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Abstract

Background
Clinical outcome after transplantation of kidneys derived from deceased brain death 
(DBD) donors is inferior compared to living donor kidneys. In this observational model, 
the effect of experimental brain death on renal function was evaluated. Furthermore, 
we tested the effect of DBD transplantation on inflammation and renal metabolism in 
donors and recipients.

Methods
Eight Danish landrace pigs served as DBD donors. After four hours of brain death, 
kidneys were removed and stored for 19 hours at 4°C in Custodiol®. Next, the donor 
kidneys were transplanted into eight recipients. Glomerular filtration rate (GFR) was 
determined as urinary clearance of 51Cr-EDTA.

Results
Immediately following brain death, GFR and urine output were reduced while during 
the second hour hyperfiltration was observed. Subsequently, GFR and urine output 
decreased again. No systemic- or renal inflammation was observed in the donors, while in 
recipients only renal inflammatory markers were increased ten hours post-reperfusion. 
Furthermore, mitochondrial dysfunction tended to develop after reperfusion.

Conclusions
In conclusion, brain death caused a triphasic response of GFR. No systemic inflammation 
in brain death donors was observed probably due to active control of hemodynamics 
by fluid administration. These new insights in the effects of brain death may inspire 
development of new strategies to improve outcome of DBD kidney transplantation.
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Introduction

Deceased brain death (DBD) donors are the major source of kidney grafts. Yet, the 
function of these kidneys is inferior compared to kidneys derived from living donors1.  
Transplant outcome of DBD donor kidneys may therefore be improved by amelioration 
of the detrimental effects of brain death.

Induction of brain death results in a phase of hypertension and tachycardia as 
consequence of a release of chatecholamines2,3. After the sympathetic storm, 
arterial pressure drops and untreated brain dead donors become hemodynamically 
unstable with consequent hypoperfusion of various organs2,3. Subsequent ischemia/
reperfusion (I/R) injury is associated with renal inflammation, acute kidney injury (AKI), 
and impaired renal function4. In addition, the state of brain death is associated with 
systemic inflammation5–7. The inflammatory state of brain dead donors is thought to 
result in peripheral organ damage1,8.

Brain death also causes diabetes insipidus as the loss of pituitary function precludes 
secretion of vasopressin, resulting in increased urine output and reduced urinary 
osmolality9,10. However, the immediate effect of brain death on renal function has never 
been determined.

Furthermore, brain death results in metabolic alterations. Glucose levels and insulin 
resistance are increased in DBD donors, although the endocrine pancreas function is 
unaffected11. The subsequent cascade of cold storage, transplantation, and reperfusion 
presumably changes renal metabolism from aerobic to anaerobic12. 

Further insight into the effect of brain death and potential mechanisms of organ 
injury may enable improved care of DBD donors and possibly ameliorate preservation 
techniques or cytoprotective treatment. In an observational model, we evaluated the 
effect of experimental brain death on glomerular filtration rate (GFR). Furthermore, we 
tested the effect DBD transplantation on inflammation and renal metabolism in both 
donors and recipients. 
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Materials & methods

Animals
Sixteen Danish Landrace pigs (median: 58.0 interquartile range: [56.8-59.1] kg) 
were used. The pigs were fasted overnight before surgery with free access to water. 
The animal experiments were performed in accordance with provisions by the Danish 
Animal Experiments Inspectorate (2012-15-2934-00122).  

Study design
An observational model was designed to evaluate the effects of brain death. Outcome 
parameters were compared at different times compared to the previous measurements 
to evaluate the changes over time. 

Eight of the pigs were used as DBD donors and after four hours of brain death kidneys 
were recovered and cold storage lasted for nineteen hours, and subsequently donor 
kidneys were transplanted to eight recipients. The follow-up was ten hours following 
reperfusion (Figure 1).

Figure 1 - Study design. Abbreviations: brain death (BD), cold storage (CS), transplantation (Tx),               
post-reperfusion (post-rep.).

Anesthesia and monitoring
Before transport to the animal laboratory, pigs were sedated by intramuscular injections 
of azaperone (0.1 ml/kg) and midazolam (0.5 mg/kg). At arrival, midazolam (0.5 mg/
kg), ketamine (5 mg/kg), and atropine (0.01 mg/kg) were given to prolong sedation. 
Prior to intubation midazolam (0.5 mg/kg) and ketamine (5 mg/kg) was administered 
intravenously. After intubation continuous anesthesia was maintained using propofol 
(8 mg/kg/h) and fentanyl (25 µg/kg/h). Animals were ventilated with 40% oxygen and 
a tidal volume of 10 ml/kg. Expiratory CO2 was maintained between 4.5- and 5.5 kPA 
by adjusting respiratory rate. Ringer acetate was infused continuously (donors: 10 ml/
kg/h; recipients: 15 ml/kg/h). The carotid artery and jugular vein were catheterized for 
blood pressure monitoring, blood samples and fluid administration. 
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Mean arterial pressure (MAP) was maintained above 60 mmHg. If MAP < 60 mmHg a 
bolus infusion of 500 ml Ringer’s acetate was given. Cefuroxime (750 mg) was given as 
antibiotic prophylaxis before start of surgery and repeated after six hours. A bolus of 20 
ml 50% glucose was administered if the blood glucose level dropped below 4.0 mmol/l.

DBD kidney donation
Prior to the induction of brain death right and left ureters were catheterized with a 8 
Fr feeding tube through a five cm distal, midabdominal incision to measure GFR of 
each kidney. Intracranial pressure was measured through a hole in the cranium and  a 
secondary hole was used to position a 22Fr 60cc Foley urine catheter in the epidural 
space. Brain death was induced by infusion of saline in the 22Fr 60cc Foley urine 
catheter (1ml/min). Brain death was defined when intracranial pressure was higher 
than mean arterial pressure3,13. At this point an extra ten ml of saline was infused in 
the catheter (1ml/min). To avoid muscle cramps a bolus of rocuronium (130 mg) was 
administered intravenously. Continuous propofol administration was stopped at brain 
death. 

Kidneys were removed after four hours of brain death through a midline laparotomy. 
Prior to removal of the kidneys heparin (20,000 IU) was given and kidneys were flushed 
in situ with one liter of 4°C Custodiol®. After procurement kidneys were preserved cold 
at 4°C for 19 hours.

Transplantation
Right- and left nephrectomy was performed via a retroperitoneal approach and donor 
kidneys were transplanted by end-to-end anastomoses to the left renal artery and vein. 
The ureter was catheterized with a 10Fr feeding tube. Fifteen minutes post-reperfusion 
the abdomen was closed. After ten hours of follow-up the recipients were sacrificed 
using pentobarbital (80 mg/kg).

Samples
In the donors, blood and urine samples were taken hourly via a carotid artery catheter 
and catheterized ureters, respectively. Samples from the recipient were obtained at 
reperfusion, then every 30 minutes during the first 2 hours, and then hourly until the 
end of follow-up. Biopsies from donor kidneys were taken just prior to removal from the 
donor, after cold storage (CS), as well as 15 minutes and 10 hours post reperfusion. 

Blood and urine samples were stored at -80°C. Cortical and medullary samples of the 
kidney were snap frozen in N2 and stored at -80°C. Blood gases were analyzed by an 
ABL 700 (Radiometer, Copenhagen, Denmark). Standard biochemical parameters in 
plasma and urine were measured in the laboratory center of the University Medical 
Center Groningen. 
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Plasma Aldosterone (Coat-A-Count® kit TKAL2, Siemens, Malvern, USA) and urinary 
neutrophil gelatinase-associated lipocalin (NGAL) (Bioporto diagnostics A/S, Gentofte, 
Denmark) were measured according to manufacturer’s instructions. 

The brain death donors and the recipients were also used in another experiment and a 
part of the analyses in recipients was used as reference material in that study14.

Glomerular	filtration	rate,	osmolar	clearance	and	free	water	clearance
GFR was measured as 51Cr-EDTA urinary clearance. An intravenous bolus of 51Cr-EDTA 
(2.6 mBq) was followed by continuous infusion of 51Cr-EDTA (1.3 mBq/hour). Blood and 
urine samples were counted using a gamma ray detector (Cobra II, Packard, Meriden, 
CT). Values were corrected for decay. The following formulas were used to calculate 
GFR, osmolar clearance and free water clearance:

GFR = (urinary 51Cr-EDTA (CPM/ml) * urine output (ml/min)) / plasma 51Cr-EDTA (CPM/
ml)

Osmolar clearance (ml/min) = (urine osmolality (mOsm/l) * urine output (ml/min))/ 
plasma osmolality (mOsm/l)

Free water clearance (ml/min) = urine output (ml/min) – osmolar clearance (ml/min)

Quantitative real-time reverse transcription polymerase chain reaction            
(qRT-PCR)
RNA was extracted from snap frozen tissue using Trizol reagent according to the 
manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total RNA was 
treated with DNAse I to remove genomic DNA contamination (Invitrogen, Breda, the 
Netherlands). The integrity of total RNA was analyzed by gel electrophoresis. cDNA 
synthesis was performed from 1 μg total RNA using M-MLV (Moloney murine leukaemia 
virus) Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The Netherlands). 

Primer sets were designed using Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA). Amplification and detection were performed with the ABI Prism 7900-
HT Sequence Detection System (Applied Biosystems) using emission from SYBR green 
master mix (Applied Biosystems). The PCR reactions were performed in triplicate. After 
an initial activation step at 50 °C for 2 min and a hot start at 95°C for 10 min, PCR 
cycles consisted of 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Dissociation 
curve analysis were performed for each reaction to ensure amplification of specific 
products. 

qRT-PCR primers are shown in table 1. Gene expression was normalized to the mean 
of 18S mRNA content. Results were finally expressed as 2–ΔCT (CT threshold cycle), 
which is an index of the relative amount of mRNA expression in each tissue.
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Cytokine assay
Plasma levels of nine different cytokines: interleukin-1β (IL-1β), IL-4, IL-6, IL-8, IL-
10, IL-12p40, interferon-α (IFN-α), IFN-γ, and tumour necrosis factor-α (TNF-α), were 
measured using a ProcartaPlextm porcine immunoassay (Affymetrix, eBioscience, 
Vienna, Austria) according to manufacturers’ instructions. 

Statistical analyses
GraphPad Prism 5.0 (GraphPad software Inc., La Jolla, USA) was used for statistical 
analysis. All data was analyzed using Wilcoxon signed rank test for paired data. Data is 
presented as median [interquartile range] and p<0.05 is considered significant.

Table 1 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght (bp)

18S AGTCCCTGCCCTTTGTACACAC AACCATCCAATCGGTAGTAGCG 51

IL-1β GATGACACGCCCACCCTG CAAATCGCTTCTCCATGTCCC 75

IL-6 AGACAAAGCCACCACCCCTAA CTCGTTCTGTGACTGCAGCTTATC 69

IL-10 AGTGTGACAAAGTCGCTTACACTCA AGGGCCACCGGAATATTAGCT 75

TNF-α GGCTGCCTTGGTTCAGATGT CAGGTGGGAGCAACCTACAGTT 63

MCP-1 ACTTGGGCACATTGCTTTCCT TTTTGTGTTCACCATCCTTGCA 84

ICAM-1 GGCTGTGCACTGCAACAAGA TGTGGCAATGCCAAATCCT 75

LDHA TTGGATGGTACTTATCTTGTGTAGTCCTAA GCCCGGGTGCCTCTTG 75

PC GCATGGATGTCTTTCGGGTCT GCACTGCCCACCGCCT 78

PCK-1 GACACGCAGGCACAGGGT ACAGCTCAAGCAGTCTGGGC 77
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Results

The effect of brain death on hemodynamic parameters and renal function
At the time of brain death, mean arterial pressure (MAP) and heart rate increased to 
130 mmHg and 190 beats per minute (BPM), respectively (Figure 2A and 2B). During 
the first hour of brain death heart rate dropped to 150 BPM and remained stable during 
the following three hours. In contrast, MAP dropped to a minimum of 60 mmHg during 
the first 15 minutes of brain death. In accordance with the protocol, fluid treatment was 
then initiated to prevent a further decline of MAP. Brain dead donors required 4.5 [1.5-
6] liters of Ringer’s acetate as bolus administration to maintain MAP above 60 mmHg 
during four hours of brain death. None of the animals required inotropic treatment. 

Figure 2 - The effect of brain death on MAP and heart rate. Induction of brain death (BD) distinctly 
increases both MAP (A) and heart rate (B). (* = p<0.05)

Baseline levels of urine output and GFR were 1.2 [0.6-3.2] ml/min and 44 [41-47] ml/
min, respectively (Figure 3A and 3B). One hour after brain death urine output declined 
to 0.4 [0.2-0.7] ml/min (p=0.002) and GFR decreased to 31 [16-35] ml/min (p=0.004). 
Two hours after brain death both urine output and GFR increased to 2.5 [1.2-3.4] ml/
min (p=0.002) and 51 [48-68] ml/min (p=0.001), respectively. During the third hour 
of brain death urine output further increased to 6.0 [3.2-7.9] ml/min (p=0.0001) while 
GFR decreased to 44 [39-59] ml/min (p=0.008). During the fourth hour of brain death 
urine output tended to decrease to 3.6 [2.3-4.8] ml/min (p=0.07) and GFR further 
declined to 37 [33-40] ml/min (p=0.002) (Figure 3A and 3B). Free water clearance 
increased significantly after brain death to 4.8 [2.4-5.9] ml/min (p=0.0001) during the 
third hour of brain death, but decreased along with urine output during the fourth hour 
(Figure 4A). Osmolar clearance and sodium excretion decreased during the first hour 
after brain death. However, an increase was observed during the second and third hour 
of brain death (Figure 4B and 4C). Plasma aldosterone levels were below detection limit 
at all times in the brain dead donors. 

A B
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The effect of brain death on biochemical parameters
Plasma ASAT levels were significantly increased after four hours of brain death 
compared to the baseline (63 [31-84] vs. 29 [25-33] U/l; p=0.02), while ALAT or LDH 
plasma levels did not change (Supplemental data – Figure 1). Plasma lactate levels 
increased significantly in the first hour after brain death compared to the baseline (5.8 
[4.8-8.2] vs. 1.1 [0.8-1.4] mmol/l; p=0.0009) while hemoglobin and plasma glucose 
levels did not significantly change during the four hours of brain death (Supplemental 
data – Figure 2).

Figure 3 - The effect of brain death on urine output and GFR. Brain death (BD) caused triphasic 
respons in renal function as demonstrated by changes in urine output (A) and GFR (B). (* = p<0.05)

Figure	4	 -	 The	effect	of	brain	death	on	 free	water	 clearance,	osmolar	 	 clearance	and	sodium	
excretion. After the first hour of brain death free water clearance substantially increased suggesting 
reduced vasopressin activity (A). Osmolar clearance (B) and sodium excretion (C) were significantly reduced 
during the first hour of brain death, while an increase was observed in the second and third hour of brain 
death. (* = p<0.05)

A B

A B C
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The effect of brain death and transplantation on urinary excretion of NGAL
The urinary excretion rate of NGAL, a marker of acute kidney injury, was significantly 
increased after four hours of brain death compared to baseline levels of the brain 
dead donors (Figure 5A: 13 [8-25] vs. 7 [6-9] ng/min; p=0.018). In recipients, urinary 
excretion rates were highest during the first 30 minutes after reperfusion (940 [280-
1400] ng/min), followed by a decline to the lowest levels at two hours post-reperfusion. 
From two- until ten hours post-reperfusion urinary NGAL excretions tended to increase 
(Figure 5B). 

Figure	5	-	The	effect	of	brain	death,	cold	storage	and	transplantation	on	NGAL	excretion.	Four 
hours of brain death significantly increased urinary NGAL excretion (A). However, this increase is small 
compared to NGAL levels excreted in the first thirty minutes after transplantation (B). (* = p<0.05)

The	effect	of	brain	death	and	transplantation	on	inflammation
In the brain death donors, plasma levels of nine cytokines were measured at the 
baseline, after one-, and after four hours of brain death. Only IL-1β and IL-12p40 were 
detectable while levels of all other cytokines were below the detection range. Brain 
death did not significantly affect plasma levels of IL-1β or IL-12p40 (Supplemental data 
– Figure 3). 

In the recipients, plasma cytokine levels were also measured. Similarly, only IL-1β 
and IL-12p40 were within detection range and no changes in IL-1β or IL-12p40 levels 
were observed between baseline, 30 minutes post-reperfusion, and ten hours post-
reperfusion (Supplemental data – Figure 4).

The effect of DBD transplantation on mRNA expression of the inflammatory markers 
IL-1β, IL-6, IL-10, TNF-α, intercellular adhesion molecule-1 (ICAM-1) and monocyte 
chemoattractant protein-1 (MCP-1) was evaluated in renal cortical tissue at four 
different time points: after four hours of brain death (BD), after 19 hours cold storage 
(CS), 15 minutes post-reperfusion (t15min), and ten hours post-reperfusion (t10hrs) 
(Figure 6). 
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Figure	6	 -	The	effect	of	brain	death,	cold	storage	and	transplantation	on	renal	 inflammation.	
Brain death and cold storage do not induce any changes in the renal expression of several inflammatory 
markers. After transplantation and 10 hours of reperfusion the mRNA levels of the inflammatory markers 
ICAM-1 and MCP-1 were increased in cortical tissue. (* = p<0.05)

No change in the mRNA levels of the inflammatory markers was observed between 
BD and CS, or CS and 15 minutes reperfusion, although TNF-α mRNA levels tended to 
increase at the end of CS. In contrast, the expression of pro-inflammatory genes ICAM-1 
and MCP-1 significantly increased ten hours post-reperfusion compared to 15 minutes 
post-reperfusion. In addition, IL-6 mRNA levels showed a trend towards an increase 
ten hours after reperfusion. The other inflammatory markers revealed no significant 
changes in cortical mRNA levels between 15 minutes and ten hours post-reperfusion.
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The	effect	of	brain	death,	cold	storage,	and	transplantation	on	renal	metabolism
Cortical lactate dehydrogenase A (LDHA) mRNA expression showed a trend towards a 
decrease after 15 minutes of reperfusion compared to the cold storage period. Between 
15 minutes and ten hours post-reperfusion, cortical LDHA expression tended to increase 
again (Figure 7). Phosphorenolpyruvate carboxykinase-1 (PCK-1) mRNA expression 
decreased significantly between cold storage and 15 minutes post-reperfusion. The 
mRNA expression of both PCK-1 and pyruvate carboxylase (PC) revealed a trend towards 
down-regulation in the reperfusion phase (Figure 7). 

Figure	 7	 –	 The	 effect	 of	 brain	 death,	 cold	 storage	 and	 transplantation	 on	 renal	metabolism.	
Fifteen minutes post-reperfusion LDHA expression tended to be reduced, while it increased after 10 hours 
of reperfusion again. PC and PCK-1 expression was reduced in the reperfusion phase. (* = p<0.05)
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Discussion

This is the first study showing the acute dynamic changes of GFR following brain 
death. Surprisingly, no systemic inflammation was found in donors or recipients, while 
renal inflammation was observed only after ten hours reperfusion. Furthermore, renal 
metabolism seems to shift from aerobic to anaerobic in the reperfusion phase, as 
demonstrated by changes in markers of mitochondrial dysfunction. These new insights 
in the renal effects of brain death may inspire new approaches to improve outcome of 
DBD kidney transplantation.

Initially, brain death caused a decrease of GFR, while the MAP was maintained above 
60 mmHg. This was unexpected, because Ringer’s acetate was administered to treat 
the well-described hypotension following induction of brain death2,3. Mehrabi et al. 
demonstrated that the renal perfusion after brain death is comparable to non-brain 
dead controls when the MAP was 60 mmHg15. This suggests that the response in GFR 
was not caused by changes in MAP. 

In the second phase of the response in GFR after induction of brain death hyperfiltration 
was observed. Experimental- and clinical studies demonstrated that brain death can 
cause diabetes insipidus16,17, but the increase of GFR has not been observed previously.

The third phase included a decline of GFR, while the urine output and free water 
clearance still increased suggesting a further decrease of vasopressin activity. In the 
last hour of brain death also urine output and free water clearance decreased despite 
fluid administration was higher than the urine output. This suggests that physiological 
mechanisms were activated to reduce urine output. Aldosterone levels were, not 
increased in the brain dead donors suggesting that the renin-angiotensin-aldosterone 
system was not activated. Alternatively, we speculate a decline in atrial- and brain 
natriuretic peptide plasma levels, as demonstrated by Potapov et al.18, might be 
responsible for the reduced urine output. 

Fonseca et al. showed that increased urinary NGAL excretion early after transplantation 
is associated with delayed graft function and inferior one year renal graft function19. 
The minor increase of urinary NGAL compared to the massive wash-out in the first 30 
minutes after reperfusion, suggests that only after reperfusion it may be a potential 
predictor of graft-function. Time of urine sampling has to be precisely determined as 
reperfusion injury caused a secondary increase in NGAL excretion from two to ten hours 
post-reperfusion. 

No increased expression of systemic- or renal inflammatory markers was observed in 
the brain death donors. In the recipients, cortical mRNA expression of inflammatory 
markers significantly increased after ten hours of reperfusion, while plasma markers of 
systemic inflammation were not significantly raised. 
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It is unlikely, these plasma cytokines were not detectable due to dilution as hemoglobin 
levels did not change. These observations are surprising, because brain death related 
systemic- and renal inflammation has been demonstrated in experimental models 
and in human DBD transplantation5–7. In our model, renal blood flow was assured as 
MAP was maintained above 60 mmHg preventing renal I/R. Thus, the systemic- and 
renal inflammatory response observed in brain death donors may be secondary to 
hemodynamic instability. None of the animals required inotropic treatment and we did 
not use colloids, which may be detrimental for renal function as lately reviewed by 
Mutter et al.20. The clinical situation is more complicated compared to this experimental 
model, but the findings of this study suggest that the inflammatory activation is not 
inherent to brain death itself. This means that we should focus on donor management 
instead of anti-inflammatory treatment in brain death donors. Improved management 
of brain dead donors may reduce inflammatory activation and thus improve outcome 
after transplantation. Clinically, this might implicate that fluid treatment should be 
preferred above inotropic treatment. Further investigation of the role of fluid treatment 
in brain dead donor management is therefore warranted. 

Brain dead donors are known to become insulin resistant, which causes increased 
blood glucose levels11. In this study, however, blood glucose levels did not increase 
significantly. It is possible that the period of brain death was too short to observe 
this effect. During the reperfusion phase interesting changes in renal expression 
of metabolic markers were observed. The enzymes PC and PCK-1 involved in renal 
gluconeogenesis were down-regulated in the reperfusion phase suggesting increased 
anaerobic metabolism. Fifteen minutes after reperfusion LDHA expression tended 
to be reduced, implicating aerobic metabolism and thereby normal mitochondrial 
function. However, ten hours post-reperfusion LDHA tended to increase suggesting a 
shift to anaerobic function. Thus, gluconeogenesis and mitochondrial function may be 
normal immediately following reperfusion while subsequent reperfusion may cause 
mitochondrial damage explaining the increase in anaerobic activity. 

The period of four hours brain death is relatively short compared to the human 
situation. However, Schuurs et al. demonstrated in an experimental model of brain 
death that inflammatory markers were distinctly increased after thirty minutes of brain 
death21. It is therefore unlikely that the period of brain death in our model was too 
short to investigate its effect on renal function, metabolism and inflammation. We did 
not compare hemodynamic stable and unstable groups and this is a limitation. The 
observed effects of brain death therefore warrant further investigation of the role of  
hemodynamic stability in the development of inflammation and acute kidney injury. 
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To conclude, we have identified a triphasic response of GFR in brain death donors. A 
systemic increase of inflammatory markers was not observed, suggesting an important 
role for aggressive fluid treatment to maintain donors hemodynamically stable. I/R 
injury developed after reperfusion indicated by signs of mitochondrial dysfunction and 
increased markers of renal inflammation. Hereby a “window of opportunity” is proposed 
for cytoprotective treatment early in the reperfusion phase.



34

Chapter 2

1. Roodnat JI, van Riemsdijk IC, Mulder PG, et al. The superior results of living-donor renal 
transplantation are not completely caused by selection or short cold ischemia time: a single-center, 
multivariate analysis. Transplantation 2003; 75(12): 2014-8. 

2. Novitzky D, Cooper DK, Rosendale JD, Kauffman HM. Hormonal therapy of the brain-dead organ 
donor: experimental and clinical studies. Transplantation 2006; 82(11): 1396-401. 

3. Barklin A, Larsson A, Vestergaard C, et al. Does brain death induce a pro-inflammatory response at 
the organ level in a porcine model? Acta Anaesthesiol Scand 2008; 52(5): 621-7. 

4. Eltzschig HK, Eckle T. Ischemia and reperfusion--from mechanism to translation. Nat Med 2011; 
17(11): 1391-401. 

5. van Werkhoven MB, Damman J, van Dijk MC, et al. Complement mediated renal inflammation 
induced by donor brain death: role of renal C5a-C5aR interaction. Am J Transplant 2013; 13(4): 
875-82. 

6. Amado JA, Lopez-Espadas F, Vazquez-Barquero A, Salas E, Riancho JA, Lopez-Cordovilla JJ, Garcia-
Unzueta MT. Blood levels of cytokines in brain-dead patients: relationship with circulating hormones 
and acute-phase reactants. Metabolism 1995; 44(6): 812-6. 

7. Pratschke J, Wilhelm MJ, Kusaka M, Basker M, Cooper DK, Hancock WW, Tilney NL. Brain death 
and its influence on donor organ quality and outcome after transplantation. Transplantation 1999; 
67(3): 343-8. 

8. Damman J, Seelen MA, Moers C, et al. Systemic complement activation in deceased donors is 
associated with acute rejection after renal transplantation in the recipient. Transplantation 2011; 
92(2): 163-9. 

9. Wilson JL, Miranda CA, Knepper MA. Vasopressin and the regulation of aquaporin-2. Clin Exp 
Nephrol 2013; . 

10. Mertes PM, el Abassi K, Jaboin Y, et al. Changes in hemodynamic and metabolic parameters 
following induced brain death in the pig. Transplantation 1994; 58(4): 414-8. 

11. Masson F, Thicoipe M, Gin H, de Mascarel A, Angibeau RM, Favarel-Garrigues JF, Erny P. The 
endocrine pancreas in brain-dead donors. A prospective study in 25 patients. Transplantation 
1993; 56(2): 363-7. 

12. Novitzky D, Cooper DK, Morrell D, Isaacs S. Change from aerobic to anaerobic metabolism after 
brain death, and reversal following triiodothyronine therapy. Transplantation 1988; 45(1): 32-6. 

13. Mehrabi A, Golling M, Korting M, et al. Different impact of normo- and hypotensive brain death 
on renal macro- and microperfusion--an experimental evaluation in a porcine model. Nephrol Dial 
Transplant 2004; 19(10): 2456-63. 

14. Bittner HB, Kendall SW, Chen EP, Van Trigt P. Endocrine changes and metabolic responses in a 
validated canine brain death model. J Crit Care 1995; 10(2): 56-63. 

15. Guesde R, Barrou B, Leblanc I, Ourahma S, Goarin JP, Coriat P, Riou B. Administration of 
desmopressin in brain-dead donors and renal function in kidney recipients. Lancet 1998; 
352(9135): 1178-81. 

16. Potapov EV, Blomer T, Michael R, et al. Effect of acute brain death on release of atrium and B-type 
natriuretic peptides in an animal model. Transplantation 2004; 77(7): 985-90. 

17. Fonseca I, Oliveira JC, Almeida M, et al. Neutrophil Gelatinase-Associated Lipocalin in Kidney 
Transplantation Is an Early Marker of Graft Dysfunction and Is Associated with One-Year Renal 
Function. J Transplant 2013; 2013: 650123. 

18. Mutter TC, Ruth CA, Dart AB. Hydroxyethyl starch (HES) versus other fluid therapies: effects on 
kidney function. Cochrane Database Syst Rev 2013; 7: CD007594. 

19. Schuurs TA, Morariu AM, Ottens PJ, ‘t Hart NA, Popma SH, Leuvenink HG, Ploeg RJ. Time-dependent 
changes in donor brain death related processes. Am J Transplant 2006; 6(12): 2903-11. 

20. Soendergaard P, Krogstrup NV, Secher NG, et al. Improved GFR and renal plasma perfusion 
following remote ischaemic conditioning in a porcine kidney transplantation model. Transpl Int 
2012; 25(9): 1002-12. 

21. van Rijt WG, Secher N, Keller AK, et al. α-melanocyte stimulating hormone treatment does not 
improve early graft function in porcine brain dead kidney transplantation. PLOS-one 2014; 9(4): 
e94609

References



35

2

Triphasic response of GFR after brain death

Supplemental	data	–	Figure	1:	The	effect	of	brain	death	on	plasma	ASAT,	ALAT	and	LDH	levels.	
Brain death significantly increased plasma ASAT levels (A) after four hours, while no effect on ALAT (B) or 
LDH levels (C) was observed (* = p<0.05).

Supplemental	 data	 –	 Figure	 2:	 The	 effect	 of	 brain	 death	 on	 plasma	 lactate,	 hemoglobin	 and	
plasma glucose levels. Induction of brain death caused a significant increase in plasma lactate levels 
(A). No differences in hemoglobin (B) or plasma glucose levels (C) of brain death donor pigs were observed. 
(* = p<0.05)

Supplemental data – Figure 3: The effect of brain death on plasma cytokine levels in the donor. 
IL1-β (A) or IL-12p40 (B) plasma levels were not affected by brain death.

Supplemental data

A B C

A B

A B



36

Chapter 2

Supplemental data – Figure 4: The effect of brain death kidney transplantation on plasma 
cytokine levels in the recipient. No changes in IL1-β (A) or IL-12p40 (B) plasma levels were observed in 
the early reperfusion phase.
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