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reatment of the brain-dead lung donor with aprotinin
nd nitric oxide

assilios S. Avlonitis, MD, PhD, Christopher H. Wigfield, MD, John A. Kirby, PhD,
nd John H. Dark, FRCS

rom the Applied Immunology and Transplant Research Group, Institute of Cellular Medicine, Medical School,

ewcastle University, Newcastle upon Tyne, United Kingdom.
BACKGROUND: It has been previously shown that donor treatment with aprotinin or inhaled nitric
oxide reduces reperfusion injury after lung transplantation in animals. These studies used living donors
with normal lungs. However, the main source of lungs for transplantation is brain-dead donors. Brain
death causes systemic inflammatory response and lung injury, rendering the organ susceptible to
reperfusion injury after transplantation. We hypothesized that treatment with aprotinin or inhaled nitric
oxide after brain death would improve the donor inflammatory response and reduce lung reperfusion
injury after transplantation.
METHODS: Brain death was induced in 24 rats by intracranial balloon inflation. Subsequently, the
animals received intravenous aprotinin (n � 8), inhaled nitric oxide (n � 7), or no treatment (n � 9)
for 5 hours. The lungs were retrieved and reperfused for 2 hours using recipient rats.
RESULTS: After brain death, oxygenation deteriorated earlier and significantly more in rats that
received treatment, especially with nitric oxide. Treatment did not reduce the donor systemic inflam-
matory response as assessed by serum levels of proinflammatory cytokines. Oxygenation, airway
pressure, pulmonary vascular resistance, lung water index and bronchoalveolar lavage cytokine levels
were similar after reperfusion of grafts from all three groups of donors.
CONCLUSIONS: Donor treatment with aprotinin or inhaled nitric oxide does not improve lungs that
have been injured by brain death.
J Heart Lung Transplant 2010;29:1177–84
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Brain death in the potential transplant donor frequently
esults in hypertensive crisis, followed by neurogenic hy-
otension.1 We have previously established that these he-
odynamic phenomena can cause an inflammatory re-

ponse and lung injury.2 We have also demonstrated that
hese mechanisms significantly contribute to primary graft
ailure after transplantation.3 Prevention of the hypertensive
risis in animal models is proven to avoid lung damage but
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ay not be practical in the clinical setting. However, we
ave shown that correction of the neurogenic hypotension
ith a vasoconstrictor such as noradrenaline or vasopressin

s also helpful in reducing the donor inflammatory re-
ponse.4,5 This treatment is feasible and should be consid-
red advantageous in donor management.

Further attempts to reduce the donor inflammatory response
re made after brain death, and administration of steroids is
lmost universal practice. In the present study, we investigate
he effects of treatment with aprotinin and inhaled nitric oxide
n the donor systemic inflammatory response as well as lung
eperfusion injury. Both treatments have important anti-inflam-
atory properties observed mainly at the level of neutrophil-
ndothelial cell interactions.6–11 They have been previously
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tudied in living donor animals and have shown to reduce lung
njury after subsequent reperfusion.12–17 However, because
ost lung grafts come from brain-dead donors, the role of

onor treatment with these agents should be evaluated in brain
eath models. To our knowledge, treatment with aprotinin or
nhaled nitric oxide in lung injury after brain death or generally
n the context of neurogenic pulmonary edema has not been
valuated before.

ethods

at lung transplantation was performed using outbred male
istar rats (Charles River, UK), 24 donors (mean weight,

25 grams; range, 316–514 grams) and 24 recipients (mean
eight, 450 grams; range, 332–502 grams). The procedures
ere performed humanely, according to the regulations of

he Animals (Scientific Procedures) Act 1986, UK (license
ef: PPL 60/2670).

All donors were anesthetized in a chamber with 5%
soflurane, intubated with a 14-gauge cannula, and venti-
ated with an Advanced Inspira Volume Control ventilator
Harvard Apparatus, UK) with a tidal volume of 10 ml/kg,
requency of 50 cycles/min, inspiration/expiration ratio of
/2, and inspired oxygen fraction of 1.0. The rats were
aintained with inhalation of 3% isoflurane. A tail vein was

annulated for fluid and drug administration. The left fem-
ral artery was cannulated for blood pressure monitoring
nd blood sampling. Body temperature was maintained at
7.0°C using an electronic homeothermic blanket (Harvard
pparatus). All rats received an intravenous infusion a gel-

tin solution at 5 ml/kg/hour.

xperimental groups

he following 3 groups of donors were used.

. Brain Death (n � 9). Brain death was induced by intra-
cranial balloon inflation as previously described.2 Brain
death occurred almost immediately and was followed by
cessation of respiratory effort, pupil dilatation, and dis-
appearance of the corneal reflexes. Balloon inflation was
also accompanied by a hypertensive crisis, which lasted
for about 4 minutes and was followed by sustained neu-
rogenic hypotension. Brain death was objectively con-
firmed by the disappearance of the brain stem auditory
evoked response (BAER) after balloon inflation.18 The
animals were monitored for 5 hours after brain death.
Repeat testing showed no recovery of the BAER.

. Aprotinin group (n � 8). Donor rats underwent the same
procedures as the Brain Death group. However, the
animals received aprotinin (Aprotinin Bovine Lung,
BioChemika, Sigma-Aldrich Company Ltd, Dorset, UK)
treatment throughout the 5-hour period. A loading dose
of aprotinin (30,000 KIU/kg) was administered as an
intravenous bolus within 5 minutes from balloon infla-
tion. This was followed by continuous intravenous infu-

sion of another 50,000 KIU/Kg aprotinin over 5 hours. s
. Nitric Oxide (NO) group (n � 7). Donor rats underwent
exactly the same procedures as the Brain Death group.
However, the animals received continuous inhaled nitric
oxide (20 ppm) treatment. Therapy was initiated within 5
minutes from balloon inflation and continued for 5 hours,
including during lung retrieval.

raft retrieval and transplantation

t the end of the 5-hour period, the lungs were retrieved en
lock with the heart, using a technique previously de-
cribed.3 In brief, heparin (300 U/kg) was administered
ntravenously to the donor. After median sternotomy, the
pex of the heart was excised across both ventricles. A
ilicone catheter (bore, 2.5 mm; wall, 0.5 mm) was in-
erted in the pulmonary artery through the right ventricle,
nd the lungs were perfused with 40 ml/kg of cold (4°C)
ow potassium dextran preservation solution (Perfadex,
itrolife, Kungsbacka, Sweden) at 15 to 20 mm Hg
ressure. The Perfadex solution was vented through the
pical left ventricular opening.

After flush perfusion, ventilation was discontinued and the
ungs were excised en bloc with the heart. The pulmonary
rtery was divided together with the aorta, near their origin and
n toto with the sub-valvular right ventricular musculature. The
eft ventricular free wall was then fully opened with an incision
ade near the point where it meets the septum, and the mitral

alve was closed with 7-0 Prolene (Ethicon, Somerville, NJ)
uture. Pursestring sutures (6-0 Mersilk, Ethicon) were placed,
around the left atrial appendage and another surrounding

he pulmonary artery. The lungs were inflated with 100%
xygen (8 ml/kg rat body weight), and the trachea was
igated. The block was placed in a closed container filled
ith Perfadex (4°C), and the container was stored in ice.
fter 3 hours of cold ischemic time, the lungs were

eperfused using recipient rats, using a technique previ-
usly described.3 This model permits continuous moni-
oring of pulmonary artery flow and pressure, together
ith ventilatory indices. Recipients were monitored for 2
ours after graft reperfusion.

ampling and analysis

n donors, arterial blood gases and the concentration of
roinflammatory cytokines and chemokines in serum before
nd after brain death were measured with enzyme-linked
mmunosorbent assay (ELISA DuoSets, R&D Systems Eu-
ope, Abingdon, UK).

After graft reperfusion, pulmonary arterial and left atrial
lood pressure, graft blood flow, and airway pressure were
ontinuously recorded, and pulmonary vascular resistance
as calculated: (mean pulmonary artery pressure – mean

eft atrial pressure)/flow. Blood gases were measured in
lood sampled from the pulmonary artery and pulmonary
ein stents after graft reperfusion. The recipient rats were
illed 2 hours after reperfusion, and bronchoalveolar lavage
BAL) of the right lung was performed with 5 ml of normal

aline for determination of proinflammatory cytokines and
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1179Avlonitis et al. Treatment of the Brain-dead Lung Donor
eutrophil concentration. The apex of the left lung was
xcised and weighed, dried in an oven at 80°C for 48 hours
o constant weight, and the lung water index was calculated
s (wet lung weight – dry lung weight)/wet lung weight. The
est of the left lung was snap frozen in liquid nitrogen and
tored in �80°C.

tatistical analysis

tatistical analysis was performed using the SPSS 11.0
oftware (Chicago, IL). Data are reported as mean � stan-
ard error of the mean. Comparisons were based on pre-
etermined hypotheses. Multiple post hoc comparisons
ere avoided. When multiple measurements were taken
ver time, comparisons between 2 groups were made using

igure 1 Donor mean arterial pressure (MAP) recorded at differ
ean). Brain death was induced by intracranial balloon inflation

eurogenic hypotension. After induction of brain death, the rats re
r no treatment (n � 9) and were monitored for 5 hours.Time points
3, 4, 5, 6, 7, 8, 9 and 10) 5, 15, 30, 60, 120, 180, 240, and 300

igure 2 Changes in alveolar-arterial difference in partial oxyge
nhaled nitric oxide (NO), or no treatment. Values at each time po

eath) in each group. (*, £, $) p � significant in Brain Death, Aprotinin
ummary measures including the area under the curve, the
ighest recorded value, and the final recorded value.Com-
arisons between 2 independent groups of observations with
ormal distribution were performed using the Student’s
-test. If the distribution was non-parametric, the Mann-

hitney U-test was used. Paired observations within a
roup were compared with the paired t-test (normal distri-
ution) or the Wilcoxon signed ranks test (non-parametric
istribution). Comparisons among 3 or more independent
roups of observations with normal distribution were per-
ormed with one-way analysis of variance, or the Welch
est, if the variances of the groups were unequal. The
ruskal-Wallis test was used for 3 or more groups of ob-

ervations with non-parametric distribution. Differences
ere considered significant at the level p � 0.05.

e points in all experimental groups (mean � standard error of the
ts. This was accompanied by a hypertensive crisis, followed by

intravenous aprotinin (n � 8), inhaled nitric oxide (NO; n � 7),
AP before balloon inflation. (2) Peak MAP after balloon inflation.

s after balloon inflation.

sure P(A-a)O2 in brain-dead donor rats, which received aprotinin,
compared with baseline (time point 0: immediately before brain
ent tim
in ra

ceived
: (1) M
n pres
int are
, and NO groups, respectively.
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esults

emodynamic changes

aseline mean arterial pressure (MAP) was 68.0 � 1.42
m Hg and was similar in the donors of all experimental

roups (p � 0.05; Figure 1).
After balloon inflation, the MAP increased acutely and

apidly to a peak of 158 � 10.6 mm Hg (p � 0.001). Peak
AP was not different between the groups (p � 0.05). The

ypertensive crisis lasted for about 4 minutes. MAP then
ecreased to a hypotensive plateau, which was not different
etween groups (mean, 42.5 � 0.76 mm Hg; p � 0.281).

onor oxygenation

efore brain death, there was no difference in the alveolar-
rterial partial oxygen pressure gradient among the experi-
ental groups (p � 0.1). Oxygenation deteriorated signifi-

antly after brain death in all groups; however, the
eterioration occurred earlier and was worse in the Aproti-

igure 3 Serum levels of the cytokines interleukin-1� (IL-1�) and
umour necrosis factor-� (TNF-�) before (0), and 1 and 5 hours after
rain death in donors. There was no difference in the serum cytokine
evels between the untreated group (Brain Death) and the groups that
eceived treatment with aprotinin (Aprotinin) or inhaled nitric oxide
NO). The p-values displayed are from comparisons with the Brain
eath group. Also levels at 5 hours are compared with the levels at 1
our in each group (NS, not significant; A, p � 0.05; B, p � 0.01; and
, p � 0.001).
in and NO groups (Figure 2). At the end of the 5-hour i
eriod, oxygenation recovered to baseline in Brain Death
nd Aprotinin groups and was similar in both (p � 0.1). In
he NO group, oxygenation was still significantly inferior to
aseline and the Brain Death group (p � 0.01).

onor serum cytokines

nterleukin (IL)-1�, tumour necrosis factor (TNF)-�, and
ytokine-induced neutrophil chemoattractant (CINC)-3
ere not detectable in serum before brain death. IL-1� and
INC-3 increased progressively and significantly after brain
eath (Figures 3 and 4). TNF-� increased significantly
ithin 1 hour after brain death and then decreased (Figure
). Serum CINC-1 was detected at low concentrations be-
ore brain death and increased significantly and progres-
ively (Figure 4). There was no difference in the serum
ytokine levels between the untreated group and the groups
hat received treatment with aprotinin or nitric oxide.

igure 4 Serum levels of the chemokines cytokine-induced neu-
rophil chemoattractants -1 and -3 before (0), and 1 and 5 hours
fter brain death in donors. There was no difference in the serum
hemokine levels between the untreated group (Brain Death) and
he groups that received treatment with aprotinin (Aprotinin) or
nhaled nitric oxide (NO). The p-values displayed are from com-
arisons with the Brain Death group. Also, levels at 5 hours are
ompared with the levels at 1 hour in each group (NS, not signif-

cant; A, p � 0.05; and B, p � 0.01).
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1181Avlonitis et al. Treatment of the Brain-dead Lung Donor
raft variables

fter transplantation and reperfusion, there was no differ-
nce in the peak airway pressure, pulmonary vascular re-
istance, and alveolar-pulmonary venous partial oxygen
ressure gradient among grafts harvested from the 3 donor
roups (Figure 5).

At the end of the 2 hours of reperfusion, the lung water
ndex was not different between the Brain Death group and
he Aprotinin (p � 0.352) or the NO groups (p � 0.896;
igure 5). Similarly, BAL levels of the cytokines IL-1�,
NF-�, CINC-1, and CINC-3 were not different between

he groups (Figure 6). After reperfusion, the percentage of
eutrophils in BAL leukocytes was significantly lower in

igure 5 Graft peak airway pressure, pulmonary vascular resista
(a-pv)O2 and lung water index after transplantation. The Brain D
O group (p-value in brackets). Donor treatment with aprotinin or
nd the amount of pulmonary edema after transplantation.
rafts from donors treated with aprotinin (Figure 7). How-
ver, the absolute neutrophil concentration was not different
n any of the treatment groups compared with the Brain
eath group (Figure 7).

iscussion

his is the first study, to our knowledge, to evaluate treat-
ent of the brain-dead donor with aprotinin or inhaled nitric

xide. Treatment with either agent did not reduce the sys-
emic inflammatory response in the donor, as indicated by
he serum cytokine levels. Deterioration in oxygenation

VR), alveolar-pulmonary venous partial oxygen pressure gradient
oup is compared with the Aprotinin (p-value in brackets) and the
d nitric oxide made no difference in the performance of the graft
nce (P
eath gr
inhale
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ccurred earlier and was more severe in rats treated with
ither agent than in untreated donors. However, oxygen-
tion in the Aprotinin group did return to levels similar to
he untreated group at 5 hours.

The exact causes behind these findings cannot be deter-
ined from the data. It is possible that both treatments

urther increased the early permeability alterations caused
y the sympathetic discharge, but oxygenation improved
ater in the Aprotinin group due to an anti-inflammatory
ffect on the lung. This can only be a speculation, however,
ecause neither permeability nor inflammatory markers
ere measured in the donor lungs before reperfusion. How-

ver, it can safely be concluded that neither treatment suc-
eeded in reducing the measured systemic inflammatory
arkers or improving lung function in the donors. More-

ver, donor treatment with either agent did not affect graft
utcome after reperfusion. Grafts from the Brain Death,
protinin, and NO groups showed similar airway pressure,
ulmonary vascular resistance, oxygenation, water index,
nd BAL cytokine levels.

A difference was found in the BAL neutrophils, when
xpressed as a percentage of leukocytes, which was signif-
cantly lower in the Aprotinin group; however, the absolute
oncentration of neutrophils in the BAL fluid was not dif-
erent between the groups. The percentage of neutrophils
ay be the preferred measure when there are significant

igure 6 Graft bronchoalveolar lavage cytokine levels 2 hou
protinin and the NO group. Donor treatment with aprotinin or i

evels in the lung after transplantation.
ifferences in the amount of pulmonary edema, which can s
ause dilution and reduce the absolute concentration of
eutrophils. In our study, there was no significant difference
n the lung water index between groups, and therefore, the
bsolute concentration of neutrophils should be a satisfac-
ory measure. Aprotinin has been previously shown to re-
uce primary adhesion and activation-dependent binding of
eutrophils to the endothelium and subsequent migra-
ion.6–8 Our study did not provide clear evidence that ad-

inistration of the drug to the donor may decrease neutro-
hil migration in the lung after reperfusion. Any such effect
as weak and did not improve early graft function. This

eries of experiments did not specifically study whether it
ould improve the outcome by ameliorating the damage to
he lung and shorten the course of primary graft dysfunc-
ion.

Inhaled NO treatment, to our knowledge, has not been
tudied in the context of donor brain death. There is only
ne case report of administration of inhaled NO to a pedi-
tric organ donor with beneficial effects.19 The present
tudy suggests that such treatment has no benefit and may
ven have detrimental effects. However, NO was adminis-
ered in donor rats ventilated with 100% oxygen. NO, apart
rom its protective effects, can also have toxic effects on the
ung. The toxic effects are partly due to formation of NO2

nd ONOO– when it reacts with oxygen or O2
–. Although

he net effect of nitric oxide may be protective due to its

r transplantation. The Brain Death group is compared with the
nitric oxide made no difference in the proinflammatory cytokine
rs afte
nhaled
cavenging actions on more hazardous reactive oxygen spe-



c
a

o
a
m
w
f
h
d
t
n
c
d
t
p
t
a
w

g
t
W
p
f
l
t

d
b
s
t
s
D
i
t

c

e
d
d
l

n
i
t
o
t
d
h
s
b
b

D

T
p
G
V

c

c
p
c

R

F
t
i
n

1183Avlonitis et al. Treatment of the Brain-dead Lung Donor
ies (H2O2, alkyl-peroxides and O2
–), toxicity may prevail

t high oxygen concentrations.20,21

Previous studies of donor treatment with inhaled nitric
xide showed a beneficial effect on reperfusion injury,15–17

part from one study by Hausen et al22 using the transplant
odel described here. That study showed inferior outcome
ith nitric oxide. However, there are two fundamental dif-

erences among the previous studies and the one described
ere. First, this study applied the treatment to brain-dead
onors, whereas previously, nitric oxide was administered
o living donors. Second, the present study treated the do-
ors for 5 hours, starting immediately after brain death and
ontinued during retrieval. Previous studies exposed the
onors to a relatively brief period of inhaled nitric oxide
reatment immediately before retrieval. So although the
resent study aimed to treat brain death-induced lung injury,
he others targeted the process of ischemia-reperfusion
lone. Similar was the use of aprotinin in previous studies,
here the agent was added to the preservation solution.
In a previous human randomized trial conducted by our

roup, transplanted lungs from brain-dead donors were
reated with inhaled nitric oxide at the time of reperfusion.

e found no clinical benefit and a trend toward increased
roinflammatory cytokines in the treated lungs.23 This is
urther evidence that nitric oxide may provide no benefit in
ung transplantation from brain-dead donors irrespective of
he time of administration.

Using the present model, we have previously published
ata demonstrating the difference between lung grafts from
rain-dead and sham-operated donors. Specifically, we have
hown that brain death results in donor systemic inflamma-
ory response, lung injury, and post-transplantation reperfu-
ion injury. The differences between the present Brain
eath group and a group of sham experiments were shown

n those previously published studies.2,3 For this reason,
hose data are not described here.

The proinflammatory cytokines IL-1�, TNF-�, and rat

igure 7 Graft bronchoalveolar lavage neutrophils 2 hours after
he NO group. Although the percentage of neutrophils in the graft b
n the Brain Death group, the absolute concentration of neutrophils
o difference.
hemokines CINC-1 and CINC-3 measured in the present
xperiments were chosen due to their important role in the
evelopment of lung injury.24–29 Our group was the first to
escribe the effects of rat brain death in the serum and lung
evels of the rat chemokines CINC-1 and CINC-3.2,3

We conclude that treatment with aprotinin or inhaled
itric oxide after brain death does not reduce the systemic
nflammatory response and may adversely affect lung func-
ion in the donor, without any significant benefit on graft
utcome after transplantation. These findings stress further
he overwhelming impact of the hypertensive phase on
onor inflammation and lung reperfusion injury. They also
ighlight the fact that living donor experiments may not be
ufficient for investigating new treatments. Studies should
e carried out in organs from brain-dead donors before the
eneficial effects of such treatments are granted.
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