagagcggggcatagactgg-3

β-actin 5-gacccagatcatgtttgagacc-3 5-gatgggcacagtgtgggtgac-3

Table 2. Primers used

q-Pcr analysis
For quantitative analysis of transcription, 1 μl of diluted cDNA was amplified in an Opticon DNA 
engine (MJ Research, Waltham, MA). Reaction mixtures of 25 μl contain 1 μl of cDNA, 5 pmol of 
each primer, 0.5 U Platinum Taq (Invitrogen), 20 mM Tris-HCl (pH 8.4), 50 mM KCL, 1.5 mM MgCl2, 
0.2 mM dNTP each, and 0.75 μl of a 1:2000 diluted SyBR Green I solution (Sigma, zwijndrecht, The 
Netherlands). Data are expressed as delta Ct compared to β-actin [10].

Gelatin Zymography
zymography was essentially carry out as described by Hawkes et al [11]. In short, protein lysates 
were mixed with 4x sample buffer (0.25 M Tris.Cl, pH 6.8; 8% SDS; 0.02% BFB; 40% glycerol), and 
heated for 3 minutes at 55°C. Proteins were separated on 12% acrylamide gels. SDS was removed 
by washing the gels in 2.5% (v/v) Triton x-100 twice for 15 minutes. Gels were subsequently incu-
bated for 15 minutes in development buffer (50 mM Tris-HCl, pH8.8; 5 mM CaCl2; 0.02% NaN3) at 
room temperature followed by an O/N incubation at 37°C in the same buffer. Gels were stained 
with 0.1% (w/v) coomassie brilliant blue (CBB) in H2O:Methanol:Acetic Acid (9:9:2) and destained 
in the same solution without CBB, until bands are clearly visible against the blue-stained back-
ground. Destaining was stopped using H2O.

Quantification
The degree of gelatinase activity was determined after scanning the gels on a Kodak 1D imag-
ing system (Eastman Kodak, Rochester, Ny) using Imagequant 5.2 analysis software (Molecular 
Dynamics, Amersham Biosciences, Roosendaal, The Netherlands).

In situ zymography 
Adapted from the method described by Mook et al. [12]. Fresh, unfixed cryosections were air 
dried for 10 min. Dq gelatine (Molecular Probes, Leiden, The Netherlands) was in 1% low gelling 
temperature agarose. Sections were incubated with this mixture at room temperature for 2 hours. 
Fluorescence of FITC was detected with excitation at 460-500 nm and emission at 512-542 nm. 
Specificity of MMP gelatinolytic activity was determined by blocking MMP activity with 20mM 

|  
Ch

ap
te

r 7



93

EDTA, or performing in situ zymography on 4% formaldehyde fixed sections. The results are ex-
pressed as surface area of FITC divided by the total intima surface area.

Statistical Analysis
Data were analysed using ANOVA, followed by a Mann-Whitney-U test. Calculations were per-
formed using SPSS v11.0 for Windows. A p value ≤0.05 was considered statistically significant.

reSUltS
effect of donor pre-treatment on neointima formation
Eight weeks after orthotopic aorta transplantation, significant neointima formation was observed 
in the control group and the groups pre-treated with methylprednisolone, MMF and rapamy-
cin. In aorta allografts pretreated with tacrolimus, neointima formation was markedly reduced, 
and architecture of the media was spared, resulting in a significantly reduced I/(I+M) ratio (Figure 
1A). Untreated controls had a I/(I+M) ratio of 51.6±5.0%, which was significantly higher than in 
tacrolimus pre-treated grafts (40.4±3.1%, p<0.01). I/(I+M) ratios of aortic grafts pre-treated with 
methylprednisolone (49.4±5.4), rapamycin (49.6±7.3), or MMF (49.1± 6.3) were not different from 
control values (Figure 1B).

figure 1.  A. Representative histological sections of aorta allografts 8 weeks after transplantation. Significant neointima for-
mation is seen in untreated grafts compared to Tacrolimus pre-treated grafts (elastica van Giesson staining, 100x). 
B. The area of the intima and area of the media in histological sections was calculated using a computerized image 
analysis system. Results are expressed as mean ± SD percent intima area / (percent intima area + percent media area) 
(I/I+M ratio). I/IM ratio in Tacrolimus pre-treated grafts was significantly lower than in untreated controls (*p<0.01).

Donor pre-treatment with tacrolimus reduces transplant vasculopathy  |
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effects on cellular infiltration
To study the mechanism underlying the inhibition of intima proliferation after donor-pretreat-
ment with tacrolimus, we investigated cellular infiltration of the grafts. Eight weeks after trans-
plantation, there was a sparse infiltration of cells. Some scattered cells were present in the in-
tima, media and adventitia. Small infiltrates of cells were sometimes observed in the adventitia. 
The number of CD45+ leukocytes was higher in the tacrolimus group (443 ± 109 cells mm2 -1) 
compared to untreated controls (231 ± 53 cells mm2-1, p=0.05), and in the MMF- (333 ± 111 cells 
mm2-1), methylprednisolone- (237 ± 75 cells mm2-1) and rapamycin (225 ± 45 cells mm2-1) pre-
treated groups. In the tacrolimus group the increased cell numbers are partially explained by the 
increased presence of CD5+ T-lymphocytes, but also by the increase in granulocytes (p =0,03 vs. 
controls). Compared to the other groups, tacrolimus pre-treated animals also showed a remark-
ably increased number of CD4+ cells (444 ± 155 vs. 71 ± 44 in the control group, p=0.05), and a 
high CD4/CD8 ratio (2.4 vs 1.2) (Figure 2).

figure 2.  Immunohistochemical analysis of infiltrating cells eight weeks after aorta transplantation. Number of cells ± SEM 
per mm2 (*p<0.05).
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effect on post-transplantation in situ mmP expression
Using in-situ zymography on fresh cryostat sections we determined the activity of MMP-2 and 
MMP-9 in the aorta grafts. Activity is expressed as percentage of the total intima. In-situ MMP 
activity was significantly reduced in grafts treated with tacrolimus (12±0,1%) and rapamycin 
(11±0,1%) compared to controls (64±3,7%) (p<0.05) (Figure 3).
These data were confirmed by gelatin zymography, which showed that the total pro-, and MMP-2 
/ MMP-9 activity on the gels was reduced by 53% in the tacrolimus pre-treated group (Figure 4).

figure 3.  MMP activity as determined by in situ zymography. Results are expressed as mean ± SD total fluorescence per intima 
(*p<0.05). 

figure 4.  A. zymogram showing reduced MMP-2 and MMP-9 gelatinase activity eight weeks after transplantation in aorta 
allografts pre-treated with Tacrolimus (1-3) as compared to untreated aorta allografts (4-6). B. quantified gelatinase 
activity (mean ± SD).

effect of donor pre-treatment on the pre-transplantation mmP-2/mmP-9 ratio
Donor pre-treatment had no effect on pre-transplant MMP-2 / MMP-9 ratios as measured by gela-
tin zymography. The ratio was 8±4 in the control group, 10±5 in the Tacrolimus group, 10±4 in the 
MMF group, and 9±5 in the rapamycin group.
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effect of donor pre-treatment on the pre-transplantation expression of apoptosis and 
cell-survival related genes
To determine if the beneficial effect of tacrolimus pre-treatment was due to events occurring in 
the donor, we studied pre-transplantation levels of genes associated with apoptosis, cytoprotec-
tion or cell-cycle regulation. We performed real time RT-PCR on cDNA of aorta sections obtained 
prior to transplantation at the time of harvesting. b-actin was used as house keeping gene. How-
ever, BCL-2 and Bax (data not shown), and TGF-b, HO-1, p21, and HIF-1α, levels were not different 
between the experimental and control groups (Figure 5).

figure 5.  Expression of target genes following pre-treatment of the donor with tacrolimus at 16 and 2 hours before explanta-
tion of the graft. mRNA expression is given as delta Ct compared to β-actin (mean ± SD) . 

DIScUSSIoN
We investigated whether pre-treatment of the donor with the immunosuppressive agents ta-
crolimus, methylprednisolone, rapamycin, and mycophenolate mofetil was able to reduce the 
development of transplant vasculopathy in a fully allogeneic rat aorta transplantation model. Us-
ing this model we have shown previously that transplant vasculopathy develops in a significant 
and reproducible manner [13], and that this may be reduced by treatment with cyclosporin and 
ketanserin [14].In the present experimental study, we pretreated transplant donors using a single 
dosage and treatment schedule. We observed significant neointima formation in the untreated 
control group eight weeks after orthotopic aorta transplantation, as well as in the methylprednis-
olone, MMF, and rapamycin pre-treated groups. Acknowledging the limitations of the treatment 
schedule used, only tacrolimus exerted a significant inhibitory effect on neointima formation in 
aorta allografts. Although rapamycin treated grafts had significantly lower MMP activity in the 
neointima, there was no reduction in I/I+M ratio. Future studies should reveal whether this ef-
fect can be fortified in a dose-effect relationship, and whether methylprednisolone, MMF, and 
rapamycin are able to prevent transplant vasculopathy given in other dosages or at different time 
points.
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For now, the mechanisms underlying the protective effect of tacrolimus pre-treatment in our 
study are highly intriguing. Tacrolimus is able to upregulate TGF-b production, and may stimulate 
the expression of p21 via a TGF-b dependent pathway [15]. Since p21 is a potent inhibitor of cel-
lular proliferation, upregulation might render the graft in an anti-proliferative state and decrease 
intima proliferation. TGF-b also induces the cytoprotective protein heme oxygenase-1 (HO-1) [16] 
which in turn may also upregulate p21 [17]. We speculated that this could be a powerful mecha-
nism protecting the graft against ischemia reperfusion injury and vascular smooth muscle cell 
proliferation. At the time of harvesting of the graft, however, we did not find a difference in mRNA 
expression levels of HO-1, TGF-b, p21 or apoptosis related Bcl-2 and Bax. Hence, the protective 
effect of tacrolimus was not due to pre-transplant induction of cytoprotective or anti-apoptot-
ic genes. Oltean et al. [18] showed that pre-treatment of intestinal grafts with tacrolimus led to 
blocking of NFkB activation and induction of HSP72 twenty minutes after reperfusion. This effect 
had disappeared at 6 hours post reperfusion, but resulted in a better microcirculation and mor-
phology and less apoptotic cells in the grafts. The short lived dynamics of these proteins indicate 
that investigation of additional time points might elucidate the relevance of TGF-b, HO-1 and p21 
in our model. 
However, using immunohistochemistry, we found increased numbers of CD5+ T-cells after trans-
plantation in grafts from donors pre-treated with tacrolimus, which was caused by an increase in 
absolute numbers of CD4+ and CD8+ cells as well as an increase in CD4 / CD8 ratio in grafts from 
donors pre-treated with tacrolimus. This is counterintuitive since most studies show a relation 
between inhibition of neointima formation and reduced infiltration when immunosuppression is 
given post-transplantation [19]. These findings suggest that the mechanisms that operate after 
donor pre-treatment are different from the immunosuppressive mechanisms after recipient treat-
ment. Furthermore, it might suggest a role for a regulatory T cell response in tacrolimus pre-treat-
ed grafts. A role for regulatory CD4+ cells in the prevention of chronic allograft dysfunction has 
been found previously. In a rat kidney transplantation model, Waaga et al. [20] found that T cell 
clones isolated from animals that displayed tolerance towards the graft produced IL-4 and IL-10 in 
vivo. Recently, increased numbers of non-regulatory CD4 positive T-cells where shown to infiltrate 
aorta grafts when aortas were transplanted into CCR7 knockout mice. This was associated with in-
creased transplant arteriosclerosis [21]. The increase in CD4 positive T-cells in our model together 
with the decreased transplant arteriosclerosis therefore suggests a role for immune regulation by 
these CD4 positive cells. Our findings corroborate with observations by Reutzel-Selke et al. [22] 
who found that pre-treatment of rat kidney donors with methylprednisolone and tacrolimus re-
sulted in improved long-term graft outcome. Days after transplantation they found reduced TNF-
a, and increased IL-10 levels in the graft. These results also point to an altered inflammatory mi-
lieu in the graft and an association between regulatory cytokines and improved long-term graft 
outcome. Future studies investigating early time-points after aorta transplantation should reveal 
whether pre-treatment is associated with the induction of Th2 associated cytokines in our model.
Both tacrolimus and rapamycin reduced MMP activity after transplantation, although only tacro-
limus reduced neointima formation. It is known that MMP-2 and MMP-9 exert a different func-
tion, where MMP-9 is often associated with the formation of neointimal hyperplasia [23,24]. From 
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these findings, and the associated differences in T-cells we postulate that tacrolimus reduced 
MMP-9 activity, while rapamycin reduced MMP-2 activity, but studies at earlier time points should 
reveal their kinetics.Since regulatory T cells produce low levels of MMPs and are not able to stimu-
late macrophages to produce MMPs, this reduced MMP activity may be mediated by CD4 positive 
T cells in the graft [25].
In conclusion, this study shows that donor pre-treatment with tacrolimus reduces transplant vas-
culopathy. The mechanism is suggested to be a T cell related reduction in MMP-9 activity. Further 
studies to evaluate this mechanism are warranted.
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AbStrAct
The superior long-term survival of kidneys from living donors (LD) compared to brain death (BD) 
and (NHB) donors is now well established. Comparative studies on transcriptional changes that 
occur after organ retrieval and cold storage in kidneys from NHB, BD and LD donors are sparse. We 
examined expression levels of genes indicative of inflammation, cytoprotection, and injury after 
clinically relevant cold ischemia times. The LD group was analyzed after 2 hours of cold ischemia, 
the BD and NHB groups after 18 hours. We found massive up-regulation of IL-1β, IL-6, TNF-α, MCP-
1, P-selectin, E-selectin, HO-1, p21 and Kim-1 in BD donor kidneys compared to both LD and NHB. 
Next, we sought if expression levels of these genes would change between explantation of the 
kidney and the end of the cold storage period. At the time of explantation gene expression levels 
reflected those after cold storage. Thus, during 18 hours of cold ischemia, these expression levels 
did not change. We conclude that the gene expression profile of BD kidneys represents an inflam-
matory and injury response to brain death. In contrast, kidneys from NHB donors show only mild 
inflammation and injury, compared to kidneys from LD. These results may explain why delayed 
graft function in NHB kidneys has no deleterious effect on graft survival, as it has in kidneys from 
BD donors, and lends support to the anti-inflammatory treatment of brain death donors.
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INtroDUctIoN
Brain death is a risk factor for kidney function and survival following kidney transplantation. 
Nevertheless, most donor organs are retrieved from brain dead (BD) patients. Improved technol-
ogy and an increasing gap between supply and demand for donor organs have facilitated an 
increased use of organs from both living donors (LD) and non heart beating donors (NHB) [1]. 
Superior long-term survival for LD compared to BD or NHB donors is now well established [2-4]. 
Living donors are healthy during organ procurement, and retrieved kidneys experience minimal 
warm and cold ischemia. During the process of brain death in heart beating donors, hemodynam-
ic instability, hormone dysregulation and an immunologic reactivity contribute to organ damage 
and inferior post-transplant function and graft survival compared to living donors [1, 5, 6]. Organs 
from NHB donors do not develop the physiological changes of BD donors, but are exposed to 
prolonged warm ischemia, which increases the incidence of delayed graft function. In addition, 
organs from both post-mortem groups are exposed to prolonged cold ischemia times compared 
to living donors, and long term graft survival is comparable between the two [7, 8].
The pathophysiology that leads to organ damage following brain death is relatively well estab-
lished [5, 9-11], and strategies to protect the brain death donor are emerging [12, 13]. In contrast, 
experimental studies on the changes that occur in organs from NHB donors are sparse [14].
A drawback of clinical studies comparing peri-operative gene expression patterns during kidney 
transplantation is that they are confined to a relatively small time span, and a limited number of 
time points. Usually “t=0” biopsies are obtained at the end of the cold storage period, followed 
by a post-reperfusion biopsy 30-60 minutes after reperfusion of the graft. These time-points are 
unable to take into account the major pathophysiological perturbances that occur during BD, 
cardiac arrest, organ retrieval and the subsequent cold storage period. Moreover, studies may 
lump together BD and NHB as “cadaveric” donors, making it impossible to discriminate these two 
groups [15]. Therefore, t=0 biopsies may be of limited value in comparing the changes that occur 
in BD and NHB donors until explantation of the graft, and the subsequent alterations during the 
cold storage period. Experimental studies have tried to overcome these limits by studying gene 
expression at explantation, but these studies have mainly focused on BD donors. Comparative 
studies in organs from BD, NHB and living donors are currently lacking.
The aim of this study therefore was to compare expression levels of genes indicative of inflamma-
tion, cytoprotection, and injury after clinically relevant cold ischemia times, at the time of explan-
tation of kidney grafts from these donor sources as well as over a time-course during cold storage.

reSUltS
renal gene expression levels after clinically relevant cold ischemia times
mRNA expression levels in BD and NHB and LD kidneys were examined by qRT-PCR after preserva-
tion times relevant to human kidney transplantation, namely the end of the cold ischemia period 
when the transplant is placed in the iliac fossa of the recipient. The LD group was analyzed after 2 
hours of cold ischemia (CI), and the BD and NHB groups after 18 hours CI. 
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Inflammatory genes
Intrarenal IL-1β mRNA levels were 43-fold increased in BD compared to LD donors (p<0.01), and 
2,3-fold increased in NHB compared to LD (p<0.01) (Figure 1A). IL-6 expression was also higher in 
both BD and NHB, 997- fold (p<0,01) and 10-fold (p<0.01), respectively, compared to LD. TNF-a 
levels were 9,7-fold increased in the BD group compared to LD (p<0.01). No significant difference 
in expression was found in NHB kidneys. Monocyte chemotactic protein (MCP-1), was 115-fold 
increased in BD in comparison to LD (p<0.01); no difference was found between LD and NHB. P-
selectin was significantly increased in BD 129- fold (p<0.01) and NHB (2,9-fold, p<0.01). E-selectin 
was increased in BD by 64-fold (p<0.01). Interestingly E-selectin was down-regulated in NHB 0,3-
fold compared to LD (p<0.01).

figure 1A.  Gene expression profiles of inflammatory genes in kidneys after clinically relevant cold ischemia times. mRNA 
expression levels of genes indicative of inflammation were determined by qRT-PCR after 2 hours of cold ischemia 
in living donors (LD), and after 18 hours of cold ischemia in non-heart beating (NHB) and brain death donors (BD). 
To compare the individual expression levels of each animal, ∆Ct values were normalized to the average ∆Ct of the 
LD group at 2 hours. Subsequently the fold increase was calculated using 2∆∆Ct. Results are expressed as mean ± 
SEM of seven animals per group. *p<0.05, **p<0.01 compared to LD. 
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cytoprotection and injury
After 6 hours of BD, HO-1 was 21-fold up-regulated compared to the LD group (p<0.01). In the 
NHB group HO-1 expression was 0.6-fold lower compared to the control group (p<0.01) (Figure 
1B). Neither HIF-1a, nor VEGF expression was significantly influenced by BD or NHB compared 
to LD. The anti-apoptotic gene Bax was expressed higher in the NHB group compared to both 
LD (1,3-fold, p<0,05) but not in the BD group. Expression of Bcl-2 was lower in BD by 0.63-fold 
compared to LD (p<0.05). 

figure 1B.  Gene expression profiles of cytoprotective and injury genes in kidneys after clinically relevant cold ischemia times. 
mRNA expression levels of genes indicative of inflammation were determined by qRT-PCR after 2 hours of cold 
ischemia in living donors (LD), and after 18 hours of cold ischemia in non-heart beating (NHB) and brain death do-
nors (BD). To compare the individual expression levels of each animal, ∆Ct values were normalized to the average 
∆Ct of the LD group at 2 hours. Subsequently the fold increase was calculated using 2∆∆Ct. Results are expressed as 
mean ± SEM of seven animals per group. *p<0.05, **p<0.01 compared to LD.
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Expression of the cell-cycle inhibitor p21 was higher in both BD and NHB, 9,1- (p<0.01) and 2,5-
fold (p<0.01) respectively as compared to LD. The profound increase in proinflammatory genes 
in the BD group was accompanied by a strong increase in the expression of Kim-1. In BD, Kim-
1 expression was increased 319-fold (p<0.01), whereas in NHB kidneys it was increased 5,3-fold 
(p<0.01).

Gene expression levels at explantation of the graft reflect those after cold storage
Next, we sought if expression levels of these genes would change between the moment of ex-
plantation of the kidney and the end of the cold storage period. Therefore, gene expression of 
all groups at the time of explantation (t=0) was analyzed. The obtained expression profiles were 
comparable to those found at the end of the cold storage period in the previous experiment. 

figure 2.  Gene expression levels at explantation of the graft reflect those after cold storage. mRNA expression levels of genes 
indicative of inflammation, cytoprotection, and kidney injury were determined by qRT-PCR directly after retrieval of the 
kidneys in living donors (LD), non-heart beating (NHB,) and brain death donors (BD). To compare the individual expres-
sion levels of each animal, ∆Ct values were normalized to the average ∆Ct of the LD group at 2 hours. Subsequently the 
fold increase was calculated using 2∆∆Ct. Results are expressed as mean ± SEM of seven animals per group. 

|  
Ch

ap
te

r 8



107

Again, pro-inflammatory genes showed a significant increase in kidneys retrieved from BD ani-
mals compared to LD (Figure 2); IL-1β a 13,7-fold, IL-6 a 417-fold, TNF-α a 4,7-fold, and MCP-1 (not 
shown) a 81-fold increase. In kidneys from NHB animals MCP-1, IL-1b and IL-6 were not signifi-
cantly different compared to controls. Adhesion molecules P-selectin and E-selectin were both 
highly elevated in kidneys from BD animals, but not from NHB animals (data not shown).
HO-1 expression was already highly up regulated in BD compared to LD, whereas no difference 
was found between the NHB and LD group. VEGF expression seemed be up-regulated in NHB, 
but this was not significant. Similarly, no difference in expression of HIF-1α, Bax (not shown) and 
Bcl-2 (not shown) was found between the groups at kidney explantation. p21 was significantly 
elevated in both BD and NHB kidneys (p<0.01). These changes were already accompanied by a 
significant upregulation of Kim-1 expression in both BD (48-fold) and NHB (3-fold).

Gene expression profiles remain stable during an 18 hour cold storage period
To address whether any significant changes in gene-expression would occur following retrieval 
of the kidneys, gene expression of HO-1, HIF-1α, Bcl-2, Bax, and VEGF (not shown) were examined 
after 0, 2, 4, 6, 12,and 18 hours of cold storage (Figure 3). 
These data confirm the previous findings in this study and show that the donor is the main de-
terminant of gene expression, and that gene expression levels do not significantly alter after re-
trieval and cold storage of the kidney grafts. 

figure 3.  Gene expression profiles in kidneys remain stable during cold preservation. mRNA expression levels of HO-1, HIF-1α, 
Bax, and Bcl-2 were determined directly after retrieval of kidneys from the donor, and at 2, 4, 6, 12, and 18 hours of 
cold preservation in kidneys of living donors (LD), non-heart beating (NHB,) and brain death donors (BD). To compare 
the individual expression levels of each animal, ∆Ct values were normalized to the average ∆Ct of the LD group at the 
respective time points. Subsequently the fold increase was calculated using 2∆∆Ct. Results are expressed as mean ± SEM 
of seven animals per group
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DIScUSSIoN
In most countries, the main source of kidney transplants is brain dead patients, although an in-
creasing use of kidneys from living donations and non-heart-beating donors is being reported 
[16, 17]. Superior long-term results are found in the LD group, whereas organs from brain dead as 
well as NHB donors show decreased post-transplant function and graft survival [2, 5, 6]. Organs 
from NHB donors are exposed to prolonged warm ischemia times, and organs from both post-
mortem sources are exposed to prolonged cold ischemia times. Delayed graft function is seen 
more in kidneys from NHB donors compared to BD donors, although long term graft survival is 
comparable between the two [7, 8]. Studies that have investigated differences in gene expression 
between these different donors usually use kidney biopsies taken during organ retrieval, after 
cold ischemia, or after implantation and subsequent reperfusion. Comparison of these groups 
is difficult since major differences in the course to organ retrieval exist. Therefore, the aim of our 
study was to compare the impact of brain dead and asystole to living donation, by obtaining kid-
ney biopsy specimens at the moment of organ retrieval, and at the end of cold ischemia. Further-
more, we assessed the effect of an increasing cold preservation period on gene-expression levels. 
To better understand the relative contributions of brain death and prolonged warm ischemia in 
BD and NHB donors we studied expression profiles of genes indicative of inflammation, cytopro-
tection, and kidney injury. 
We show that the pathophysiological perturbations induced by brain death are the main deter-
minant of the changes in gene expression, and that mRNA levels do not change after retrieval 
and cold storage of the graft. Although the prolonged warm ischemia encountered by organs 
from NHB donors is thought to underlie the increased incidence of delayed graft function (DGF) 
in these grafts, the deterioration induced by warm ischemia is not reflected by changes in gene 
expression.
The most striking finding in our study is the difference between brain death and NHB in renal 
transcription of inflammatory markers such as IL-1β, IL-6, MCP-1, and E-selectin. High levels of in-
flammatory cytokines in the donor are associated with decreased graft survival [18-20]. The high 
serum level of IL-6 in serum of BD donors is thought to be due to production in the injured brain 
and subsequent leakage through the disrupted blood-brain barrier [9, 21]. We show that it is likely 
that the kidney itself significantly contributes to systemic IL-6 levels, and systemic inflammation 
observed during brain death.
This inflammation resulted in significant injury of the kidney, as shown by the up-regulation of 
Kim-1. This gene has been recently identified as a discriminating marker between stable and un-
stable brain death [10], and as predictor of graft function after BD induced kidney injury [22].
In kidneys from NHB donors, expression of IL-1β, IL-6 and P-selectin was significantly up-regulated 
compared to LD but to a much lesser extent than in BD donors.
Several factors may contribute to the difference in pro-inflammatory state between BD and NHB. 
Previous studies [20, 23-25] as well as our own find that a massive inflammatory response devel-
ops after brain death. In comparison to this inflammatory response induced during 6 hours of BD, 
twenty minutes of warm ischemia encountered during non heart beating donation induced only 
mild changes, which are mostly indistinguishable from the transcriptional changes found after 
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living donation as presented in this manuscript. In a previous study we have shown that the pro-
longed warm ischemia encountered during live kidney donation has no functional or histological 
consequences up to one year after kidney transplantation [26]. When warm ischemic times are 
prolonged, expression levels may be increased. After a mean long warm ischemic time of 107 
minutes in NHB donors, expression of ICAM-1 and VCAM-1 was similarly significantly elevated in 
BD and NHB kidneys compared to controls [27]. Since the duration of the asystolic period in NHB 
donors determines the severity of the damage to the kidney [14], it is likely that 20 minutes of 
asystole used in our study are not enough to induce massive up-regulation of pro-inflammatory 
gene expression. 
The results after NHB donation clearly lag behind those of living related transplantation [2, 3]. 
The approximately 15 minutes longer ischemia time in NHB compared to LD has no significant 
effect on transcription, but induces detrimental changes such as ATP loss, Na+/K+ misbalance and 
cell swelling [28]. These differences between NHB and BD are interesting in the light of clinical 
outcomes after transplantation. Although the incidence of DGF may be almost doubled in NHB 
donors [7, 8, 29], long-term graft survival is similar in both groups [7, 29]. Thus, although DGF is a 
risk factor for graft loss in BD donors, it has no effect on graft survival in NHB donors. It has even 
been suggested that DGF in NHB donors predisposes for favourable graft outcome [30]. The ab-
sence of overt inflammatory changes and significantly lower Kim-1 expression in our study may 
explain why the impact of DGF is reduced in kidneys of NHB donors.
We found a significant up-regulation of HO-1 mRNA in BD donors at the time of explantation, 
which remained stable during the 18 hour observation period. A body of evidence shows that 
over-expression of HO-1 and VEGF protect kidney transplants against the deleterious conse-
quences of ischemic injury [31-33]. Both HIF-1α, the transcription factor inducing the production 
of VEGF, and VEGF itself were not significantly up-regulated in BD donors. This implies that during 
six hours of BD, the inflammatory response coincides with up-regulation of HO-1, not VEGF. Inter-
estingly, the cyclin-dependant kinase inhibitor p21 was also strongly induced both in NHB and BD 
donors. p21 which binds stoichiometrically to PCNA and inhibits its action in DNA replication, is a 
key regulator of proliferation following renal ischemic injury. Mice lacking p21 display hyperpro-
liferation and greatly reduced survival following renal ischemia [34]. We previously showed that 
there is a critical temporal balance between the expression levels of p21 and proliferation in the 
regenerating tubular compartment following ischemia [35]. The up-regulation of p21, like HO-1, 
in our models may be envisioned as indicator of damage, and the lower induction in NHB kidneys 
may give an advantage following transplantation, when proliferation of the damaged tubular 
compartment is warranted [34, 35].
The pro-apoptotic gene Bax was slightly, but significantly elevated in NHB, while expression in 
BD was not different compared to LD. Expression of the anti-apoptotic gene Bcl-2 was down-
regulated in BD compared to LD, while expression in NHB was not different. These results suggest 
that induction of apoptosis may be due to Bax induction during cardiac death, whereas down 
regulation of Bcl-2 may be responsible in BD donors.
Our study further shows that the expression levels of inflammatory genes encountered at explan-
tation remain stable during an 18 hour cold preservation period. 
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In conclusion, we show a massive up-regulation of inflammatory, injury, and cytoprotective genes 
in kidney transplants from BD-, but not living-, or NHB donors at the time of graft explantation. 
This difference may underlie the observed better graft survival of kidneys from NHB donors [36], 
and lends further support to the anti-inflammatory treatment of BD donors [12, 13].

mAterIAlS AND methoDS
experimental design
The experimental protocol was approved by the Animal Experiments Committee under the Dutch 
National Experiments on Animals Act and complied with the 1986 directive 86/609/EC of the 
Council of Europe. Male Brown Norway (BN) rats of 12-14 weeks old, weighing 250–300g, were 
purchased from Harlan-CPB (Austerlitz, The Netherlands). Rats were randomly assigned to a living 
donor (LD), brain death (BD) or non-heart-beating (NHB) group (n=7 per group). The living group 
served as control for both post-mortem groups. After explantation of the kidneys, cortical kidney 
samples of all groups were stored in University of Wisconsin (UW) solution. At 0, 2, 4, 6, 12, 18 and 
24 hours they were collected and snap frozen in liquid nitrogen until further use.

experimental models
Animals were anesthetized with isoflurane. After intubation, anesthesia was maintained using a 
mixture of N2O/O2/2%isoflurane. Animals were pressure control ventilated on a Siemens Servo 
900C ventilator (Maqet Critical Care AB, Solna, Sweden) with 14 cm H2O PIP, 4 cm H2O PEEP with a 
frequency of 40 breaths per minute.
In the BD group a frontolateral trepanation was made and a balloon catheter (Fogarty Arterial 
Embolectomy Catheter: 5F, Baxter Healthcare Co., Irvine, Ca, USA) was introduced in the extradu-
ral space and slowly inflated, causing a gradually increasing intra-cranial pressure. Herniation of 
the brainstem and BD was confirmed by dilated and fixed pupils, the absence of corneal reflexes, 
and an apnoea test. Brain dead animals received ventilation but no further anaesthesia. Intra-ar-
terial pressure was continuously monitored via a PE50 catheter placed in the carotid artery. Only 
rats with stable mean arterial pressure (MAP > 80 mm Hg) during the 6 hour brain death period 
were included in the experiment. After 6 hours both kidneys were removed, flushed with PBS and 
stored in UW solution at 4oC.
In the NHB group the animals were catheterised using a PE50 catheter placed in the carotid artery, 
and both kidneys were exposed via a midline incision that was then temporarily closed with a few 
sutures until retrieval of the kidneys. Cardiac arrest was induced by isoflurane overdose. The non 
heart beating period lasted 20 minutes, starting when the blood pressure had dropped to 5-7 mm 
Hg. the time commonly needed before starting with cold storage of NHB donor kidneys. 
In the living donor group, nephrectomy was performed after one hour of mechanical ventilation 
using an N2O/O2/2% isoflurane mixture. 
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rNA isolation
Kidney sections were homogenized for 30 seconds using a pro 200 homogenizer equipped with 
a 02-07075 generator (PRO scientific inc., Oxford, CT) in 1.0 ml Trizol (Invitrogen, Breda, The Neth-
erlands). Total RNA was isolated according to the manufacturer’s guidelines, precipitated, and 
subsequently dissolved in DEPC-treated water. RNA concentration was determined using a Nano-
drop ND-1000 UV-VIS spectrophotometer (Nanodrop technologies, Wilmington, DE) and stored 
at -80°C until further use. 

cDNA synthesis
Approximately 1 mg of total RNA was used as template for first-strand cDNA synthesis using M-
MLV Reverse Transcriptase (Invitrogen) according to the manufacturer’s protocol with 250 ng of 
random hexamers (Promega, Leiden, The Netherlands) as a starting point for reversed transcrip-
tion and 40 IU RNAseOUT (Invitrogen) to prevent degradation. All temperature-dependent steps 
were performed using a Biometra T-gradient cycler (Biometra Gmbh, Göttingen, Germany). cDNA 
samples were stored at -20°C.

Primers
Primers used to amplify the genes of interest are shown in Table 1.

Gene Foreward Primer Reverse Primer

HO-1 ‘5-tttcagaagggtcaggtgtcca-3’ ‘5-agtagagcggggcatagactgg-3’

VEGF ‘5-tgcactggaccctggctttac-3’ ‘5-ttctgctccccttctgtcgtg-3’

HIF-1α ‘5-agtcagcaacgtggaaggtgc-3’ ‘5-acaaatcagcaccaagcacgtc-3’

BCl-2 ‘5-acatcgccctgtggatgactg-3’ ‘5-gcatgctggggccatatagttc-3’

Bax ‘5-tgctgatggcaacttcaactgg-3’ ‘5-tggttctgatcagctcgggca-3’

IL-1β ‘5-gaggctgacagaccccaaaaga-3’ ‘5-tccacagccacaatgagtgaca-3’

TNF-α ‘5-gaccctcacactcagatcatcttct-3’ ‘5-tgctacgacgtgggctacg-3’

IL-6 ‘5-gtctcgagcccaccaggaac-3’ ‘5-agggaaggcagtggctgtca-3’

MCP-1 ‘5-gccatcagcccacaggtgtt-3’ ‘5-gggacactggctgcttgtga-3’

P-selectin ‘5-aagatggtcagcgcctccac-3’ ‘5-atcgaaccgatgggacagga-3’

E-selectin ‘5-cccacatgtgcaggggtaca-3’ ‘5-tggcccactgcaactcatgt-3’

Kim-1 ‘5-ctgcagactggaatggcactgt-3’ ‘5-gtttctctgcggcttcctcaaa-3’

P21 ‘5-ccacagcgatatcgagacactca-3’ ‘5-acagacgacggcatactttgctc-3’

β-actin ‘5-gacccagatcatgtttgagacc-3’ ‘5-gatgggcacagtgtgggtgac-3’

Table 1. Primers used

qrt-Pcr analysis
For quantitative analysis of transcription, 0.33 μl of cDNA was amplified using a BioRad Icycler 
(Bio-Rad laboratories, Veenendaal, The Netherlands). Reaction mixtures of 25 μl contain cDNA, 5 
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pmol of each primer, 0.5 U Platinum Taq (Invitrogen), 1.5 mM MgCl2, 0.2 mM dNTP each, and 0.075 
μl of a 200x stock SyBR Green I solution (Sigma, zwijndrecht, The Netherlands). Cycling conditions 
consisted of 3 minutes activation at 95°C, 40 cycles of 15” 95°C, 30” 60°C, and 30” 72°C, followed 
by 1’ 95°C and 1’ 65°C. Samples were subsequently subjected to a melt curve analysis with a tem-
perature range of 60-94.5°C to verify amplified products.
∆Ct values of genes of interest were calculated as described by Pfaffl et al. using β-actin as a refer-
ence gene. To compare all individual expression levels of each animal, ∆Ct values were normalized 
to the average ∆Ct of the LD group. The LD group at 2 hours was used in the 2 hour versus 18 hour 
comparison (Figure 1), the 0 hour group in the the t=0 comparison (Figure 2), and the respective 
time points in the time course (Figure 3). Subsequently the fold increase was calculated using the 
Pfaffl equation: 2∆∆ Ct [37]. Results are expressed as mean ± SEM.

Statistical Analysis
Data were analysed using a Kruskal Wallis ANOVA, followed by a Mann-Whitney–U test. Analysis 
was performed using SPSS v11.0 for Windows. A p value <0.05 was considered statistically significant.

|  
Ch

ap
te

r 8



113

RefeRences
1.  SANCHEz-FRUCTUOSO AI, PRATS D, TORRENTE J, ET AL.: RENAL TRANSPLANTATION FROM NON-HEART BEATING 

DONORS: A PROMISING ALTERNATIVE TO ENLARGE THE DONOR POOL. J AM SOC NEPHROL 11:350-358, 2000
2.  TERASAKI PI, CECKA JM, GJERTSON DW, ET AL.: HIGH SURVIVAL RATES OF KIDNEy TRANSPLANTS FROM SPOUSAL 

AND LIVING UNRELATED DONORS. N ENGL J MED 333:333-336, 1995
3.  CHKHOTUA AB, KLEIN T, SHABTAI E, ET AL.: KIDNEy TRANSPLANTATION FROM LIVING-UNRELATED DONORS: COM-

PARISON OF OUTCOME WITH LIVING-RELATED AND CADAVERIC TRANSPLANTS UNDER CURRENT IMMUNOSUP-
PRESSIVE PROTOCOLS. UROLOGy 62:1002-1006, 2003

4.  GJERTSON DW, CECKA JM: LIVING UNRELATED DONOR KIDNEy TRANSPLANTATION. KIDNEy INT 58:491-499, 2000
5.  SCHUURS TA, MORARIU AM, OTTENS PJ, ET AL.: TIME-DEPENDENT CHANGES IN DONOR BRAIN DEATH RELATED 

PROCESSES. AM J TRANSPLANT 6:2903-2911, 2006
6.  SUSA D, DE BRUIN RWF, MITCHELL JR, ROEST HP, HOEIJMAKERS JHJ, IJzERMANS JNM: MECHANISMS OF AGEING IN 

CHRONIC ALLOGRAFT NEPHROPATHy. J ORG DySF 3:7 -17, 2007
7.  WEBER M, DINDO D, DEMARTINES N, ET AL.: KIDNEy TRANSPLANTATION FROM DONORS WITHOUT A HEARTBEAT. 

N ENGL J MED 347:248-255, 2002
8.  WIJNEN RM, BOOSTER MH, STUBENITSKy BM, ET AL.: OUTCOME OF TRANSPLANTATION OF NON-HEART-BEATING 

DONOR KIDNEyS. LANCET 345:1067-1070, 1995
9.  BOUMA HR, PLOEG RJ, SCHUURS TA: SIGNAL TRANSDUCTION PATHWAyS INVOLVED IN BRAIN DEATH-INDUCED 

RENAL INJURy. AM J TRANSPLANT 9:989-997, 2009
10.  SCHUURS TA, GERBENS F, VAN DER HOEVEN JA, ET AL.: DISTINCT TRANSCRIPTIONAL CHANGES IN DONOR KID-

NEyS UPON BRAIN DEATH INDUCTION IN RATS: INSIGHTS IN THE PROCESSES OF BRAIN DEATH. AM J TRANSPLANT 
4:1972-1981, 2004

11.  KUSAKA M, KUROyANAGI y, KOWA H, ET AL.: GENOMEWIDE ExPRESSION PROFILES OF RAT MODEL RENAL ISO-
GRAFTS FROM BRAIN DEAD DONORS. TRANSPLANTATION 83:62-70, 2007

12.  KOTSCH K, ULRICH F, REUTzEL-SELKE A, ET AL.: METHyLPREDNISOLONE THERAPy IN DECEASED DONORS REDUCES 
INFLAMMATION IN THE DONOR LIVER AND IMPROVES OUTCOME AFTER LIVER TRANSPLANTATION: A PROSPEC-
TIVE RANDOMIzED CONTROLLED TRIAL. ANN SURG 248:1042-1050, 2008

13.  SCHNUELLE P, GOTTMANN U, HOEGER S, ET AL.: EFFECTS OF DONOR PRETREATMENT WITH DOPAMINE ON GRAFT 
FUNCTION AFTER KIDNEy TRANSPLANTATION: A RANDOMIzED CONTROLLED TRIAL. JAMA 302:1067-1075, 2009

14.  LASKOWSKI IA, PRATSCHKE J, WILHELM MM, ET AL.: EARLy AND LATE INJURy TO RENAL TRANSPLANTS FROM NON-
HEART-BEATING DONORS. TRANSPLANTATION 73:1468-1473, 2002

15.  LEMOS FB, IJzERMANS JN, zONDERVAN PE, ET AL.: DIFFERENTIAL ExPRESSION OF HEME OxyGENASE-1 AND VAS-
CULAR ENDOTHELIAL GROWTH FACTOR IN CADAVERIC AND LIVING DONOR KIDNEyS AFTER ISCHEMIA REPER-
FUSION. J AM SOC NEPHROL 14:3278-3287, 2003

16.  DOLS LF, KOK NF, IJzERMANS JN: SURGICAL ASPECTS OF LIVE KIDNEy DONATION. FRONT BIOSCI 14:4746-4757, 
2009

17.  SENER A, COOPER M: LIVE DONOR NEPHRECTOMy FOR KIDNEy TRANSPLANTATION. NAT CLIN PRACT UROL 5:203-
210, 2008

18.  BIRKS EJ, OWEN VJ, BURTON PB, ET AL.: TUMOR NECROSIS FACTOR-ALPHA IS ExPRESSED IN DONOR HEART AND 
PREDICTS RIGHT VENTRICULAR FAILURE AFTER HUMAN HEART TRANSPLANTATION. CIRCULATION 102:326-331, 
2000

19.  MURUGAN R, VENKATARAMAN R, WAHED AS, ET AL.: INCREASED PLASMA INTERLEUKIN-6 IN DONORS IS ASSO-
CIATED WITH LOWER RECIPIENT HOSPITAL-FREE SURVIVAL AFTER CADAVERIC ORGAN TRANSPLANTATION. CRIT 
CARE MED 36:1810-1816, 2008

20.  NIJBOER WN, SCHUURS TA, VAN DER HOEVEN JA, ET AL.: EFFECT OF BRAIN DEATH ON GENE ExPRESSION AND TIS-
SUE ACTIVATION IN HUMAN DONOR KIDNEyS. TRANSPLANTATION 78:978-986, 2004

21.  MCKEATING EG, ANDREWS PJ, SIGNORINI DF, ET AL.: TRANSCRANIAL CyTOKINE GRADIENTS IN PATIENTS REqUIR-
ING INTENSIVE CARE AFTER ACUTE BRAIN INJURy. BR J ANAESTH 78:520-523, 1997

22.  NIJBOER WN, SCHUURS TA, DAMMAN J, ET AL.: KIDNEy INJURy MOLECULE-1 IS AN EARLy NONINVASIVE INDICATOR 
FOR DONOR BRAIN DEATH-INDUCED INJURy PRIOR TO KIDNEy TRANSPLANTATION. AM J TRANSPLANT 9:1752-
1759, 2009

23.  PRATSCHKE J, WILHELM MJ, KUSAKA M, ET AL.: ACTIVATION OF PROINFLAMMATORy GENES IN SOMATIC ORGANS 

Differential expression of inflammatory, cytoprotective and injury genes in kidneys  |



114

AS A CONSEqUENCE OF BRAIN DEATH. TRANSPLANT PROC 31:1003-1005, 1999
24.  TAKADA M, NADEAU KC, HANCOCK WW, ET AL.: EFFECTS OF ExPLOSIVE BRAIN DEATH ON CyTOKINE ACTIVATION 

OF PERIPHERAL ORGANS IN THE RAT. TRANSPLANTATION 65:1533-1542, 1998
25.  VAN DER HOEVEN JA, PLOEG RJ, POSTEMA F, ET AL.: INDUCTION OF ORGAN DySFUNCTION AND UP-REGULATION 

OF INFLAMMATORy MARKERS IN THE LIVER AND KIDNEyS OF HyPOTENSIVE BRAIN DEAD RATS: A MODEL TO 
STUDy MARGINAL ORGAN DONORS. TRANSPLANTATION 68:1884-1890, 1999

26.  LIND My, HAzEBROEK EJ, BAJEMA IM, ET AL.: EFFECT OF PROLONGED WARM ISCHEMIA AND PNEUMOPERITONE-
UM ON RENAL FUNCTION IN A RAT SyNGENEIC KIDNEy TRANSPLANTATION MODEL. SURG ENDOSC 20:1113-1118, 
2006

27.  GOMEz DEL MORAL M, AVILES B, COLBERGER IK, ET AL.: ExPRESSION OF ADHESION MOLECULES AND RANTES IN 
KIDNEy TRANSPLANT FROM NONHEART-BEATING DONORS. TRANSPL INT 18:333-340, 2005

28.  HAUET T, EUGENE M: A NEW APPROACH IN ORGAN PRESERVATION: POTENTIAL ROLE OF NEW POLyMERS. KIDNEy 
INT 74:998-1003, 2008

29.  METCALFE MS, WHITE SA, SAUNDERS RN, ET AL.: LONG-TERM RESULTS OF RENAL TRANSPLANTATION USING OR-
GANS FROM NON-HEART-BEATING DONORS. TRANSPLANT PROC 33:826, 2001

30.  BROOK NR, WHITE SA, WALLER JR, ET AL.: NON-HEART BEATING DONOR KIDNEyS WITH DELAyED GRAFT FUNCTION 
HAVE SUPERIOR GRAFT SURVIVAL COMPARED WITH CONVENTIONAL HEART-BEATING DONOR KIDNEyS THAT DE-
VELOP DELAyED GRAFT FUNCTION. AM J TRANSPLANT 3:614-618, 2003

31.  KOTSCH K, FRANCUSKI M, PASCHER A, ET AL.: IMPROVED LONG-TERM GRAFT SURVIVAL AFTER HO-1 INDUCTION IN 
BRAIN-DEAD DONORS. AM J TRANSPLANT 6:477-486, 2006

32.  WAGNER M, CADETG P, RUF R, ET AL.: HEME OxyGENASE-1 ATTENUATES ISCHEMIA/REPERFUSION-INDUCED APOP-
TOSIS AND IMPROVES SURVIVAL IN RAT RENAL ALLOGRAFTS. KIDNEy INT 63:1564-1573, 2003

33.  NATH KA: HEME OxyGENASE-1: A PROVENANCE FOR CyTOPROTECTIVE PATHWAyS IN THE KIDNEy AND OTHER 
TISSUES. KIDNEy INT 70:432-443, 2006

34.  MEGyESI J, ANDRADE L, VIEIRA JM, JR., ET AL.: COORDINATION OF THE CELL CyCLE IS AN IMPORTANT DETERMI-
NANT OF THE SyNDROME OF ACUTE RENAL FAILURE. AM J PHySIOL RENAL PHySIOL 283:F810-816, 2002

35.  SUSA D, MITCHELL JR, VERWEIJ M, ET AL.: CONGENITAL DNA REPAIR DEFICIENCy RESULTS IN PROTECTION AGAINST 
RENAL ISCHEMIA REPERFUSION INJURy IN MICE. AGING CELL 8:192-200, 2009

36.  WHITE SA, JAIN S, ABSALOM H, ET AL.: INFLUENCE OF DELAyED GRAFT FUNCTION IN RENAL TRANSPLANTS FROM 
CADAVERIC OR NON-HEART-BEATING DONORS. TRANSPLANT PROC 32:189, 2000

37.  PFAFFL MW: A NEW MATHEMATICAL MODEL FOR RELATIVE qUANTIFICATION IN REAL-TIME RT-PCR. NUCLEIC AC-
IDS RES 29:E45, 2001

|  
Ch

ap
te

r 8



chapter 9
Summary and general discussion



116

SUmmAry
Organ transplantation is the treatment of choice for end stage organ failure, and one-year results 
are excellent due to refinements in tissue typing, advancements in organ preservation, surgical 
techniques and more effective immunosuppressive agents. However, two major problems remain 
in solid organ transplantation; long-term survival of organ grafts has still not reached its full po-
tential, and the shortage of suitable donor organs is still increasing [1]. Long-term graft survival is 
significantly hampered by chronic transplant dysfunction (CTD). In the kidney, histologic signs of 
CTD overlap with the histology of normally ageing kidneys. Clinical observations show an inverse 
relationship between both donor age and ischemia time and long-term graft survival. The mecha-
nisms by which donor age or ischemia lead to reduced functional lifespan are currently unknown. 
The work described in this thesis was performed to investigate the contribution of aging mecha-
nisms to ischemia reperfusion injury on the short-, and long-term, and to explore novel therapies 
to limit organ damage induced by an ischemic insult.
Reactive oxygen species (ROS) produced by normal cellular metabolism and in excess during 
ischemia and reperfusion after transplantation are a primary source of cellular and DNA damage. 
Since the introduction of the free radical theory of aging by Harman [2], evidence for a molecu-
lar connection between oxidative DNA damage and aging, aging-related disorders and so-called 
‘premature aging’ disorders, or segmental progerias is compelling, which suggests that the mech-
anisms causing normal aging and long-term organ dysfunction may share a common mecha-
nistic basis. To counteract oxidative DNA damage nature has evolved several efficient, highly 
conserved DNA repair mechanisms [3]. Nucleotide excision DNA repair (NER) is one such repair 
system that removes a range of damages [4]. Deficiencies in any of the involved NER proteins give 
rise to several human inheritable syndromes [5, 6]. These disorders are termed segmental proge-
riod syndromes, because they exhibit some but not all features of aging, but in an accelerated 
fashion. The mechanisms by which transplanted organs on the long-term develop chronic trans-
plant dysfunction with features of accelerated aging are largely unknown. Therefore we aimed 
to answer the question, whether NER, which absence causes segmental progeria, could also be 
involved in transplant associated ischemia reperfusion injury induced accelerated aging. In chap-
ter 3, we studied whether oxidative stress, induced by renal ischemia reperfusion injury, would 
lead to increased renal dysfunction on the short-term in NER protein deficient mice. We used 
mouse models deficient of the NER proteins Cockayne Syndrome A and –B (CS). Contrary to our 
expectations, we found that these mouse models of CS were less susceptible than wild type ani-
mals to surgically induced renal ischemia reperfusion injury. Renal failure-related mortality was 
significantly reduced in CS mice, kidney function was improved and proliferation was significantly 
higher in the regenerative phase following ischemic injury. Protection from ischemic damage cor-
related with a reduced inflammatory response following injury (Chapter 3). Our data suggest that 
congenital DNA repair deficiency can result in the activation of systemic protective mechanisms 
resulting in a reduced inflammatory response. The question remained whether oxidative stress 
would in the long-term lead to functional or histological signs of accelerated renal aging in DNA 
repair deficient mice. Therefore, in a cohort of mice with different NER deficiencies renal ischemia 
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reperfusion was induced and functional and histologic data was collected over time. Up to eleven 
months after ischemia reperfusion injury no difference was found in survival, histology, or kidney 
function as measured by creatinine, blood urea nitrogen (BUN), albuminuria and glomerular filtra-
tion rate (GFR) between NER deficient-, and wild-type mice (Chapter 4). These data are in line with 
the assumption that unrepaired endogenous DNA lesions may elicit an adaptive response, which 
protects against acute oxidative injury, with sustained functional outcome in the long-term. Fur-
ther elucidation of this adaptive response could lead to specific interventions to preserve kidney 
function on the short- and long-term after ischemic injury. 
The adaptive response seen in CS-deficient animals shows functional similarity with the protec-
tive effect induced by ischemic preconditioning. Ischemic preconditioning is a procedure that 
entails brief periods of ischemia that protect against a subsequent longer period of ischemia. In 
Chapter 5, we sought to determine the role of adenosine and its receptors A1 and A3 in protection 
induced by ischemic preconditioning against cardiac ischemia reperfusion injury as sustained in 
myocardial infarction or cardiac transplantation. The current consensus is that adenosine is not 
involved in ischemic preconditioning (IPC) in the rat. We hypothesized that the failure to show 
a role for adenosine might be due to the use of brief IPC stimuli, and therefore tested the hy-
pothesis that myocardial adenosine receptor activation would play a role in IPC in the rat heart 
when longer IPC stimuli are employed. In addition, the concept of ischemic preconditioning has 
been expanded to interorgan protection (i.e. myocardial protection by brief ischemia applied to 
other organs). We therefore tested the hypothesis that adenosine released by the remote isch-
emic organ stimulates local afferent nerves, which leads to activation of myocardial adenosine 
receptors, resulting in protection of the heart. Selective blockade of A1 (8-SPT) or A3 receptors 
(MRS-1191) blunted the protection by classical IPC induced by 15-min cardiac artery occlusion 
followed by 60 minutes of ischemia and 2 hours of reperfusion. A combination of 10-SPT and 
MRS-1191 abolished the protective effect of classical IPC, which implies that activation of both 
A1 and A3 receptors contributed to the protection by the 15-minutes cardiac artery occlusion. 
Inter-organ preconditioning (IOPC) with a 15-minutes mesenteric artery occlusion (MAO15), re-
duced cardiac infarct size produced by 60 minutes of cardiac artery occlusion. This was abolished 
by pretreatment with the ganglion blocker hexamethonium, but not when hexamethonium was 
administered 5 minutes after reperfusion. In contrast, 8-SPT abolished the effect of IOPC when 
administered either before, or 5 minutes after MAO15, indicating that adenosine receptors down-
stream of the neurogenic pathway (i.e. in the heart) are involved. Involvement of small intestinal 
adenosine receptors is suggested by the finding that intramesenteric artery (but not intraportal 
vein) infusion of adenosine induced a similar level of cardioprotection as MAO15, which was also 
abolished by hexamethonium (Chapter 5).
Inflammation plays a major role in the pathophysiology of renal ischemic injury [7]. The initial 
ischemic injury results in up-regulation of adhesion molecules on activated endothelium and 
release of cytokines, reactive oxygen species (ROS) and eicosanoids. Leukocytes, recruited by 
chemokines and pro-inflammatory cytokines, potentiate injury by generating more ROS and 
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eicosanoids, thereby further enhancing inflammation. We have previously shown that synthetic 
oligopeptides related to the β-chain of the hormone chorionic gonadotropin have anti-inflam-
matory properties [8-10]. Here, we investigated whether these oligopeptides were able to reduce 
ischemia reperfusion injury of the kidney. We demonstrated that intravenous administration of 
oligopeptides around the ischemic period significantly reduced mortality seen after severe renal 
ischemia reperfusion injury and improved kidney function as measured by serum urea levels. 
Of the various oligopeptides evaluated, AqGV appeared to be the most potent one. The reno-
protective effect of AqGV was associated with decreased renal E-selectin transcripts, decreased 
neutrophil infiltration, reduced numbers of apoptotic tubular epithelial cells and a reduction of 
systemic levels of TNF-α, IFN-γ, IL-6 and IL-10. These data suggest that AqGV interferes with the 
early renal inflammatory response induced by ischemia reperfusion and as such prevents paren-
chymal damage and organ dysfunction. A dose of 3-10 mg/kg proved to be the most potent with 
regard to reducing mortality as well as preserving kidney function. Up to 30 mg/kg, no toxicity 
was observed. AqGV treatment, at either 12 and 24 hours, or at 6 and 12 hours post-reperfusion 
was not associated with improved survival (Chapter 6). 
The cardinal histomorphological hallmark of chronic transplant dysfunction in all parenchymal 
allografts is transplant vasculopathy. This process is characterized by neo-intima formation due 
to migration and proliferation of vascular smooth muscle cells into the intima [11]. Apart from 
their immunosuppressive properties, the immunosuppressive drugs cyclosporin [12, 13], tacro-
limus [14], mycophenolate mofetil [15] and methylprednisolone [8, 16] have also been shown to 
reduce ischemic injury. To investigate whether pre-transplantation treatment of the organ donor 
(donor pre-treatment) with immunosuppressive agents was able to pharmacologically precondi-
tion organs, and reduce transplant vasculopathy, we used the rat aorta transplantation model. 
We observed significant neointima formation in the untreated control group eight weeks after 
orthotopic aorta transplantation, as well as in the methylprednisolone, MMF, and rapamycin pre-
treated groups. Only tacrolimus exerted a significant inhibitory effect on neointima formation 
in aorta allografts. In-situ activity of matrix metalloproteinases (MMP) was significantly reduced 
in grafts treated with rapamycin and tacrolimus compared to controls. Immunohistochemistry 
revealed a high number of CD4+ cells and high CD4/CD8 ratio only in grafts pre-treated with 
tacrolimus. Therefore, the mechanism of protection is suggested to be a T cell related reduction 
in MMP activity (Chapter 7).
Although brain death (BD) is a risk factor for kidney function and survival following kidney trans-
plantation, most donor organs are retrieved from brain dead patients. Improved technology and 
an increasing gap between supply and demand for donor organs have facilitated an increased use 
of organs from both living donors (LD) and non heart beating donors (NHB). Superior long-term 
survival is found in the LD group, whereas organs from brain dead as well as NHB donors show 
decreased post-transplant function and graft survival [17]. Organs from NHB donors are exposed 
to prolonged warm ischemia times, and organs from both post-mortem sources are exposed to 
prolonged cold ischemia times. Studies that have investigated differences in gene expression be-
tween these different donors usually use kidney biopsies taken during organ retrieval, after cold 
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ischemia, or after implantation and subsequent reperfusion. Comparison of these groups is dif-
ficult since major differences in the course to organ retrieval exist. Therefore, the aim of our study 
was to compare the impact of brain dead and asystole to living donation, by obtaining kidney 
biopsy specimens at the moment of organ retrieval, and at the end of cold ischemia. Furthermore, 
we assessed the effect of an increasing cold preservation period on gene-expression levels. We 
found a striking difference between brain death and NHB in renal transcription of inflammatory 
markers such as IL-1β, IL-6, MCP-1, and E-selectin. High levels of inflammatory cytokines in the 
donor are associated with decreased graft survival [18, 19]. Inflammation resulted in significant 
injury of the kidney, as shown by the up-regulation of Kim-1. This gene has been recently identi-
fied as a discriminating marker between stable and unstable brain death [20], and as predictor of 
graft function after BD induced kidney injury [21]. We found a significant up-regulation of HO-1 
mRNA in BD donors at the time of explantation. Interestingly, the cyclin-dependant kinase in-
hibitor p21 was also strongly induced both in NHB and BD donors. Although evidence shows that 
over-expression of HO-1 can protect kidney transplants against ischemic injury [22, 23], the up-
regulation of HO-1 and p21 in our models may be envisioned as indicator of unrepairable dam-
age. Our study further shows that mRNA levels of different genes encountered at explantation 
remain stable during an 18 hour cold preservation period. 
In conclusion, we show a massive up-regulation of inflammatory, injury, and cytoprotective genes 
in kidney transplants from BD-, but not living-, or NHB donors at the time of graft explantation 
(Chapter 8). This difference may underlie the observed better graft survival of kidneys from NHB 
donors [24], and lends further support to the anti-inflammatory treatment of BD donors [25, 26].

fUtUre DIrectIoNS
Ischemia-induced damage becomes apparent during the reperfusion of the transplanted organ. 
Reactive oxygen species (ROS) are formed, which damage vascular endothelial and other cells 
by causing oxidative DNA damage and lipid peroxidation in the cell membrane. This is thought 
to initiate the poorly understood pathogenetic process leading to late graft loss. Oxidative dam-
age induces parenchymal injury and may initially kill a large number of cells, forcing proliferation 
to replenish the lost cells. Expression of adhesion molecules facilitates infiltration of leukocytes 
in the kidney, which causes more tissue injury and leads to an innate immune response. Dam-
aged graft cells also facilitate immune recognition via their MHC molecules and thus promote the 
adaptive immune response (rejection), leading to more tissue injury and cell death. This gives rise 
to a self-sustaining mechanism with cycles of cell death and proliferation that eventually trigger 
cellular senescence, exhaustion of the proliferative potential and long-term organ dysfunction 
[27]. Reducing the initial oxidative hit to donor organs may improve graft function on the short-
term and survival of those grafts on the long-term.
Studies in this thesis show that amelioration of ischemic damage is possible through several 
methods, all characterized by the induction of an adaptive stress response, also known as a hor-
metic response.
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Hormesis is a common biological phenomenon in which exposure to a low intensity stressor in-
duces a general adaptive response that has net beneficial effects on the cellular and/or organis-
mal level, including protection against subsequent, higher-dose exposures as well as to different 
types of stress [28, 29]. We have shown in chapter 3 and 4 that TC-NER deficiency leads to resis-
tance against acute oxidative stress in renal ischemia reperfusion injury. Our data suggest that 
specific types of unrepaired endogenous DNA lesions lead to a hormetic response. We refer to this 
protective effect as “genetic preconditioning”. 
Ischemic preconditioning is one of the most widely studied types of experimental hormesis. It oc-
curs when an organ (the heart for example) is subjected to a brief mild ischemia. After exposure 
to a short period of ischemia the cells become resistant to acute oxidative stress induced by a 
full-blown infarction.
Interestingly, caloric restriction has been proposed to act as a mild stressor that has beneficial 
effects on health- and lifespan through hormetic mechanisms. Apart from increasing life span, 
caloric restriction has also been shown to increase the resistance of rodents to acute stress. 
The physiology of the protective response observed after caloric restriction shows similarities 
with the observed increased stress resistance in DNA repair deficient mice. Therefore, we hypoth-
esised that these responses share a common biological basis, and aimed to investigate the effect 
of caloric restriction in models of acute oxidative damage, and to explore the mechanistic basis of 
protection in these models.
Data from our laboratory indeed show that periods of caloric restriction or fasting prior to surgery 
lead to protection against renal ischemia reperfusion injury in mice [30], whereas others have 
shown that fasting protects mice from the adverse side effects of high dose chemotherapy [31]. 
Further research will have to be done to elucidate the protective nature of hormetic responses, 
and the extent to which this response is applicable in medicine. Understanding hormesis and 
ways to induce a hormetic response could lead to a novel approach in which the body’s own pro-
tective mechanisms may be tapped to combat ischemia reperfusion injury and other stressors.

|  
Ch

ap
te

r 9



121

RefeRences
1.  LECHLER, R.I., ET AL., ORGAN TRANSPLANTATION--HOW MUCH OF THE PROMISE HAS BEEN REALIzED? NAT MED, 

2005. 11(6): P. 605-13.
2.  HARMAN, D., AGING: A THEORy BASED ON FREE RADICAL AND RADIATION CHEMISTRy. J GERONTOL, 1956. 11(3): P. 

298-300.
3.  HOEIJMAKERS, J.H., GENOME MAINTENANCE MECHANISMS FOR PREVENTING CANCER. NATURE, 2001. 411(6835): 

P. 366-74.
4.  BROOKS, P.J., ET AL., THE OxIDATIVE DNA LESION 8,5’-(S)-CyCLO-2’-DEOxyADENOSINE IS REPAIRED By THE NU-

CLEOTIDE ExCISION REPAIR PATHWAy AND BLOCKS GENE ExPRESSION IN MAMMALIAN CELLS. J BIOL CHEM, 2000. 
275(29): P. 22355-62.

5.  BOOTSMA, D., KRAEMER, K. H., CLEAVER, J. & HOEIJMAKERS, J. H. J., IN THE METABOLIC AND MOLECULAR BASIS OF 
INHERITED DISEASE VOL. 1 (EDS SCRIVER, C. R., BEAUDET, A. L., SLy, W. S. & VALLE, D.) 677-703 (MCGRAW-HILL, NEW 
yORK, 2001). 2001.

6.  LEHMANN, A.R., THE xERODERMA PIGMENTOSUM GROUP D (xPD) GENE: ONE GENE, TWO FUNCTIONS, THREE DIS-
EASES. GENES DEV, 2001. 15(1): P. 15-23.

7.  BONVENTRE, J.V. AND J.M. WEINBERG, RECENT ADVANCES IN THE PATHOPHySIOLOGy OF ISCHEMIC ACUTE RENAL 
FAILURE. J AM SOC NEPHROL, 2003. 14(8): P. 2199-210.

8.  AyDIN, G., S.E. OKIyE, AND H. zINCKE, A COMPARATIVE STUDy OF SEVERAL AGENTS ALONE AND COMBINED IN 
PROTECTION OF THE RODENT KIDNEy FROM WARM ISCHAEMIA: METHyLPREDNISOLONE, PROPRANOLOL, FURO-
SEMIDE, MANNITOL, AND ADENOSINE TRIPHOSPHATE-MAGNESIUM CHLORIDE. UROL RES, 1983. 11(3): P. 105-9.

9.  KHAN, N.A., ET AL., INHIBITION OF DIABETES IN NOD MICE By HUMAN PREGNANCy FACTOR. HUM IMMUNOL, 2001. 
62(12): P. 1315-23.

10.  KHAN, N.A., ET AL., INHIBITION OF SEPTIC SHOCK IN MICE By AN OLIGOPEPTIDE FROM THE BETA-CHAIN OF HU-
MAN CHORIONIC GONADOTROPHIN HORMONE. HUM IMMUNOL, 2002. 63(1): P. 1-7.

11.  MITCHELL, R.N. AND P. LIBBy, VASCULAR REMODELING IN TRANSPLANT VASCULOPATHy. CIRC RES, 2007. 100(7): P. 
967-78.

12.  BES, S., ET AL., DIRECT, PLEIOTROPIC PROTECTIVE EFFECT OF CyCLOSPORIN A AGAINST SIMULATED ISCHEMIA-
INDUCED INJURy IN ISOLATED CARDIOMyOCyTES. EUR J PHARMACOL, 2005. 511(2-3): P. 109-20.

13.  SINGH, D., V. CHANDER, AND K. CHOPRA, CyCLOSPORINE PROTECTS AGAINST ISCHEMIA/REPERFUSION INJURy IN 
RAT KIDNEyS. TOxICOLOGy, 2005. 207(3): P. 339-47.

14.  SAKR, M., ET AL., THE PROTECTIVE EFFECT OF FK506 PRETREATMENT AGAINST RENAL ISCHEMIA/REPERFUSION 
INJURy IN RATS. TRANSPLANTATION, 1992. 53(5): P. 987-91.

15.  VENTURA, C.G., ET AL., MyCOPHENOLATE MOFETIL ATTENUATES RENAL ISCHEMIA/REPERFUSION INJURy. J AM 
SOC NEPHROL, 2002. 13(10): P. 2524-33.

16.  GLANEMANN, M., ET AL., ISCHEMIC PRECONDITIONING AND METHyLPREDNISOLONE BOTH EqUALLy REDUCE HE-
PATIC ISCHEMIA/REPERFUSION INJURy. SURGERy, 2004. 135(2): P. 203-14.

17.  KANEKU, H.K. AND P.I. TERASAKI, THIRTy yEAR TREND IN KIDNEy TRANSPLANTS: UCLA AND UNOS RENAL TRANS-
PLANT REGISTRy. CLIN TRANSPL, 2006: P. 1-27.

18.  MURUGAN, R., ET AL., INCREASED PLASMA INTERLEUKIN-6 IN DONORS IS ASSOCIATED WITH LOWER RECIPIENT 
HOSPITAL-FREE SURVIVAL AFTER CADAVERIC ORGAN TRANSPLANTATION. CRIT CARE MED, 2008. 36(6): P. 1810-6.

19.  NIJBOER, W.N., ET AL., EFFECT OF BRAIN DEATH ON GENE ExPRESSION AND TISSUE ACTIVATION IN HUMAN DONOR 
KIDNEyS. TRANSPLANTATION, 2004. 78(7): P. 978-86.

20.  SCHUURS, T.A., ET AL., DISTINCT TRANSCRIPTIONAL CHANGES IN DONOR KIDNEyS UPON BRAIN DEATH INDUC-
TION IN RATS: INSIGHTS IN THE PROCESSES OF BRAIN DEATH. AM J TRANSPLANT, 2004. 4(12): P. 1972-81.

21.  NIJBOER, W.N., ET AL., KIDNEy INJURy MOLECULE-1 IS AN EARLy NONINVASIVE INDICATOR FOR DONOR BRAIN 
DEATH-INDUCED INJURy PRIOR TO KIDNEy TRANSPLANTATION. AM J TRANSPLANT, 2009. 9(8): P. 1752-9.

22.  KOTSCH, K., ET AL., IMPROVED LONG-TERM GRAFT SURVIVAL AFTER HO-1 INDUCTION IN BRAIN-DEAD DONORS. 
AM J TRANSPLANT, 2006. 6(3): P. 477-86.

23.  NATH, K.A., HEME OxyGENASE-1: A PROVENANCE FOR CyTOPROTECTIVE PATHWAyS IN THE KIDNEy AND OTHER 
TISSUES. KIDNEy INT, 2006. 70(3): P. 432-43.

24.  WHITE, S.A., ET AL., INFLUENCE OF DELAyED GRAFT FUNCTION IN RENAL TRANSPLANTS FROM CADAVERIC OR 
NON-HEART-BEATING DONORS. TRANSPLANT PROC, 2000. 32(1): P. 189.

Summary and general discussion  |



122

25.  KOTSCH, K., ET AL., METHyLPREDNISOLONE THERAPy IN DECEASED DONORS REDUCES INFLAMMATION IN THE 
DONOR LIVER AND IMPROVES OUTCOME AFTER LIVER TRANSPLANTATION: A PROSPECTIVE RANDOMIzED CON-
TROLLED TRIAL. ANN SURG, 2008. 248(6): P. 1042-50.

26.  SCHNUELLE, P., ET AL., EFFECTS OF DONOR PRETREATMENT WITH DOPAMINE ON GRAFT FUNCTION AFTER KIDNEy 
TRANSPLANTATION: A RANDOMIzED CONTROLLED TRIAL. JAMA, 2009. 302(10): P. 1067-75.

27.  NANKIVELL, B.J. AND J.R. CHAPMAN, CHRONIC ALLOGRAFT NEPHROPATHy: CURRENT CONCEPTS AND FUTURE DI-
RECTIONS. TRANSPLANTATION, 2006. 81(5): P. 643-54.

28.  MATTSON, M.P., HORMESIS DEFINED. AGEING RES REV, 2008. 7(1): P. 1-7.
29.  MURRy, C.E., R.B. JENNINGS, AND K.A. REIMER, PRECONDITIONING WITH ISCHEMIA: A DELAy OF LETHAL CELL IN-

JURy IN ISCHEMIC MyOCARDIUM. CIRCULATION, 1986. 74(5): P. 1124-36.
30.  MITCHELL, J.R., ET AL., SHORT-TERM DIETARy RESTRICTION AND FASTING PRECONDITION AGAINST ISCHEMIA 

REPERFUSION INJURy IN MICE. AGING CELL. 9(1): P. 40-53.
31.  RAFFAGHELLO, L., ET AL., STARVATION-DEPENDENT DIFFERENTIAL STRESS RESISTANCE PROTECTS NORMAL BUT 

NOT CANCER CELLS AGAINST HIGH-DOSE CHEMOTHERAPy. PROC NATL ACAD SCI U S A, 2008. 105(24): P. 8215-20.

|  
Ch

ap
te

r 9



Nederlandse samenvatting

Orgaan transplantatie is de behandeling van keuze voor eind stadium orgaanfalen. De 1-jaars 
resultaten zijn tegenwoordig uitstekend door verfijning van weefsel typering, vorderingen in 
preservatie van organen, chirurgische technieken en effectievere immunosuppresiva. Echter, 
twee complexe problemen blijven bestaan in het veld van orgaan transplantatie; lange-termijn 
overleving van getransplanteerde organen heeft nog steeds zijn volle potentie niet bereikt en het 
gebrek aan geschikte organen neemt steeds verder toe. Lange-termijn overleving van organen 
wordt significant beperkt door chronische transplantaat disfunctie (CTD). In de nier overlappen 
de histologische kenmerken van CTD met die van normaal ouder wordende nieren. Klinische ob-
servatie laat een omgekeerd evenredige correlatie zien tussen donor leeftijd en ischemietijd / 
preservatietijd en lange termijn transplantaat overleving. Waardoor hogere donorleeftijd of isch-
emietijd leiden tot een verkorte functionele overleving van getransplanteerde organen is tot op 
heden niet bekend.
Het werk beschreven in dit proefschrift is verricht om enerzijds te onderzoeken wat de bijdrage 
van verouderingsmechanismen is in ischemie reperfusie schade op de korte en lange termijn en 
om anderzijds nieuwe therapieën te ontwikkelen om orgaanschade na een ischemisch insult te 
beperken.
zuurstof radicalen, geproduceerd tijdens normaal cellulair metabolisme en in overmaat tijdens 
ischemie en reperfusie, zijn een primaire bron voor cellulaire en DNA schade. Sinds de introductie 
van de vrije radicalen theorie van Harman in 1956, is er steeds meer bewijs voor een moleculaire 
connectie tussen oxidatieve DNA schade, veroudering, verouderingsgerelateerde ziekte en de 
premature verouderingssyndromen, ook wel segmentale progeria genoemd. Dit suggereert dat 
de mechanismen die leiden tot normale veroudering en tot lange termijn orgaandisfunctie mo-
gelijk een zelfde mechanistische basis delen. Om oxidatieve DNA schade tegen te gaan, zijn er 
een aantal efficiënte en geconserveerde DNA reparatiemechanismen geëvolueerd. Nucleotide 
excisie DNA reparatie (NER) is een van deze mechanismen. Deficiënties in een van de NER eiwitten 
kan aanleiding geven tot een aantal erfelijke humane syndromen. Deze afwijkingen worden seg-
mentale progeria syndromen genoemd, aangezien zij een deel van de kenmerken van verouder-
ing in een versneld tempo laten zien. De mechanismen waardoor getransplanteerde organen 
op de lange termijn chronische transplantaat disfunctie met versnelde verouderingskenmerken 
ontwikkelen, zijn grotendeels onbekend.  Ons eerste doel was om de vraag te beantwoorden of 
NER betrokken is bij door ischemie reperfusie schade geïnduceerde versnelde veroudering. In 
hoofdstuk 3 bestudeerden wij of oxidatieve stress geïnduceerd door renale ischemie reperfusie 
schade, zou leiden tot toename van renale disfunctie op korte termijn in NER eiwit deficiënte 
muizen. Daarvoor gebruikten wij een muismodel met een deficiëntie van de NER eiwitten Cock-
ayne Syndrome A en –B (CS). In tegenstelling tot onze verwachting vonden we dat deze muis-
modellen van CS minder vatbaar waren dan wild-type muizen voor chirurgisch geïnduceerde 

123Nederlandse samenvatting  |



124

renale ischemie reperfusie schade. Nierfalen gerelateerde mortaliteit was significant minder in CS 
muizen, nierfunctie was verbeterd en proliferatie was significant hoger in de regeneratieve fase 
na het ischemisch insult. Bescherming tegen ischemische schade correleerde met een vermind-
erde inflammatoire respons na het insult (Hoofdstuk 3). Onze data suggereren dat congenitale 
DNA reparatie deficiëntie kan leiden tot een activatie van systemische protectieve mechanismen, 
resulterend in een verminderde inflammatoire respons. De vraag blijft echter of oxidatieve stress 
op de lange termijn  leidt tot functionele of histologische kenmerken van versnelde veroudering 
in DNA reparatie deficiënte muizen. Om dit te bestuderen werd een cohort van verschillende 
DNA reparatie deficiënte muizen onderworpen aan renale ischemie reperfusie schade en werden 
functionele en histologische gegevens verzameld. Tot 11 maanden na ischemie reperfusie schade 
werd geen verschil gevonden tussen NER deficiënte-, en wild-type muizen in overleving, histolo-
gie en nierfunctie  (Hoofdstuk 4). Deze gegevens corresponderen met de aanname dat ongerepa-
reerde endogene DNA lesies zouden kunnen leiden tot een adaptieve respons, met als resultaat 
bescherming tegen acute oxidatieve schade met behoud van nierfunctie op lange termijn. Ver-
dere dissectie van deze adaptieve respons kan leiden tot specifieke interventies om de nierfunc-
tie te behouden op korte en lange termijn na een ischemisch insult.
De adaptieve respons in CS deficiënte dieren heeft functionele overeenkomsten met het bes-
chermende effect dat wordt gezien bij ischemische preconditionering. Ischemische precondi-
tionering is een procedure waarbij perioden van korte ischemie bescherming bieden tegen een 
daaropvolgende langere periode van ischemie. In hoofdstuk 5 hebben we de rol van adenosine 
en zijn receptoren A1 en A3 bestudeerd in de bescherming, geïnduceerd door ischemische pre-
conditionering, tegen cardiale ischemie reperfusie schade, zoals gezien wordt bij een hartinfact 
of harttransplantatie. De consensus was dat adenosine niet betrokken is bij ischemische precon-
ditionering (IPC) in de rat. Wij hypothetiseerden dat het niet aantonen van een rol voor adenosine 
lag in een te korte ischemische prikkel. Daarvoor onderzochten wij de hypothese dat myocar-
diale adenosine receptor activatie wel aangetoond kon worden, wanneer langere IPC prikkels 
gegeven werden. Daarnaast is het concept van ischemische preconditionering doorgetrokken 
naar het concept van inter-orgaan bescherming (myocardiale bescherming door kortdurende 
ischemie aan andere organen). Om dit te onderzoeken werd de hypothese getest dat adenosine, 
vrijgekomen in een ander orgaan, de lokaal afferente zenuwen stimuleert. Dit zorgt voor activatie 
van myocardiale adenosine receptoren, leidend tot bescherming van het hart. Selectieve blok-
kade van de A1 (8-SPT) of A3 receptoren (MRS-1191) verminderde het beschermingseffect door 
ischemische preconditionering door 15 minuten cardiaal arterie occlusie (CAO15) gevolgd door 
60 minuten ischemie en 2 uur reperfusie. De combinatie van 8-SPT en MRS-1191 zorgde voor 
volledige opheffing van het beschermende effect van ischemische preconditionering. Daaruit 
kan de conclusie getrokken worden dat activatie van beide A1 en A3 receptoren bijdraagt aan 
het beschermende effect door CAO15. Inter-orgaan preconditionering (IOPC) door 15 minuten 
mesenteriaal arterie occlusie (MAO15), reduceerde het cardiale infarct gebied na 60 minuten car-
diaal arterie occlusie. Dit effect kon worden opgeheven door toediening van de ganglion blocker 
hexamethonium voor MAO15. Echter, bij toediening van hexamethonium na MAO15 bleef het 
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beschermende effect gehandhaafd. In tegenstelling hiermee kon toediening van 8-SPT voor of 
na MAO15 het effect van IOPC opheffen, een indicatie dat adenosine receptoren voorbij de ze-
nuwbanen (het hart) betrokken zijn. Betrokkenheid van adenosine receptoren in de dunne darm 
is suggestief, aangezien infusie van adenosine in de mesenteriaal arterie (maar niet in de portale 
vene) dezelfde cardiale bescherming geeft als MAO15 (Hoofdstuk 5).
Inflammatie speelt een belangrijke rol in de pathofysiologie van renale ischemie reperfusie 
schade. De initiële ischemische schade zorgt voor op-regulatie van adhesie moleculen op het 
geactiveerde endotheel en het vrijkomen van cytokinen en zuurstof radicalen. Leukocyten, gere-
cruteerd door chemokinen en pro-inflammatoire cytokinen versterken de schade door vorming 
van meer zuurstof radicalen en cytokinen, het inflammatoire proces daardoor versterkend. Wij 
hebben eerder laten zien dat synthetische oligopeptiden gerelateerd aan de β-keten van het hor-
moon chorion gonadotropine anti-inflammatoire kenmerken bezitten. Hier hebben wij onder-
zocht of deze oligopeptiden ischemie reperfusie schade aan de nier kunnen beperken. Wij lieten 
zien dat intraveneuze toediening van oligopeptiden rond de ischemische periode een signifi-
cante daling van mortaliteit laat zien na ischemie reperfusie schade aan de nier en een verbeterde 
nierfunctie bewerkstelligt. Van de onderzochte oligopeptiden komt AqGV als meest potent naar 
voren.  Het beschermende effect was geassocieerd met een verlaging van E-selectine transcrip-
tie, verlaging van infiltratie van neutrofielen, vermindering van het aantal apoptotische tubulaire 
epitheelcellen en een verlaging van systemische spiegels van TNF-α, IFN-γ, IL-6 en IL-10. Deze 
data suggereren dat AqGV interfereert met de vroege renale inflammatoire respons geïnduceerd 
door ischemie reperfusie en daardoor parenchymateuze schade en orgaandisfunctie voorkomt. 
Een dosis tussen 3 – 10 mg/kg bleek het meest potent in verlaging van de mortaliteit en behoud 
van nierfunctie. Tot 30 mg/kg werd geen toxiciteit aangetoond. AqGV toediening op 12 en 24 
uur, of op 6 en 12 uur post-reperfusie had geen effect op de overleving vergeleken met controles 
(Hoofdstuk 6).
Het belangrijkste histomorfologische kenmerk van chronische transplantaat disfunctie in alle 
getransplanteerde organen is transplantaat vasculopathie. Dit proces wordt gekenmerkt door 
neo-intima formatie door migratie en proliferatie van vasculaire gladde spiercellen in de intima. 
Immunosuppressiva zoals cyclosporine, tacrolimus, mycophenolate mofetil (MMF) en meth-
ylprednison hebben naast hun bekende immunosuppressieve effecten ook laten zien dat zij 
ischemie reperfusie schade kunnen beperken. Om te onderzoeken of pre-transplantatie behan-
deling van de orgaandonor met immunosuppressiva een farmacologisch preconditioneringsef-
fect kon bewerkstelligen en daardoor transplantaat vasculopathie kon remmen, hebben wij een 
aorta transplantatie model in de rat gebruikt. Wij vonden een significante neointima formatie in 
de onbehandelde groep 8 weken na een orthotopische aorta transplantatie, net als in de met 
methylprednison, MMF en rapamycine behandelde groepen. Alleen tacrolimus liet een signifi-
cant remmend effect zien op neointima formatie in aortatransplantaten. De in-situ activiteit van 
matrix metalloproteinases (MMP) was significant verminderd in aortatransplantaten behandeld 
met rapamycine en tacrolimus vergeleken met de controle groep. Immunohistochemische kleur-
ing liet een hoog aantal CD4+ cellen en een hoge CD4/CD8 ratio zien in tacrolimus behandelde 
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transplantaten. Daarmee lijkt het mechanisme van bescherming een T-cel  gerelateerde reductie 
van MMP activiteit te zijn (Hoofdstuk 7).
Alhoewel hersendood (HD) een risico factor is voor nierfunctie en transplantaatoverleving na ni-
ertransplantatie, zijn de meeste donororganen afkomstig van hersendode patiënten. Verbetering 
in technologie en de toegenomen vraag naar donororganen heeft gezorgd dat er meer gebruik 
wordt gemaakt van organen van levende donoren (LD) en non heart beating (NHB) donoren. Su-
perieure lange termijn overleving wordt gevonden in de groep van de levende donoren, terwijl 
de organen van HD en NHB donoren een verminderde post-transplantatie functie en overleving 
laten zien. Organen van NHB donoren zijn blootgesteld aan verlengde warme ischemietijden en 
tevens zijn organen van beide post-mortem groepen blootgesteld aan lange koude ischemieti-
jden. Onderzoeken die de verschillen in genexpressie tussen verschillende donorgroepen heb-
ben onderzocht, gebruiken nierbiopten afgenomen gedurende explantatie, na koude ischemie of 
na implantatie en daaropvolgende reperfusie. Vergelijking van deze groepen is lastig aangezien 
er grote verschillen bestaan in de afname momenten. Derhalve was het doel van dit onderzoek 
om de rol van hersendood en asystole in vergelijking tot levende donatie te onderzoeken door 
afname van nierbiopten op het moment van orgaan uitname en aan het eind van de koude isch-
emie. Verder onderzochten wij wat het effect was van de duur van de koude ischemietijd op gen-
expressie. Wij vonden een groot verschil in expressie van ontstekingsgenen (IL-1β, IL-6, MCP-1 en 
E-selectine) tussen HD en NHB groep. De ontstekingsreactie zorgde voor significante schade aan 
de nier, aangetoond door de verhoogde expressie van Kim-1. Er was een verhoogde expressie van 
HO-1 in HD op het moment van uitname. Het gen p21 was ook sterk geïnduceerd in zowel HD 
en NHB donoren. Alhoewel er bewijs bestaat dat overexpressie van HO-1 het niertransplantaat 
kan beschermen tegen ischemische schade, lijkt de overexpressie van HO-1 en p21 in ons model 
meer een uiting te zijn van schade. Verder laat dit onderzoek zien dat er geen verandering is in 
genexpressie tussen het moment van orgaan uitname tot 18 uur koude ischemie (Hoofdstuk 8). 
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