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INTRODUCTION

RENaL rEPLacEMENT THEraPY aND THE ANGIOPOIETIN/
TIE2-SYSTEM 
The last few decades, the incidence and prevalence of end stage renal disease 
(ESRD) have been increasing worldwide1. Many of these patients ultimately 
require dialysis or a renal transplant. The latter is associated with better outcomes 
compared with maintenance dialysis therapy and therefore the preferred renal 
replacement treatment option. It results in superior quality of life and reduced 
mortality compared to dialysis therapy2-4. In renal transplantation, grafts are 
retrieved from living, deceased brain death (DBD) and deceased cardiac death 
(DCD) donors. Although kidneys obtained from living donors (LD) show better 
function and graft survival after transplantation then those obtained from deceased 
donors, their availability is limited5-7. Therefore, deceased donors are the main 
source for transplantation and most donor kidneys used are derived from DBD 
donors. Although not fully elucidated, not only post transplantation factors, but 
also donor condition is of major importance for long-term kidney graft survival5,7,8. 
In the DBD donor, a cascade of detrimental hemodynamic, in�ammatory, hormonal, 
and immunologic events are induced that lead to endothelial activation thereby 
negatively affecting the function and outcome of transplanted kidneys7,9-13. 
Endothelial activation and disturbances in endothelial barrier function are 
considered to play an important role in the underlying brain death processes14. 
An important regulatory system in regulation of the endothelial barier is the 
constitutive Angiopoietin/Tie-signaling pathway, which is considered an important 
system in maintaining vascular quiescence15. 

The Angiopoietin/Tie-system 
In 1996, long after the discovery of vascular endothelial growth factor (VEGF), a 
second speci�c vascular endothelial family of growth factors was identi�ed, named 
the Angiopoietins16-18. The distribution of the Angiopoietin receptors, Tie1 and 
Tie2, is restricted to the vascular endothelium19. The endothelium presents a large 
surface area for exchange of materials between blood and tissues and is the �rst 
intima lining exposed to invading circulating pathogens. Endothelial disturbance is 
critically involved in many processes such as control of vascular tone, in�ammatory 
responses, permeability and blood coagulation20. The luminal surface of the 
endothelial cells is lined with a glycocalyx layer and is considered as an intravascular 
compartment that protects the vessel wall against pathogenic processes21. 
Endothelial dysfunction or activation occurs in many diseases associated with an 
increased cardiovascular risk22,23. The direct contact between endothelium and 
plasma and cellular blood components rapidly increases expression of endothelial 
adhesion molecules, recruitment of leukocytes and vessel permeability upon pro-
in�ammatory activation24. The importance of the Tie1 and Tie2 vascular endothelial 
receptor tyrosine kinases for vascular formation have been revealed by genetic 
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gain- and loss-of-function experiments which clari�ed the functional consequences 
of the Ang/Tie2-system18,25,26. Tie2 is a 140 kD receptor and has been demonstrated 
to be essential for the development and of the vasculature27. All four known 
angiopoietins are secreted glycoproteins of approximately 70 kDa28. Of these, Ang1 
and Ang2 are the best characterized and transgenic mice studies demonstrated 
that both are essential for correct vascular formation25,29. Ang1 and Ang2 regulate 
endothelial cell survival, angiogenesis and maturation via opposing functions via 
paracrine agonizing (Ang1) or autocrine antagonizing (Ang2) Tie2 phosphorylation, 
as Ang2 competes with Ang1 to bind to the Tie2 receptor30-32. Both bind to the Tie2 
receptor with similar af�nity33. To maintain the quiescent endothelium, low-level 
constitutive Tie2 activation is thought be required19,34,35. 
Studies on the roles of the Ang/Tie2-system report an important contribution 
in controlling these processes32,36,37. The proportion between Ang1 and Ang2 
regulates endothelial barrier function, vascular leakage and in�ammation that 
develop in response to pathogens and cytokines36. Binding of Ang1 to the Tie2 
receptor induces Tie2 phosphorylation, providing an anti-in�ammatory signal to 
the endothelium and thereby leading to vessel stabilization, a quiescent, anti-
in�ammatory endothelial status. In healthy adults, Ang1 is expressed at relatively 
constant rates by pericytes and vascular smooth muscle cells19. Ang1 maintains the 
Tie2 receptor in an activated state and protects endothelial cells from undergoing 
apoptosis via the PI3�-kinase/Akt signal transduction pathway (�gure 1)38,39. 
Expression of Ang1 is not restricted to the vasculature, it is also stored in large 
amounts within platelets40.
In contrast, a competition of Ang2 by preventing Ang1 from binding to Tie2 induces 
inhibition of Tie2 signal transduction and facilitates impaired endothelial function, 
increased in�ammatory responsiveness and vascular leakage15,18. Ang2 was identi�ed 
by sequence homology to Ang130 and is almost exclusively produced by endothelial 
cells41,42. Ang2 is only weakly expressed in endothelial cells under physiological 
conditions. Endothelial storage granules, Weibel Palade bodies (WPB), store Ang2 and 
quickly release it into the systemic circulation upon pro-in�ammatory stimulation43,44. 
The functions of Ang2 appear to be more complex and it is suggested to act in 
a context-dependent manner as agonist and antagonist of Tie2 signaling26,29,45-47. 
High Ang2 concentrations can induce Tie2 phosphorylation and activate a similar 
signaling pathway as Ang1, exerting an antiapoptotic effect48. In contrast to the 
well-established antagonistic roles of Ang2, these agonistic functions are less well 
established. Excess WPB exocytosis as a consequence of decreased nitric oxide 
availability, like e.g. in chronic kidney disease (CKD), increases Ang2 levels49.
Previous clinical and experimental data indicate a pivotal role of Ang2-driven 
endothelial activation in the pathogenesis of vascular in�ammation, atherosclerosis 
and critical illness18,50-53. Binding of Ang2 to Tie2 antagonizes Tie2 signaling and 
primes the endothelium to respond to pro-in�ammatory cytokines54. These 
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function may re�ect the immunogenic state of the donor organ and could be used 
as biomarker and intervention target to improve donor organ quality and outcome 
after transplantation. Prognostic signi�cance of Ang2 has already been shown 
after trauma57, sepsis58 and acute pancreatitis59. In the general population and in 
clinical samples, elevated Ang2 levels predict cardiovascular events and mortality60. 
Moreover, circulating Ang2 is predictive of mortality in CKD patients61 and upon 
renal transplantation (when measured after transplantation). A case-cohort study 
demonstrated that higher Ang2 levels are independently associated with increased 
all-cause mortality risk in renal transplant recipients (RTR)62. Even after successful 
renal transplantation, mortality rates are markedly higher compared to the general 
population63-66 with cardiovascular disease (CVD) as the leading cause of death 
after renal transplantation underlining the critical role of the Ang/Tie2-system from 
donor to recipient67,68.
In patients on dialysis, the prevalence of chronic in�ammation, endothelial 
dysfunction, and accelerated atherosclerosis is high69,70. Elevated in�ammatory 
factors are associated with an increased mortality risk71. The exact origin of chronic 
in�ammation in dialysis patients remains unclear although the Ang/Tie2-system 
has been shown to play an important role in injury induced by CKD and dialysis. 
Previous studies have demonstrated an increase of circulating Ang2 with the 
progression of CKD which is predictive of mortality in these patients and correlates 
with severity of vascular disease in dialysis patients50,61,72-74. Because high Ang2 
concentrations enhance endothelial responsiveness toward various cytokines and 
growth factors, Ang2 might act as an in�ammatory sensitizer leading to vascular 
micro-in�ammation in dialyis patients. 

Modulating the Ang/Tie2-system
Investigating exogenous intervention in the Ang/Tie2-system might provide 
opportunities to maintain quiescent vascular endothelium, thereby preventing 
activation of further detrimental in�ammatory effects. As competitive agonists 
and antagonists of Tie2, Ang1 and Ang2 represent the balance between resting 
and activated endothelium. The Ang/Tie2-system has already been studied 
as potential therapeutic target in various conditions in experimental models. 
Intravenous recombinant Ang1 administering alone was suf�cient to signi�cantly 
attenuate murine sepsis dysfunctions and survival time, most likely by preserving 
endothelial barrier function75,76. In mice, cartilage oligomeric matrix protein-
angiopoietin-1 (COMP-Ang1), a variant of native Ang1, preserved renal tissue 
perfusion �ow, microvascular permeability and decreased renal interstitial �brosis 
after the ischemia-reperfusion injury77. COMP-Ang1 has also been reported to 
protect against endotoxemia-induced acute kidney injury (AKI) in mice78. The anti-
in�ammatory properties of Ang1 protected against the development of rat cardiac 
allograft arteriosclerosis79. 
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Although therapy aimed at restoring Ang1 are promising in pre-clinical models, recent 
studies claim Ang2 to be the more dynamic player in the Ang/Tie2-system53,60,80-86. 
Attenuating pro-in�ammatory Ang2 effects may therefore be another attractive 
target for therapeutic intervention in critical illness. Anti-Ang2 therapies have been 
studied in several preclinical models showing antiangiogenic effects in tumor-
bearing rodents84,87,88, less liver �brosis in rats89, preventing transplant ischemia-
reperfusion injury and chronic rejection in rat cardiac allografts85. Phase III clinical 
trials using Ang2 inhibitors that have been performed to date provided promising 
results in malignancy90-92.
The contribution of the Ang/Tie2-system in conditions wherein endothelial 
activation and dysfunction has a critical role, such as in renal replacement therapy, 
makes this system an interesting target to study. Appropriate treatment of patients 
on dialysis or the DBD donor by preventing endothelial destabilization by enhancing 
Ang1 mediated Tie2 phosphorylation or inhibiting Ang2 mediated signaling may 
be a tool to improve dialysis outcome, donor organ quality and subsequently 
transplant outcome. 

AIM Of THE THESIS
The aim of this thesis is to elucidate on the alleged functional role of the Ang/
Tie2-system before, during and after dialysis and renal transplantation. 
Although the Ang/Tie2-system has been studied in CKD, studies investigating 
the role of angiopoietins in dialysis and renal transplantation have been limited. It 
came of interest to study in these conditions since endothelial dysfunction plays 
a considerable role. Therefore, we investigated whether angiopoietin levels in 
hemodialysis patients are associated with markers of in�ammation and endothelial 
dysfunction, and if these levels associate with poor patient outcome in Chapter 
2. In Chapter 3, we aimed to gain insight in the Ang2 levels in living donation 
and subsequently, how levels of the more dynamic Ang2 change from living 
donation through renal transplantation and reperfusion in the paired recipient. 
To further investigate the predictive capacities of Ang1 and Ang2 after renal 
transplantation, we prospectively studied the association of circulating Ang1 and 
Ang2 with the occurrence of graft failure and mortality in renal transplant recipients 
(RTR). We performed secondary analyses in recipients of a kidney derived from 
deceased donors. All these results are presented in Chapter 4. Chapter 5 zooms 
in on the morphological and histopathological damage caused by brain death 
in renal transplant biopsies. We investigated the characteristics of pre-existent 
histopathological damage in both DBD and living donors. In Chapter 6, the 
endogenous role of Ang2 single nucleotide polymorphisms (SNPs) in the deceased 
donor and recipient on post-transplant outcome after renal transplantation was 
investigated. In Chapter 7 an outline of the pathophysiology of brain death and 
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its detrimental effects on the potential donor kidney is presented. In the following 
chapter we focused on the contribution of the Ang/Tie2-system to the pathogenesis 
of brain death and the therapeutic potential of Ang1 and Ang2 as an endothelium-
targeted agent in brain death donors. More speci�cally, in Chapter 8, we studied 
the effects of Ang1 and Vasculotide, an Ang1�derivate, in an experimental brain 
dead rat model to mimic the physiological setting of the brain death organ donor. 
The last few years, inhibition of the pro�in�ammatory functions of Ang2 has gained 
considerable interest in both preclinical and clinical studies since Ang2 appears 
to be the more dynamic player in the Ang/Tie2�system. Therefore, we studied the 
protective potential of the Ang2 inhibitor AMG386 in our experimental brain dead 
rat model as well. All results are summarized and discussed followed by future 
implications in Chapter 9.
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In this study we tested the hypothesis that angiopoietin levels in dialysis patients are 
associated with higher levels of markers of in�ammation, endothelial dysfunction, 
volume overload and cardiac damage. Additionally, we studied whether the HD 
procedure itself affects angiopoietin levels and if pre-, intra- and postdialysis Ang1 
and Ang2 are associated with outcome. 

METHODS

Patients and Study Design
For this study, we analyzed Ang1 and Ang2 levels in stored plasma samples of 
patients that participated in a prospective observational single-center cohort 
study25. Adult HD patients (aged �18 years) from the Dialysis Center Groningen 
and the University Medical Center Groningen were eligible if they had been treated 
with HD for more than 3 months and were on a thrice-weekly dialysis schedule. 
A total of 109 out of 235 in-center patients signed written informed consent. For 
the current post-hoc analysis, plasma Ang1 and Ang2 levels were measured in 
patients in which there were complete data and suf�cient plasma sample volumes 
to measure Ang1 and Ang2 (n = 100, 91.7%). The study was performed according to 
the Declaration of Helsinki and the study protocol was approved by the Institutional 
Review Board of the University Medical Center Groningen (METc 2008.343). The 
study was performed between March 2009 and March 2010. Plasma Ang1 and 
Ang2 were measured in December 2013. Patients were studied at the dialysis 
session after the longest interdialytic interval (3 days). 
HD session length was 4 hours. Patient characteristics were assessed at study 
entry from medical records. Diabetes was de�ned as fasting blood glucose level 
>6�mmol/L or use of antidiabetic drugs. Hypertension was de�ned as predialysis 
systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg or 
use of antihypertensive drugs. Cardiovascular history was de�ned as any history 
of ischemic heart disease, congestive heart failure, coronary artery bypass graft, 
percutaneous coronary intervention, stroke, or peripheral vascular disease. Blood 
pressure and heart rate were measured before, during and after HD. Ultra�ltration 
rate was expressed in ml/kg/h by dividing the ultra�ltration volume by dialysis 
session length and target weight32. Equilibrated Kt/V was calculated from pre- 
and postdialysis plasma urea concentration according to the second-generation 
logarithmic Daurgirdas equation33.

Dialysis settings
All patients were on bicarbonate HD with a low-�ux polysulfone hollow-�ber dialyzer 
(F8; Fresenius Medical Care). Blood �ow and dialysate �ow rates were 250-350 
and 500 ml/min, respectively. Dialysate temperature was 36.0°C in all patients. 
Dialysate composition was as follows: sodium 139 mmol/L; calcium 1.5 mmol/L; 
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occurrence of ischemic heart disease, congestive heart failure, coronary artery 
bypass graft, percutaneous coronary intervention, stroke, or peripheral vascular 
disease. Patients were censored at the time of renal transplantation. Data endpoints 
regarding survival and cardiovascular events were obtained from hospital charts. 
None of the patients was lost to follow-up. 

Statistical analysis
Data are reported as mean – SD (standard deviation) for continuous variables 
with normal distributions, median [interquartile range] for skewed variables, 
and number (%) for categorical data. The Kruskal-Wallis test was used to assess 
whether angiopoietin levels were signi�cantly different among the four time points. 
Subsequently, signi�cant differences of Ang2 between two time points were tested 
using the Mann-Whitney test. Differences between patients with an increase versus 
a decrease in angiopoietins during HD were analyzed with Chi-square test in 
case of dichotomous variables and Mann-Whitney in case of continues variables. 
Skewed data were normalized for analyses by natural-logarithm transformation 
(LN) transformation. The associations of Ang1 and Ang2 levels with various clinical 
parameters were analyzed with crude linear regression analysis (model 1), with 
adjustment for age, sex, dialysis vintage (model 2), and with additional adjustment 
for diabetes, cardiovascular history and ultra�ltration volume (model 3). Regression 
coef�cients are given as standardized betas. The same models were used to perform 
prospective Cox regression analyses for the association of angiopoietins with 
all-cause mortality and cardiovascular events. In the analyses of intradialytic Ang2 
changes, additional adjustment was performed for predialysis Ang2 level (model 4). 
In the analyses of intradialytic Ang2 change, hazard ratios are given per standard 
deviation multiplied with 100. Two-sided P value <0.05 was considered signi�cant. 
Statistical analyses were performed with SPSS version 20 (SPSS Inc. Chicago, USA).

RESULTS

Patient characteristics and angiopoietin concentrations 
Baseline characteristics of the 100 patients eligible for angiopoietin analyses are 
shown in table 1. The median (IQR) age was 66 (50-75) years. Twenty-four patients 
had diabetes and 81 used antihypertensive medication. Twenty-three patients 
had a history of cardiovascular events. The course of Ang1 concentrations during 
HD is shown in �gure 1a. Ang1 gradually decreased from 2.8 ng/ml (IQR 1.8-5.0) 
predialysis to 2.7 ng/ml (IQR 1.8-3.9) at 60 min intra-HD (p=0.36), 2.6 ng/ml (IQR 
1.6-4.0) at 180 min intra-HD (p=0.47) and 2.2 ng/ml (IQR 1.5-2.9) post-HD. Post-HD 
Ang1 levels were signi�cantly lower compared with predialysis levels (p=0.001). 
The course of Ang2 concentrations is shown in �gure 1b. Ang2 medians differed 
signi�cantly among the four time points (p=0.001). Ang2 increased signi�cantly 
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Figure 1b. Pre-, intra- and postdialysis Ang2 levels. Error bars indicate mean–SD of 
100 patients. Ang2 levels increased signi�cantly from predialysis to 60 min intradialysis 
(p=0.005). Pre- and post-HD Ang2 levels did not differ signi�cantly (p=0.50). 

Figure 1a. Pre-, intra- and postdialysis Ang1 levels. Error bars indicate mean–SD of 100 
patients. Postdialysis Ang1 levels were signi�cantly lower compared with predialysis 
(p=0.001) and 60 min intradialysis (p=0.01).

from 2.6 ng/ml (IQR 1.6-4.5) predialysis to 3.7 ng/ml (IQR 2.4-5.4, p=0.005) at 
60�min intra-HD. Subsequently, Ang2 decreased to 3.0 ng/ml (IQR 2.1-4.1) at 
180�min intra-HD (p=0.02, compared to 60 min intra-HD) and 2.5 ng/ml (IQR 1.9-3.6) 
post-HD (p=0.04, compared to 180 min intra-HD). Pre- and post-HD Ang2 levels 
did not differ signi�cantly (p=0.50).

30







ANGIOPOIETINS IN DIaLYSIS

2

Ta
b

le
 3

. C
ox

 re
gr

es
si

on
 a

na
ly

se
s 

fo
r p

re
di

ct
io

n 
of

 o
ut

co
m

e 
ba

se
d 

on
 A

ng
2 

le
ve

ls

A
ll-

ca
us

e 
m

or
ta

lit
y

A
ng

2 
pr

e-
H

D
*

A
ng

2 
60

 m
in

 in
tr

a-
H

D
*

A
ng

2 
18

0 
m

in
 in

tr
a-

H
D

*
A

ng
2 

po
st

-H
D

*

H
R

95
%

 C
I

p
H

R
95

%
 C

I
p

H
R

95
%

 C
I

p
H

R
95

%
 C

I
p

M
od

el
 1

1.
3

0.
8-

2.
1

0.
37

1.
5

0.
9-

2.
7

0.
12

2.
2

1.
1-

4.
5

0.
02

2.
4

1.
3-

4.
5

0.
00

5

M
od

el
 2

1.
4

0.
8-

2.
4

0.
22

1.
5

0.
9-

2.
5

0.
16

2.
6

1.
3-

5.
3

0.
00

8
3.

0
1.

5-
5.

7
0.

00
1

M
od

el
 3

1.
6

0.
9-

2.
8

0.
14

1.
6

0.
9-

2.
8

0.
10

4.
5

1.
9-

10
.5

0.
00

1
4.

6
2.

1-
10

.3
<

0.
00

1

C
ar

di
ov

as
cu

la
r 

ev
en

ts

M
od

el
 1

1.
9

1.
2-

3.
3

0.
01

2.
3

1.
3-

4.
2

0.
00

4
3.

4
1.

8-
6.

3
<

0.
00

1
3.

5
2.

0-
6.

2
<

0.
00

1

M
od

el
 2

2.
1

1.
3-

3.
7

0.
00

5
2.

3
1.

3-
4.

0
0.

00
5

3.
5

2.
0-

6.
3

<
0.

00
1

3.
7

2.
1-

6.
3

<
0.

00
1

M
od

el
 3

1.
8

1.
1-

3.
2

0.
04

1.
9

1.
1-

3.
4

0.
03

3.
5

1.
7-

7.
2

<
0.

00
1

3.
3

1.
7-

6.
4

0.
00

1

*A
ng

2 
w

as
 n

at
ur

al
-lo

ga
rit

hm
ic

 (L
N

) t
ra

ns
fo

rm
ed

 f
or

 a
na

ly
se

s.
 H

az
ar

d 
ra

tio
s 

ar
e 

as
so

ci
at

ed
 w

ith
 a

 1
-u

ni
t 

in
cr

ea
se

 in
 e

ac
h 

co
va

ria
te

.  
A

ng
2:

 a
ng

io
po

ie
tin

-2
, C

I: 
C

on
�d

en
ce

 
In

te
rv

al
, H

R:
 H

az
ar

d 
Ra

tio
.

M
od

el
 1

: c
ru

de
 m

od
el

M
od

el
 2

: a
dj

us
te

d 
fo

r a
ge

, s
ex

 a
nd

 d
ia

ly
si

s 
vi

nt
ag

e
M

od
el

 3
: a

s 
m

od
el

 2
 +

 a
dj

us
te

d 
fo

r d
ia

be
te

s,
 c

ar
di

ov
as

cu
la

r h
is

to
ry

 a
nd

 u
ltr

a�
ltr

at
io

n 
vo

lu
m

e

33



CHAPTER 2

2

Since the associations between higher Ang2 levels and higher all-cause mortality 
and cardiovascular events were stronger in the second half of the HD session, we 
also analyzed whether the change in Ang2 during HD was predictive of outcome. 
As shown in table 4, a greater intradialytic rise in Ang2 was associated with higher 
all-cause mortality in all models (HR 1.2, 95%CI 1.2-1.2, p<0.001). For cardiovascular 
events, no such association was found (table 4). In patients with an Ang2 increase 
(n=54), Ang2 rose from 1.9 ng/ml (IQR 1.2-3.2) pre-HD to 2.5 ng/ml (IQR 1.6-3.8) 
post-HD. In the remainder of patients, Ang2 levels were stable or decreased. 
In these patients, Ang2 levels decreased from 3.6 ng/ml (IQR 2.6-5.5) pre-HD 
to 2.5 ng/ml (IQR 2.0-3.5) post-HD. Patients whose Ang2 levels rose during HD 
had higher ultra�ltration volume (p=0.04) but lower predialysis Nt-pro-BNP levels 
(p=0.01) and lower predialysis Ang2 levels (p<0.001) compared with patients whose 
Ang2 levels decreased during HD (supplementary table 3). 

DIScUSSION
The main �ndings of this study are that Ang2 levels are signi�cantly associated 
with markers of in�ammation, �uid overload and cardiac damage and that higher 
Ang2 levels are associated with a higher incidence of all-cause mortality and 
cardiovascular events. HD treatment induced acute changes in angiopoietin levels 
suggestive of endothelial activation and greater intra-HD increases in Ang2 were 
associated with higher mortality. 
Only a few studies have investigated angiopoietins in HD patients15,36. We found 
slightly lower pre-HD Ang1 and Ang2 levels compared with another adult dialysis 
population, possibly as a result of the use of different assays37. Compared to serum 

Table 4. Cox regression analyses for prediction of outcome based on the intra-HD change 
in Ang2 concentration

�% Ang2 from pre-HD to post-HD*

All-cause mortality Cardiovascular events

HR 95% CI p HR 95% CI p

Model 1 1.2 1.2-1.2 0.008 1.2 1.2-1.2 0.95

Model 2 1.2 1.2-1.2 0.01 1.2 1.2-1.2 0.95

Model 3 1.2 1.2-1.2 0.006 1.2 1.2-1.2 0.96

Model 4 1.2 1.2-1.2 <0.001 1.2 1.2-1.2 0.49

*Concentrations were corrected for the effect of hemoconcentration. Hazard ratios per standard deviation 
multiplied with 100. CI: Con�dence Interval, HR: Hazard Ratio.
Model 1: crude model
Model 2: adjusted for age, sex and dialysis vintage
Model 3: as model 2 + adjusted for diabetes, cardiovascular history and ultra�ltration volume
Model 4: as model 3 + adjusted for predialysis Ang2
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Patients with cardiovascular disease are more likely to have higher circulating 
Ang2 levels6,9 compared with healthy controls. In the general population, elevated 
Ang2 levels are associated with an increased cardiovascular events and mortality11. 
Circulating Ang2 has also been shown to correlate with time on dialysis, systolic 
blood pressure and carotid artery intima media thickness in children with CKD 
on dialysis36. In line with these �ndings, we found an independent signi�cant 
association between elevated Ang2 and cardiovascular events at all time points in 
patients on hemodialysis. In patients with CKD, Ang2 is an independent predictor 
of mortality55. In this study, only at 180 min intra-dialysis and post-dialysis an 
independent association of Ang2 with mortality was found. Presently, we do not 
know whether the absence of an association of predialysis and 60 min intra-dialysis 
Ang2 levels is real or is caused by a lack of power. 
Our study has several limitations. First, since it is an observational study, conclusions 
on causality cannot be drawn. Second, our study population was relatively small 
and was predominantly Caucasian. This limits the generalizability of this study. 
Strong points are that this is the �rst study of angiopoietins in relation to markers 
of in�ammation and endothelial function and outcome. These markers were not 
only measured before, but also during and at the end of HD and were corrected 
for hemoconcentration. 
The high prevalence of chronic in�ammation, atherosclerosis and increased 
mortality risk in dialysis patients renders the study of potential therapeutic targets 
highly relevant. Pharmacological Ang2 blockade that targets the angiopoietin/
Tie2-system might potentially improve outcome in HD patients. Various studies 
have shown that it is possible to inhibit Ang2-induced Tie2 phosphorylation by 
antibodies in pre-clinical studies30,31,56,57. A peptibody, inhibiting the interaction 
between the Tie2 receptor and Ang1 and Ang2 was the �rst to enter a phase III 
clinical trial demonstrating promising results58. 
The present study shows that Ang2 levels increase signi�cantly during the �rst 
hour of HD. The activation of the endothelial layer in hemodialysis is re�ected by a 
disequilibrium in angiopoietins associating with in�ammatory and cardiac damage 
markers. Plasma Ang2 is associated with all-cause mortality and cardiovascular 
events. The impact on patient outcome underlines the importance of understanding 
the responsible mechanisms concerning the Ang/Tie2-system. Clarifying this will 
possibly pave the way for therapeutic intervention studies in hemodialysis. 
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Supplementary Table 2. Cox regression analyses on the prediction of outcome based on 
the intradialytic change in Ang1 concentrations

�% Ang1 from pre-HD to post-HD* �% Ang1 from pre-HD to post-HD*

All-cause mortality Cardiovascular events

HR 95% CI p HR 95% CI p

Model 1 1.59 0.78-3.25 0.20 1.50 0.73-3.09 0.27

Model 2 1.60 0.78-3.29 0.20 1.38 0.66-2.89 0.39

Model 3 1.56 0.75-3.24 0.23 1.48 0.67-3.26 1.48

Model 4 1.83 0.82-4.10 0.14 1.57 0.65-3.78 0.31

*Concentrations were corrected for the effect of hemoconcentration. Hazard ratios are associated with a 1-unit 
increase in each covariate. CI: Con�dence Interval, HR: Hazard Ratio.
Model 1: crude model
Model 2: adjusted for age, sex and dialysis vintage
Model 3: as model 2 + adjusted for diabetes, cardiovascular history and ultra�ltration volume
Model 4: as model 3 + adjusted for predialysis Ang1
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CHAPTER 3

ABSTracT

Background
The Angiopoietin/Tie2-system has been suggested to play an important role in 
the endothelial activation in renal transplantation. Little is known about baseline 
angiopoietin-2 (Ang2) levels throughout renal transplantation. Therefore, we 
aimed to de�ne baseline Ang2 changes in living donor renal transplantation from 
donation to reperfusion in the recipient. 

Methods
In a single center transplantation population, circulatory and arteriovenous Ang2 
was measured in 53 matched living kidney donors and recipients.

Results
In the donor, plasma Ang2 increased signi�cantly between preoperative levels 
and kidney retrieval (p=0.01). During reperfusion in the recipient, Ang2 levels 
were increased compared to Ang2 levels at time of donation but no arteriovenous 
differences were found. Plasma Ang2 decreased signi�cantly at 2h postoperative 
compared to preoperative Ang2 in the recipient (p=0.003).

Conclusion
Circulating Ang2 is affected by renal transplantation, although Ang2 release from 
the kidney itself is not affected by reperfusion in this single center living kidney 
transplant population.

46



3

ANGIOPOIETIN-2 IN LIVING DONOR RENAL TRANSPLANTATION

INTrODUcTION
The role of the endothelium in renal transplantation is considered increasingly 
important1. The key to long term allograft survival may lie in maintaining the 
endothelial cells, the inner lining of all blood vessels, in a quiescent state. Various 
effects during renal transplantation like endotoxemia and in�ammation in the 
deceased brain dead (DBD) donor as well as ischemia/reperfusion injury (IRI) in 
the living and deceased donor, will activate the endothelium2-5. In both donor 
types, the activated endothelium forms an important mediator in the pathological 
processes negatively affecting patient and graft survival6-8. 
Endothelial homeostasis is regulated by the Ang/Tie2-system9. The endothelial 
cells are supported by pericytes which produce Angiopoietin-1 (Ang1)10,11. Ang1 
and Angiopoietin-2 (Ang2) are the most important ligands of the tyroskine kinase 
receptor Tie2, which is mostly expressed by endothelial cells12. It is suggested 
Ang1 and Ang2 have opposite effects, with Ang1 inducing endothelial survival 
signals, inhibiting apoptosis and vascular in�ammation and suppressing vascular/
endothelial leakage13,14. By contrast, Ang2 acts as an Ang1 antagonist destabilizing 
the endothelium15-17. After endothelial activation by increased cytokine release, 
endothelial storage granules, Weibel Palade bodies (WPB), quickly release Ang218,19.
Studies on the role of angiopoietins in renal transplantation are limited. A study in 
a limited number of patients showed an increased Ang2 release after reperfusion in 
kidneys derived from living as well as deceased donors20,21. In rats an increase in Ang2 
protein expression in the transplanted kidney after reperfusion in rats was shown20,21. 
Experimental studies on renal endothelial damage report that Ang1 overexpression 
improved renal function and blood �ow after renal IRI in mice, as well as decreased 
in�ux of in�ammatory cells and renal interstitial �brosis22. In a mouse model of 
antiglomerular basement membrane glomerulonephritis, glomerular capillary loss 
was associated with reduced Ang1 and increased Ang2 expression, suggesting a 
relation between angiopoietin disbalance and endothelial cell loss23. In humans, 
besides the scope of renal transplantation, endothelial activation and dysfunction 
is a known cause of Ang2 release in chronic kidney disease and hemodialysis24,25. 
Although circulating angiopoietin levels have been studied in renal transplant 
recipients and small numbers of living and deceased kidney donors21,26-28, little is 
known of the Ang2 response during a renal transplantation procedure. Studying 
plasma Ang2 in living donor kidney transplantation gives the opportunity to 
observe Ang2 levels in donors and recipients in the absence of profound systemic 
changes as demonstrated in deceased donors. 
The aim of the present study was to de�ne baseline Ang2 changes in living donor 
renal transplantation from donation to reperfusion in the recipient in a single center 
transplantation population. Results from the current study will provide crucial 
knowledge on physiological changes in Ang2 levels helping to interpret changes 
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found in deceased donation and transplantation. These baseline levels can be used 
as a best standard in human renal transplantation since living kidney donors are 
healthy individuals selected on the basis of absence of any disease. Furthermore, 
these baseline levels will provide a starting point for designing further intervention 
studies, modulating the Ang/Tie2-axis, as a potential strategy to improve donor 
organ quality and subsequently, transplantation outcome.

METHODS

Study population
For this study, we analyzed Ang2 levels in stored plasma samples of patients that 
participated the Volatile Anesthetic Protection of Renal transplants (VAPOR)-1 trial, 
a prospective randomized control trial on the effects of two different anesthetic 
regimens on renal outcome in living donor kidney transplantation (LDKT). Inclusion 
criteria were written informed consent, �18 years, and donation of the left kidney. 
Exclusion criteria were: right kidney donation, generalized central neurological 
disorder, donor-recipient couples from the ABO-incompatible program and 
altruistic donors. The Institutional Review Board approved the study protocol 
(METc 2009/334), which was in adherence to the Declaration of Helsinki. Between 
September 2010 and September 2012 125 LDKT were performed of which 88 
involved the left kidney. Of that 88 couples 60 couples (68.2%) met inclusion criteria 
and gave written informed consent. Patients were randomly assigned to three 
groups according to the anesthetic regiment they received during the procedure. 
PROP if the donor and recipient received propofol based anesthesia, SEVO, if they 
received a sevo�urane based anesthesia and SERE if the donor received propofol 
and the recipient a sevo�urane based anesthesia. In the PROP group three patients 
were lost to follow up, two by violation of the surgical protocol and one patient 
died nine days post transplantation due to bleeding complications. In the SEVO 
group one patient was lost to follow up by violation of the immunosuppressive 
protocol. For this study we focused on Ang2 levels without division in the three 
groups. Therefore plasma of 53 donor-recipient couples was available for Ang2 
and IL-6 measurement. 

Operation and sample withdrawal
Kidney donation procedure was performed via the hand assisted laparoscopic 
(HAL) technique. Left gonadal vein which ends in the left renal vein was also 
dissected and retrieved. After explantation the kidney was immediately �ushed 
and perfused with cold University of Wisconsin solution (Costorsol, Bridge to Life, 
USA) and stored on ice. In the recipient kidney transplantation was performed 
according to local standardized protocol. Prior to implantation a small sampling 
catheter was inserted in the gonadal vein as described by de Vries et al29. Immune 
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suppressive protocol was according to standard institutional guidelines. Patients 
received myophenolate mofetil (MMF) and cyclosporine/tacrolimus preoperatively 
at the ward and basiliximab and (methyl)prednisolon after induction of anesthesia. 
Post operatively they received an additional dose of basiliximab on day four and 
a protocol of MMF, methylprednisolon and ciclosporin/tacrolimus.
In donor and recipient pre-, per- and postoperative EDTA and citrate blood samples 
were withdrawn at standardized time points from an arterial line in the radial artery 
of the non-dominant/non-shunt arm. In the recipients additional samples were taken 
after reperfusion of the kidney via the catheter in the gonadal vein. These samples 
were taken simultaneously with systemic arterial samples at 30 sec, 5, 10 and 30�min 
after reperfusion. Two open kidney biopsies were performed, a cold biopsy when 
the kidney prior to implantation and a reperfusion biopsy approximately 45�minutes 
after reperfusion. Biopsies were performed using a Pro-Mag 2.2 Biopsy Gun with 
a 16-gauge needle (Manan Medical Products, USA) and subsequently stored in 
formalin and paraf�n �xed until analysis. All samples were immediately placed on 
ice. Blood samples were centrifuged (1500g, 20�min, 4°C) and stored at -80°C until 
measurement. Prior to assays, samples were thawed and recentrifuged. Samples 
were analyzed in one batch to eliminate inter-assay�variability.

Plasma measurements
Plasma levels of Ang2 and IL-6 were determined by enzyme linked immonusorbent 
assays (ELISA) according to manufacturers� instructions (R&D Systems, Minneapolis, 
USA). All samples were analyzed in duplicate and read at 450 nm using a microplate 
spectrophotometer (Victor3, 1420 multi-label counter, Perkin Elmer, USA). Serum 
creatinine was determined using an enzymatic essay on a Roche Modular chemistry 
analyzer (Roche Diagnostics, USA). 

Clinical parameters
Data on donor and recipients� health status, medical history, renal function and 
medication were noted in a case record �le as well as data about the procedure and 
postoperative period. Body weight and height were measured with participants 
wearing indoor clothing without shoes. BMI was calculated as weight divided by 
height squared (kg/m2). Information on graft function (delayed graft function (DGF) 
and rejection) was retrieved from local digital patient records. DGF was de�ned 
as need for dialysis in the �rst week after transplantation other than immediately 
postoperative. Rejection was biopsy proven with decline in kidney function and 
the need of treatment.

Statistical analyses
Differences between arterial and venous samples were tested using the paired, 
nonparametric Wilcoxon test. Unpaired differences of Ang2 between two time 
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points were tested using the Mann-Whitney test. Graph error bars represent 
the SEM, unless otherwise stated. Normal distribution was tested using normal 
probability plots. Correlations were tested using Spearman�s rho or lineair 
regression. Associations with graft function were assessed using Cox regression 
analysis. P<0.05 was considered signi�cant. Statistical analyses were performed 
with SPSS version 20 (SPSS Inc. Chicago, USA).

RESULTS
Demographics of the adult patients undergoing donor nephrectomy and their 
matched recipients for living donor kidney transplantation are shown in table 1. 
Donor mean age was 53 – 11 years and recipient mean age was 50 – 13 years. 
As anticipated, the rate of DGF and rejection was low in this study population 
(<2%). Three patients developed DGF, nine patients showed an acute rejection 
episode during the two year follow up. As shown in table 2, no correlations 
between preoperative donor plasma Ang2 and clinical parameters were found. 

Table 1. Demographics of 53 living kidney donor-recipient couples

Donor

       Living unrelated donor, n (%) 26 (49.1)

Age (years) 53 – 11

Male sex, n (%) 24 (45.3)

BMI (kg/m2) 26.9 – 3.2

Duration of hospital stay (days) 6 [5-7]

IL-6 (pg/ml) after start anesthesia 2.3 [1.7-4]

Transplant demographics

HLA mismatches (% of 0 mismatches) 7 (13.2)

Cold ischemia time (min) 177.4 – 29.7

Recipient

Age (years) 50 – 13

Male sex, n (%) 24 (45.3)

BMI (kg/m2) 25.1 – 3.5

Duration of hospital stay (days) 17 [17-18]

Post-transplant parameters

Serum creatinine 3 months after Tx (�mol/L) 131.1 – 39.3

Delayed graft function (%) 3 (5.7)

Biopsy proven rejection in �rst 2 years after Tx (%) 9 (17)

Data are presented as mean – SD in case of normal distribution and as median [interquartile range] in case of 
skewed distribution. BMI: body mass index, Tx: transplantation. Delayed graft function: the need for dialysis 
within <1 week after transplantation. 
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Figure 1. Preoperative, intra- and post transplantation systemic Ang2 plasma levels in living 
kidney donors. Error bars indicate mean–SEM of 53 living kidney donors. Preoperative plasma 
Ang2 levels decreased from 956 [510-768] pg/ml to 752 [461-661] pg/ml at organ retrieval 
(p=0.01). At 2 hours postoperatively, Ang2 levels increased to 916 [535-844] pg/ml (p=0.002).

Figure 2. Arteriovenous Ang2 levels over the reperfused kidney. Error bars indicate 
mean–SEM of 53 arteriovenous Ang2 kidney measurements. No signi�cant differences 
between arterial and venous plasma Ang2 were found.

Recipient Ang2 levels
Plasma Ang2 levels in the recipient are shown in �gure 3. Ang2 levels decreased 
signi�cantly from 2243 [723-3289] pg/ml preoperative to 1044 [556-1309] pg/ml 
2�hours postoperative (p=0.003). No differences between plasma Ang2 one day 
after transplantation and Ang2 levels 2 hours after transplantation were determined. 
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DIScUSSION 
The current study is the �rst demonstrating systemic and local renal venous Ang2 
levels throughout living donor renal transplantation. In both donor and recipient 
systemic Ang2 changes were observed while renal Ang2 release did not differ at 
different time points during the �rst 30 minutes of reperfusion.
In renal transplant recipients, Ang2 levels have been associated with renal function 
and all-cause mortality26. Although we did not �nd an association between systemic 
and/or renal Ang2 levels and transplantation outcome, these results are inconclusive 
due to the small study population and low incidence of events in our cohort. 
The renal reperfusion Ang2 levels we found are not lower and show less variability 
than the study of de Vries and colleagues. Using the same technique they showed 
in six living and six deceased kidney donors, an increased Ang2 release shortly after 
reperfusion21. This is remarkable because of the relatively small study population 
compared to our study population. Furthermore, despite utilization of the same 
Ang2 ELISA the renal venous Ang2 levels we measured were in general considerably 
lower than the reperfusion levels determined by de Vries et al. Possibly, the lower 
Ang2 levels we measured during the donor and recipient procedure were caused 
by dilution. During both procedures patients received between 3000 and 5000�ml 
of crystalloids. Another explanation may be that less endothelial activation was 
already present and developed during nephrectomy in our healthy living donors, 
resulting in less WPB exocytosis of Ang2 during reperfusion. It has been well-known 

Figure 3. Systemic Ang2 plasma levels of 53 recipients after living kidney donor 
transplantation. Error bars indicate mean–SEM plasma Ang2 of 53 kidney recipients. 
Ang2 levels decreased from 2243 [723-3289] pg/ml preoperative to 1044 [556-1309] pg/ml 
2 hours postoperative (p=0.003). No differences between plasma Ang2 one day after 
transplantation and Ang2 levels 2 hours after transplantation were found. 
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that living donor kidney grafts are retrieved from healthy individuals selected on 
the absence of any disease, suffering from limited IRI and showing good function 
and high survival rate30-33. Therefore, the �nding that in patients with normal kidney 
function after successful renal transplantation activation of the endothelial layer 
is indistinguishable from controls, underlines our speculation that endothelial 
activation in the living donors we studied may have been limited.
Without further studying endothelial activation of our donor-recipient couples, 
possibly via immunohistochemistry or real-time PCR of the retrieved renal biopsies, 
no de�nite conclusion in comparing the two living donor study populations can be 
made. This would be interesting since this previous study on local Ang2 release 
reports an increased local renal Ang2 plasma release in both living and deceased 
kidney donors and interestingly, no difference in Ang2 mRNA expression between 
living and deceased donor kidneys was observed21. This is remarkable as much 
evidence demonstrate a profound activation of the endothelium and in�ammation 
in deceased donors, especially deceased brain dead donors, compared to 
living�donors3,34-36.
Since venous measurements of the reperfused graft during transplantation are an 
elegant method to study Ang2 release from the kidney itself and angiopoietins may 
re�ect the immunogenic state and quality of the donor organ, future studies using 
this method are needed to draw more de�nite conclusions on the role of the Ang/
Tie2-system in renal transplantation. That is, the Ang/Tie2-system has been shown 
to play a critical role in maintaining vascular stability while activated endothelium 
triggers an in�ammatory response, affecting donor organ quality and function37-41.
Ideally, circulatory and renal plasma Ang2 release together with the expression of 
Ang1 and Tie2 and the intensity of endothelial activation will be determined by 
immunohistochemistry and protein quanti�cation in baseline living and deceased 
renal transplantation. This will possibly pave the way for performance enhancing 
intervention studies, targeting endothelial activation via the Ang/Tie2-system, 
possibly improving donor organ quality and subsequently, transplantation outcome.
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CHAPTER 4

ABSTracT

Background
Angiopoietin-1 (Ang1) and angiopoietin-2 (Ang2) are involved in stabilizing vascular 
endothelium and may play a role in mortality and graft failure in renal transplant 
recipients (RTR). Early identi�cation of RTR at risk could allow management, possibly 
via anti-Ang2 therapy. We aimed to investigate the association of Ang1 and Ang2 
with graft failure and mortality in a prospective cohort of RTR. Elevated Ang2 
levels have been demonstrated in sepsis which has pathophysiological similarities 
to the deceased brain dead donor. Therefore we also separately studied Ang2 
associations in RTR transplanted with deceased donor kidneys. 

Methods
Plasma Ang1 and Ang2 levels were measured in 552 RTR and 86 living kidney 
donors (LKD). 

Results
Ang1 was higher in RTR than in LKD (p=0.002), while Ang2 was similar. For Ang1, no 
association with heart rate, Nt-pro-BNP or hsCRP was observed. Similar multivariate 
analysis demonstrated associations with Ang2 (all p<0.001). In deceased donor-
RTR, Ang2 levels were higher compared to living donor-RTR. After adjustment for 
potential confounders, Ang2 levels were associated with graft failure (HR 3.64, 
95%CI 1.17-11.28, p=0.03) and mortality (HR 1.53, 95%CI 1.03-2.27, p=0.04) after 
deceased donation. 

Conclusions
Studies investigating the mechanism of the Ang/Tie2-system in renal transplantation 
are needed to provide more insight on cause and effect.
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INTrODUcTION
The angiopoietin/Tie2 ligand-receptor system is involved in stabilizing the vascular 
endothelium and has been proposed as a potential therapeutic target in various 
conditions1-3. Angiopoietins are ligands that bind to the tyrosine kinase receptor 
Tie2, which is almost exclusively expressed by endothelial and hemopoietic stem 
cells4. Binding of Ang1 to the Tie-receptor leads to stabilization of the endothelium. 
In contrast, Ang2 destabilizes the blood vessels and enhances vascular leakage 
by priming the endothelial cells to respond to cytokines5. Ang1 is produced and 
immediately released at a constant rate by precursor platelets, pericytes and 
vascular smooth-muscle cells (SMCs) while Ang2 is stored in Weibel Palade bodies 
(WPB)4,6,7. The content of these endothelial-speci�c storage granules is rapidly 
released upon endothelial activation in response to, among others, thrombin, 
histamin and superoxide. Release of Ang2 leads to in�ammation, coagulation and 
angiogenesis4,5,8. In the adult vasculature, a delicate balance of constitutive Ang1 
expression and low-level Tie2 phosphorylation controls and maintains vascular 
quiescence, thus protecting the endothelium from excessive activation9,10. Ang1 
and Ang2 therefore not only play important roles in the autocrine regulation of 
vascular stability and permeability, but also in the in�ammatory balance.
Angiopoietin-2 (Ang2) is currently being evaluated as a promising biomarker 
in the �eld of acute pancreatitis11. Elevated Ang2 plasma levels have also been 
associated with a range of conditions such as myocardial infarction, trauma and 
sepsis12,13. Moreover, circulating Ang2 increases with the progression of chronic 
kidney disease (CKD), is predictive of mortality in CKD patients and correlates with 
severity of vascular disease in patients on dialysis6,14,15. Anti-Ang2 therapies have 
been studied in several preclinical models and anti-Ang2 phase III clinical trials 
that have been performed to date provided promising results16-20.
For patients with end stage renal disease, renal transplantation has become 
the treatment of choice. However, graft failure remains an important problem 
and mortality rates remain high in RTR compared to the general population21-27. 
The origin of this high rate of mortality is multi-factorial with a high prevalence 
of a multitude of synergistically acting risk factors including morbidity, micro-
in�ammation and impaired graft function24,26,28-31. The involvement of endothelial 
dysfunction interacting with proteinuria in increasing the risk for mortality in RTR 
highlights the importance of vascular endothelium32-34. 
Ang2 release is triggered in human experimental endotoxemia and in sepsis 
elevated Ang2 is associated with increased mortality35-37. The known endotoxemia 
in DBD donors together with the pathophysiological similarities between sepsis 
and brain death makes the Ang/Tie2-system an interesting interventional target 
in DBD donors. Especially since endothelial activation has been shown to be a key 
factor in organs derived from DBD donors38,39.
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We aimed to investigate Ang1 and Ang2 levels among RTR and healthy controls. 
Additionally, we investigated associations of Ang1 and Ang2 with clinical parameters 
in RTR. We moreover hypothesized that Ang1 and Ang2 are associated with the 
occurrence of graft failure and mortality in stable, outpatient RTR. Because of 
the suggested role of Ang2 in endothelial activation in deceased donor kidneys, 
secondary analyses were performed in recipients of a kidney derived from 
deceased donors.

MaTErIaLS aND METHODS

Study populations
For the current analysis, we used plasma of a prospective observational single-
center cohort study in which all RTR (� 18years) with a functioning graft, who visited 
our outpatient clinic between 2008 and 2010, were invited to participate40. A total 
of 707 out of 817 eligible RTR (87%) signed written informed consent. Plasma 
Ang1 and Ang2 levels were measured in 552 RTR (78.1%). As a healthy control 
group, we included 86 subjects after they signed written informed consent, which 
were evaluated and approved for living kidney donation in our center. None had 
a history of kidney disease or diabetes mellitus. Hypertension, if present, was 
treated with a maximum of three antihypertensive drugs. The Institutional Review 
Board approved the study protocol (METc 2008/186), which was in adherence to 
the Declaration of Helsinki. 

Urine and plasma parameters
All participants were carefully instructed to collect a 24-hour urine sample according 
to a strict protocol at the day prior to their visit to the outpatient clinic. Urine was 
collected with chlorhexidin was added as antiseptic agent. Blood was drawn in 
the morning after completion of the 24h urine collection. For the control group, 
the 24h urine collection was performed before donor nephrectomy. Plasma Ang1 
and Ang2 levels were measured via enzyme-linked immunosorbent assay (ELISA) 
Duosets (R&D Systems, Minneapolis, USA).
Plasma and urinary concentrations of albumin, HbA1c, hsCRP, Nt-pro-BNP and total 
protein levels were measured using a Roche Modular chemistry analyzer (Roche 
Diagnostics, USA).
Renal function was assessed by estimating Glomerular Filtration Rate according to 
the Chronic Kidney Disease Epidemiology Collaboration (eGFR). Serum creatinine 
was determined using an enzymatic essay on a Roche Modular analyzer.

Clinical parameters
All measurements were performed during a morning visit to the outpatient clinic 
after an 8-12hr overnight fasting period. Blood pressure (mmHg) of RTR and living 
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donors was measured according to a strict protocol as previously described41. 
Participants were in half-sitting position while systolic blood pressure (SBP), 
diastolic blood pressure (DBP), mean arterial pressure (MAP) and heart rate were 
measured with a semi-automatic device (Dinamapâ 1846, Critikon, Tampa, FL, USA). 
Measurements were performed every minute for �fteen minutes and the last three 
values were averaged. Information on participants� health status, medical history 
and medication use was obtained from patient records. Information about the renal 
transplantation was extracted from the local University Medical Center Groningen 
renal transplantation database. Body weight and height were measured with 
participants wearing indoor clothing without shoes. BMI was calculated as weight 
divided by height squared (kg/m2) and Body Surface Area (BSA) was estimated 
applying the universally adopted formula of Dubois and Dubois42. 

Clinical endpoints
The primary endpoints of this study were mortality and death-censored graft failure 
de�ned as return to dialysis or re-transplantation. The continuous surveillance 
system of the outpatient program ensures up-to-date information on patient 
status and cause of death. General practitioners or referring nephrologists were 
contacted in case the status of a patient was unknown. Endpoints were recorded 
until the end of May 2013. There was no loss to follow-up.

Statistical analyses
Data are presented as mean – SD (standard deviation), median (range) or [interquartile 
range] (IQR) and number (percentage) for normally, non-normally distributed data, 
and nominal data, respectively. Analyses were performed using SPSS version 22.0 
(SPSS Inc., Chicago, IL, USA). Normality was tested with the Kolmogorov-Smirnov 
test. Skewed data were normalized for analyses by natural-logarithm transformation 
(LN) transformation. In all analyses, a two-sided P-value of less then 0.05 was 
considered to indicate statistical signi�cance. Differences between RTR and healthy 
controls, and deceased donor- RTR vs. living donor-RTR, were tested with the t-test 
for independent samples or the Mann Whitney U test in case of continuous variables 
and the Chi-square test in case of dichotomous variables. Age and sex-adjusted 
associations of Ang1 or Ang2 levels with various clinical parameters were analyzed 
with linear regression analysis (model 1). Further adjustments were made for eGFR 
and transplantation vintage (model 2), use of antihypertensives (model 3) and 
additional adjustment for either Ang1 or Ang2 (model 4). 
Regression coef�cients are given as standardized betas. In prospective analyses, 
we investigated associations of plasma Ang1 and Ang2 with death-censored graft 
failure and all-cause mortality in RTR. Subsequently, associations of plasma Ang1 
and Ang2 with graft failure and mortality were studied separately in RTR with 
a graft retrieved from a deceased or living donor. Kaplan-Meier survival curves 
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Table 1. Baseline characteristics of 86 healthy controls and 552 renal transplant recipients 
at the day of their visit to the outpatient clinic

Characteristics

Healthy 
controls 

n=86
RTR 

n=552 p

RTR of 
DD 

n=352
RTR of LD 

n=200 p

Plasma Ang1 (pg/ml) 1207  
[151-5638]

1715  
[134-9776]

0.002 1738  
[141-9601]

1656  
[134-9776]

0.471

Plasma Ang2 (pg/ml) 607  
[0.12-2467]

665  
[0.96-9242]

0.141 721  
[5-9242]

591 
[1-6860]

0.003

Demographics

Age (y) 43 – 16 53 – 13 0.417 55 – 12 49 – 13 <0.001

Male sex, n (%) 50 54.3 0.45 64 36 0.61

BMI (kg/m2) 27 – 3.5 27 – 4.7 0.399 27 – 5 26 – 4 0.208

BSA (m2) 1.97 – 0.2 1.93 – 0.2 0.178 1.94 – 0.2 1.95 – 0.2 0.320

Medication use

Antihypertensive (%) 16.3 87.7 <0.001 90 85 0.094

Statins (%) 3.5 52.4 <0.001 54 51 0.736

Hemodynamic parameters

SBP (mmHg) 125 – 15 136 – 18 <0.001 136 – 18 136 – 16 0.911

DBP (mmHg) 76 – 10 82 – 11 <0.001 82 – 11 84 – 11 0.005

MAP (mmHg) 97 – 18 107 – 15 <0.001 107 – 15 108 – 15 0.277

Heart rate (bpm) 66 – 9 69 – 12 0.068 68 – 12 69 – 11 0.026

Renal function parameters

eGFR (ml/min) 90 – 17 50 – 18 <0.001 48 – 19 51 – 18 0.080

Serum creatinine (�mol/L) 73 – 13 134 – 51 <0.001 140 – 60 135 – 58 0.270

Urinary protein (gram/24h) 0.06 – 0.1 0.36 – 0.75 <0.001 0.45 – 0.9 0.33 – 0.7 0.010

Albumin excretion (mg/L) 3.3 – 5.3 99 – 257 <0.001 124 – 292 107 – 306 0.026

Serum parameters

HbA1c (%) 5.5 – 0.3 6 – 0.8 <0.001 6 – 0.8 6 – 0.9 0.123

hsCRP (mg/L) 2.9 – 7.6 4.3 – 9.2 0.072 4.8 – 9.4 3.8 – 8.9 0.179

Nt-pro-BNP (ng/L) 56 – 58 1018 – 5414 <0.001 1458 – 6398 382 – 630 <0.001

Data are presented as mean – SD, % or median [range]. Abbreviations: RTR: renal transplant 
recipients; BMI, body mass index; BSA: body surface area; SBP: systolic blood pressure; DBP: 
diastolic blood pressure; MAP: mean arterial pressure; eGFR: estimated Glomerular Filtration 
Rate according to the Chronic Kidney Disease Epidemiology Collaboration; HbA1c: glycosylated 
hemoglobuline; hsCRP: high-sensitive C-Reactive Protein; Nt-pro-BNP: N-terminal pro-Brain 
Natriuretic Peptide. P for difference was tested by the Mann-Whitney U test for continuous 
variables or Chi-square test for binary variables.
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Figure 1. Kaplan-Meier curves and numbers at risk for death-censored graft survival of 552 
renal transplant recipients (RTR). Survival rates strati�ed into high and low Ang2 level, under 
versus above the median of 665 pg/ml. Log-rank test p=0.015.

Figure 2. Kaplan-Meier curves and numbers at risk for patient survival of 552 renal transplant 
recipients (RTR). Strati�ed into high and low Ang2 level, under versus above the median of 
665pg/ml. Log-rank test p=0.02. 

levels with graft failure was assessed using Cox regression analysis (table 3). After 
adjustment for age and sex, the signi�cant association between Ang2 levels and 
graft failure was lost. 
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Association of Ang1 and Ang2 with all-cause mortality
During follow-up 59 (11%) of 552 RTR died. Kaplan-Meier curves for all-cause 
mortality strati�ed into Ang2 levels under vs. above the median (665 pg/ml) are 
shown in �gure 2. For Ang1, no association with mortality was observed (Log-rank 
test p=0.46). Incidence of mortality during follow-up in the low Ang2-group was 22 
out of 276 (8%) vs. 37 out of 276 (13%) in the high Ang2-group. Ang2 levels above 
the median were signi�cantly associated with mortality (Log-rank test p=0.02). 
The association between plasma Ang1 and Ang2 levels with all-cause mortality 
was assessed in table 4 using Cox regression analysis. After adjustment for all 
possible confounders (model 4), Ang2 levels were signi�cantly associated with 
mortality (p=0.045).

Secondary analysis with Ang2 according to donor type
In analyses strati�ed according to donor type, a difference in associations of plasma 
Ang2 with graft failure was observed (table 5). After adjustment for age, sex, cold 
ischemia time, number of transplantations, number of mismatches, years since 
transplantation, albuminuria and renal function (model 4), plasma Ang2 levels 
were signi�cantly associated with graft failure in deceased donor-RTR (p=0.03). 
No association between plasma Ang1 and graft failure in the separate donor types 
was found. For all-cause mortality as well, a difference in associations of plasma 
Ang2 was observed in strati�ed analysis according to donor type (table 6). After 
adjustment for age, sex, diabetes, donor type, years since transplantation and 
renal function (model 4), plasma Ang2 levels were signi�cantly associated with 
mortality in deceased donor-RTR (p=0.04). No association between plasma Ang1 
and all-cause mortality in the separate donor types was found.

Table 3. Cox regression analyses for prediction of death-censored graft failure based on 
plasma Ang1 and Ang2 levels in 552 renal transplant recipients

Angiopoietin-1* Angiopoietin-2*

Ntotal= 552/ Nevents= 28

HR 95% CI p HR 95% CI p

Model 1 1.45 0.63-3.30 0.38 1.75 1.00-3.07 0.049

Model 2 1.32 0.57-3.05 0.51 1.71 0.95-3.08 0.07

Model 3 1.38 0.60-3.15 0.45 1.79 0.98-3.23 0.05

Model 4 1.70 0.56-5.19 0.35 2.02 0.97-4.23 0.06

*Angiopoietin-1 and angiopoietin-2 were natural-logarithmic (LN) transformed for analyses.  Hazard ratios are 
associated with a 1-unit increase in each covariate. CI: Con�dence Interval, HR: Hazard Ratio.
Model 1: crude model
Model 2: adjusted for age, sex and donor type
Model 3: model 2 plus adjustment for cold ischemia time, number of transplantations, number of mismatches
Model 4: model 3 plus adjustment for transplantation vintage, albuminuria and renal function (eGFR, CKD)
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Table 4. Cox regression analyses for prediction of all-cause mortality based on plasma 
Ang1 and Ang2 levels in 552 renal transplant recipients

Angiopoietin-1* Angiopoietin-2*

Ntotal= 542/ Nevents= 59

HR 95% CI p HR 95% CI p

Model 1 1.03 0.61-1.74 0.90 1.73 1.16-2.58 0.007

Model 2 1.13 0.65-1.96 0.68 1.76 1.18-2.62 0.005

Model 3 1.09 0.64-1.86 0.76 1.52 1.05-2.21 0.03

Model 4 1.08 0.62-1.89 0.78 1.46 1.01-2.10 0.045

*Angiopoietin-1 and angiopoietin-2 were natural-logarithmic (LN) transformed for analyses.  Hazard ratios are 
associated with a 1-unit increase in each covariate.  CI: Con�dence Interval, HR: Hazard Ratio.
Model 1: crude model
Model 2: adjusted for age and sex
Model 3: model 2 plus adjustment for donor type and diabetes
Model 4: model 3 plus adjustment for transplantation vintage and renal function (eGFR, CKD)

Table 5. Cox regression analyses for prediction of death-censored graft failure based on 
plasma Ang2 levels in 552 renal transplant recipients separated per donor type

Angiopoietin-2*

Deceased donor Living donor

Ntotal= 352/ Nevents = 20 Ntotal= 200/ Nevents= 8

HR 95% CI p HR 95% CI p

Model 1 2.36 1.15-4.84 0.02 1.03 0.50-2.14 0.94

Model 2 2.38 1.10-5.13 0.03 1.13 0.54-2.39 0.75

Model 3 2.82 1.23-6.47 0.02 1.16 0.47-2.83 0.75

Model 4 3.64 1.17-11.28 0.03 0.98 0.34-2.81 0.96

*Angiopoietin-2 was natural-logarithmic (LN) transformed for analyses.  Hazard ratios are associated with a 
1-unit increase in each covariate.  HR: Hazard Ratio; CI: Con�dence Interval.
Model 1: crude model
Model 2: adjusted for age, sex 
Model 3: model 2 plus adjustment for cold ischemia time, number of transplantations, number of mismatches
Model 4: model 3 plus adjustment for transplantation vintage, albuminuria and renal function (eGFR, CKD)

DIScUSSION
The major �nding of this study is that Ang2 plasma levels are associated with 
death-censored graft failure and all-cause mortality after renal transplantation 
in a large cohort of kidney transplant recipients. The association between Ang2 
levels and graft failure and mortality is independent of established risk factors. We 
additionally found higher plasma Ang2 levels in RTR who received a kidney from a 
deceased donor compared to those from RTR who received a kidney from a living 
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donor. In deceased donor-RTR, secondary analysis demonstrated an association 
of plasma Ang2 with both graft failure and mortality.
Our �ndings extend previous data in which Ang2 levels predicted mortality 
in CKD patients and critically ill patients24,31. To further underline the clinical 
importance of Ang2 in renal transplantation and different donor types, we here 
demonstrate its predictive value after renal transplantation in a large cohort of 
renal transplant recipients. The signi�cance of increased Ang2 is also re�ected 
by the identi�cation of Ang2 as a promising biomarker in predicting severe acute 
pancreatitis43 and associations between Ang2 and critical illness such as acute 
respiratory distress syndrome, myocardial infarction, sepsis and trauma12. To clarify 
the potential of clinically measuring Ang2 in the scope of CVD and mortality after 
renal transplantation, it should critically be compared to other clinical signs of CVD 
or predictors of mortality in future prospective studies to see if the Ang2 levels 
rise prior to the established signs.
Since deceased donors suffer from unfavorable in�ammatory responses which 
cause endothelial activation, we compared the Ang1 and Ang2 levels between 
deceased donor-RTR and living donor-RTR. As anticipated, deceased donor-RTR 
have higher Ang2 levels compared to living donor-RTR. Whereas the Ang2 levels 
we found in the control and living donor-RTR group are quite similar to the levels 
measured in other healthy individuals44. 
Although early after transplantation a rapid Ang2 release has been observed by 
others, we did not �nd a difference in Ang2 levels between the whole RTR group 
and controls, possibly due to the longer time frame between transplantation and 
sample withdrawal in our study groups45. It is possible that the elevated Ang2 levels 

Table 6. Cox regression analyses for prediction of all-cause mortality based on plasma 
Ang2 levels in 552 renal transplant recipients separated per donor type

Angiopoietin-2*

Deceased donor Living donor

Ntotal= 353/ Nevents = 50 Ntotal= 189/ Nevents= 9

HR 95% CI p HR 95% CI p

Model 1 1.75 1.15-2.66 0.009 1.08 0.45-2.60 0.86

Model 2 1.78 1.18-2.70 0.007 1.07 0.44-2.61 0.88

Model 3 1.61 1.08-2.41 0.02 0.96 0.39-2.39 0.93

Model 4 1.53 1.03-2.27 0.04 1.04 0.36-3.01 0.95

*Angiopoietin-2 was natural-logarithmic (LN) transformed for analyses.  Hazard ratios are associated with a 
1-unit increase in each covariate.  CI: Con�dence Interval, HR: Hazard Ratio.
Model 1: crude model
Model 2: adjusted for age and sex
Model 3: model 2 plus adjustment for diabetes
Model 4: model 3 plus adjustment for transplantation vintage and renal function (eGFR, CKD)
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we found in the deceased donor-RTR are a consequence of pre-existent damage 
caused during time of donation39,45,46. 
At this period of time after transplantation, the difference in vascular status 
between the RTR and controls may not be re�ected by the rapidly responding 
Ang2 or hsCRP levels but possibly by the constant high expression of Ang1 which 
correlates to the magnitude of vascular resistance47,48. Our results show that the 
increased mortality risk among RTR is independent of Ang1 levels, supporting the 
hypothesis that Ang2 is the more dynamic player, reacting to donor type, of these 
two growth factors. 
The difference in mortality we found for Ang2 levels under vs. above the median in 
Kaplan-Meier analyses of mortality and graft failure was further extended by Cox 
regression analyses, in which we adjusted for potential confounders. The crude 
association remained after these adjustments. These results are in line with those 
of a case control study, in which it was reported that serum Ang2 levels predict 
mortality in kidney transplant recipients49. 
Our �ndings point to an unfavorable role for Ang2 in the development and/or 
progression of a detrimental cardiovascular pro�le following renal transplantation. 
We found signi�cant independent relationships of Ang2 with hsCRP and Nt-pro-
BNP in our multivariate lineair regression analysis. This is similar to previous data 
in which Ang2 levels are positively associated with CRP in another cohort of 
renal transplant recipients49. Similar �ndings were done at the onset of COPD 
exacerbations49,50. Moreover, Ang2 levels are positively associated with hsCRP in 
patients with coronary heart disease50,51.
A potential mechanistic explanation for our �ndings is that Ang2 is involved 
in the pathogenesis of vascular in�ammation, endothelial activation and 
atherosclerosis. Plasma Ang2 expression is increased in atherosclerotic plaques 
and correlates with plaque microvascular density and matrix metalloproteinase 
2 (MMP-2) activity52. Ang2 has also been identi�ed as a link between kidney 
�brosis and arterial stiffness since blockade attenuated expression of monocyte 
chemokines, pro�brotic cytokines and collagen in aorta of mice after 5/6 subtotal 
nephrectomy53. Although the expression of Ang2 has been known to be tightly 
controlled and is strongly increased following stimulation by cytokines, growth 
factors and environmental factors, the mode of Ang2 secretion by WPB has never 
been established2,4,54. However, there is evidence that this process is inhibited by 
the PI3K/Akt/endothelial nitric oxide synthase (eNOS) signaling pathway, which 
plays an important role in vascular growth and stabilization55. The physiological 
basis for the association between elevated circulating Ang2 and graft failure 
remains to be unraveled. In acute settings like pancreatitis, angiopoietins play a 
role in the �rst hour of the in�ammation process, whereas their long-term effects 
are associated with vascular remodeling44. Even though the exact mechanism 
has not yet been completely elucidated, the angiopoietin/Tie2 ligand-receptor 
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system seems to have a distinct regulatory function in acute in�ammation and 
structural remodelling. The resting endothelium expresses Ang2 weakly and 
stores Ang2 in WPB from where it can be made available quickly following 
stimulation, suggesting a role of Ang2 in controlling rapid vascular adaptive 
processes4. In adult mice and human, Ang2 is only expressed at sites of vascular 
remodelling2. Possibly RTR bear a pre-in�ammatory state which aggravates in 
case there is a risk for organ failure, re�ected by increased Ang2-supported 
endothelial activation12,56. Many studies have focused on anti-Ang2 therapy in 
the treatment of chronic rejection in rat cardiac allografts, malignant tumors 
including monoclonal antibodies and siRNAs18-20,57,58. None of them is evaluated 
in the setting of renal transplantation, although targeting Ang2 to attenuate 
in�ammation may provide a novel therapy for graft failure and patient mortality 
in RTR, especially in the setting of deceased�donation.
Several limitations of our study deserve acknowledgement. This study is an 
observational epidemiologic study, which makes it dif�cult to draw conclusions 
on causality. In general, statistical signi�cance in observational studies suggests, 
but does not con�rm, biologic signi�cance. Whether the signi�cant relation 
between Ang2 and mortality in RTR is a causal or an associative relation remains 
to be determined. However, the association between Ang2 and mortality and 
graft failure remained signi�cant in multivariate Cox regression analyses, including 
renal function, suggesting that this association is independent of confounding 
factors. In addition, our study population was enrolled from a single center and 
was predominantly Caucasian which limits the generalizability of this study. Second, 
speci�c indices of vascular in�ammation and potential subclinical atherosclerosis, as 
intermediate endpoints, were not assessed in this cohort. The Ang1 concentration 
we measured might be explained by variation in sample processing. Unlike Ang2, 
Ang1 is not exclusively expressed by the vascular wall. A high amount of Ang1 is 
also found in platelets59. False positive Ang1 levels can therefore result from the 
ex vivo activation of platelets in serum tubes7. Another possibility for the increased 
Ang1 levels could be the use of immunosuppressive treatment, most probably 
steroid treatment60.
It is an observational study of well de�ned RTR with a large sample size and 
complete follow-up. Extensive data collection, including data from 24h urine 
samples allowed for adjustment for many potential confounders in our analysis. 
We speculate that targeting the Ang/Tie2-system, more speci�cally Ang2, may be 
a strategy to reduce the observed detrimental associations of Ang2 with patient 
and graft survival, especially after deceased donation. However, more studies 
investigating the cause of Ang2 release and its effects are needed to clarify the 
role of the angiopoietin/Tie2-system in renal transplantation.
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LYMPHATIC VESSELS IN PRE-TRANSPLANT KIDNEY BIOPSIES

INTrODUcTION
The majority of organs for transplantation are derived from deceased brain dead 
(DBD) donors. Unfortunately, the process of brain death is associated with a cascade 
of hemodynamic, in�ammatory, hormonal and immunologic events that negatively 
affect function and outcome of transplanted kidneys1-3. In kidney transplantation, 
Living Donation (LD) is a well-established way to increase the number of transplants 
and in many countries this is common practice. Transplantation outcome of LD 
kidneys is superior compared to DBD kidneys4. The critical importance of donor 
organ quality, ability to withstand transplant-related injury, and capacity for repair in 
determining short- and long-term outcome is well recognized. In the kidney, minor 
interstitial, vascular and glomerular damage can already be present without clinical 
signs of deterioration such as proteinuria or decreased kidney function due to the 
large reserve capacity. Besides clinical parameters, donor baseline biopsies have been 
used to assess the quality of a donor organ mainly in centers in the USA5-8. One of the 
components of the in�ammatory events that take place in the DBD donor is the in�ux 
of macrophages and granulocytes9-11. This in�ltration is initially meant to modulate 
the in�ammatory process and subsequently take part in repairing process once 
the initial trigger has vanished. Ultimately the continuing presence of in�ammation 
becomes pathological, resulting in renal �brosis with damaging consequences for 
the donor organ12. Several studies have evaluated histological lesions in assessing 
organ quality as well as predicting early- and long-term transplantation outcomes13-20. 
Interstitial �brosis (IF), �brous intimal thickening, focal glomerulosclerosis (FGS) and 
arteriolar hyalinosis have variably been identi�ed as parameters in predicting delayed 
graft function (DGF) and/or poorer graft function and survival7,14,21-23. 
Lymphatic vessels (LVs) and its outgrowths (lymphangiogenesis) seem to play an 
important role in kidney pathophysiology, especially in renal transplantation24,25. 
However, con�icting results on the role of LVs and lymphangiogenesis in organ 
transplantation have been reported. Lymph vessel density (LVD) has been reported 
to increase early after renal transplantation independently of signs of rejection, and 
associates with different kinds of in�ammatory reactions25,26. Pre-existing lymphatic 
vessels in corneal transplant recipients signi�cantly reduced corneal graft survival; 
while recipients’ pre-transplant blocking of lymphangiogenesis prolonged this 
graft survival27,28. The exact role of LVs within pre-existing renal damage at time of 
kidney donation and transplantation has not been established yet.
Baseline histologic lesions at time of transplantation and their effect on kidney 
function and graft survival have been evaluated using different scoring systems. 
Although lymphangiogenesis has been proposed to be an interesting novel 
therapeutic target in kidney transplantation25, none of these studies5,15,18,19,29-32 have 
evaluated LVD and its association with other histological changes in biopsies from 
(pre)transplant DBD and living donors. 
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were calculated on the pooled donor data to determine which variables were 
signi�cantly associated. Two-sided P-values of less than 0.05 were considered to 
indicate statistical signi�cance.

RESULTS 

Donor characteristics
The characteristics of DBD and LD are shown in table 1. The groups were similar 
with respect to age at donation, SBP and a history of hypertension. Females were 
overrepresented in the DBD group compared to the LD (65.4% vs. 45.8%). Compared 
to DBD donors, LD had signi�cantly higher levels of serum creatinine (78–15 �mol/L 
vs. 73–25 �mol/L, p=0.002). BMI and DBP at donation were signi�cantly higher in 
the LD compared to DBD donors (BMI 26–4 kg/m2 vs. 25–4�kg/m2, p=0.003; DBP 
77–9 mmHg vs. 70–13 mmHg, p<0.001).

Table 1. Characteristics of 131 living donors and 73 DBD donors at the day of their 
last pre-transplant visit to the out-patient clinic or last pre-transplant data reported by 
Eurotransplant

Donor type
DBD donors 

(n = 73)
Living donors 

(n = 131) p

Demographics

Age at donation (years) 53 [44-57] 53 [45-59] 0.51

Female donor, n (%) 65 46 0.006

BMI at donation (kg/m2) 25 – 4 26 – 4 0.003

Underlying illness

History of hypertension (%) 26 20 0.31

History of diabetes mellitus (%) 6 0 0.007

Hemodynamic parameters

SBP (mmHg) 130 – 27 129 – 15 0.18

DBP (mmHg) 70 – 13 77 – 9 <0.001

Renal Function parameters

Serum creatinine (µmol/L) 73 – 25 78 – 15 0.002

GFR (ml/min/1.73 m2) NA 117 – 21

Death

Death: CVA 74 % NA

Death: trauma/other 26 % NA

Duration of brain death (min) 613 [478-740] NA

Data are presented as mean – SD, % or median [interquartile range]. Abbreviations: DBD, deceased brain 
dead; BMI, body mass index; SBP systolic blood pressure; DBP diastolic blood pressure; GFR, glomerular 
�ltration rate; CVA: cardiovascular accident. P for difference was tested by the Mann-Whitney U test.
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