
ORIGINAL ARTICLE

Bilirubin rinse of the graft ameliorates ischemia reperfusion
injury in heart transplantation
Florian B€osch,1,2 Michael Thomas,2 Pamela Kogler,1 Rupert Oberhuber,1 Robert Sucher,1 Felix Aigner,1

Severin Semsroth,3 Dominik Wiedemann,3 Kenichiro Yamashita,4 Jakob Troppmair,1 Katja Kotsch,1

Johann Pratschke1 and Robert €Ollinger1

1 Department of Visceral, Transplant and Thoracic Surgery, Medical University Innsbruck, Innsbruck, Austria

2 Department of Surgery, Ludwig-Maximilians University Munich, Munich, Germany

3 Department of Cardiac Surgery, Medical University Innsbruck, Innsbruck, Austria

4 First Department of Surgery, Hokkaido University School of Medicine, Sapporo, Japan

Keywords

apoptosis, experimental transplantation, heart

transplantation, heme oxygenase, ischemia

reperfusion injury, molecular diagnostic.

Correspondence

Robert €Ollinger MD, Department of Visceral,

Transplant and Thoracic Surgery, Medical

University Innsbruck, Anichstrasse 35, A-6020

Innsbruck, Austria.

Tel.: +43 512 504 0;

fax: +43 512 504 22605,

e-mail: robert.oellinger@i-med.ac.at

Conflict of interest

The authors have declared no conflict of

interests.

Received: 26 August 2013

Revision requested: 20 October 2013

Accepted: 23 January 2014

Published online: 5 March 2014

doi:10.1111/tri.12278

Summary

Ischemia and reperfusion contribute to substantial organ damage in transplanta-

tion. Clinically feasible measures for the prevention thereof are scarce. We tested

whether rinsing rodent hearts with the antioxidant bilirubin ameliorates ischemia

reperfusion injury (IRI). Left ventricular end-diastolic pressure (LVEDP), left

ventricular developed pressure (LVDevP), rate per pressure product (RPP), coro-

nary flow, maximum (+dP/dt) and minimum (�dP/dt) rate of contraction were

analyzed in Lewis rat hearts rinsed with bilirubin prior to reperfusion on a Lange-

ndorff apparatus after 12 h of cold ischemia. In vivo, isogenic C57Bl/6 mouse

hearts rinsed with bilirubin were transplanted after 12 h of cold ischemia. Cardiac

function and apoptosis were assessed 24 h after reperfusion. Heart lysates recov-

ered 15 min after reperfusion were probed for the total and the phosphorylated

forms of extracellular signal-related protein kinases (ERK), JNK, p38-MAPK, and

Akt. In isolated perfused hearts, bilirubin rinse resulted in significantly lower

LVEDP and improved LVDevP, RPP, coronary flow, +dP/dt and �dP/dt. In vivo,

after reperfusion, all mitogen-activated protein kinases (MAPKs) were suppressed

significantly by bilirubin pretreatment. Bilirubin rinse improved cardiac scores

(3.4 � 0.5 vs. 2.0 � 1.0 in controls, P < 0.05) and significantly suppressed apop-

tosis. Ex vivo administration of bilirubin to heart grafts prior reperfusion amelio-

rates IRI and provides a simple and effective tool to ameliorate outcome in heart

transplantation.

Introduction

Drastically increasing numbers of extended criteria

deceased donors are used recently due to the lack of opti-

mal grafts for solid organ transplantation [1,2]. To

improve short- and long-term outcomes in recipients of

those ‘marginal’ organs that are maximally prone to

ischemia reperfusion injury (IRI)-mediated damage, strat-

egies that reduce reperfusion injury have to be estab-

lished. Among them, without ethical constraints for the

deceased donor and without the risk of unwanted side

effects–drug interactions of systemically applied drugs in

the recipient, local treatment of the allograft is a promis-

ing approach.

The family of mitogen-activated protein kinases

(MAPK) includes extracellular signal-related protein kin-

ases (ERKs), p38-MAPK, and stress-activated protein kin-

ases/c-Jun NH2-terminal protein kinases (SAPKs/JNKs).

Activated MAPK pathways play an important role in cell

differentiation, cell proliferation, cell death, cell homeosta-

sis, IRI, and a variety of human diseases [3–5]. In solid

organ transplantation, activation of the MAPKs occurs

directly after reperfusion in the recipient due to oxidative

stress [6–8]. Modulation of MAPK signaling has an
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impact on organ function in various animal models of IRI

[9–15].
Heme oxygenase-1 (HO-1) is an ubiquitous enzyme that

has multiple beneficial effects when overexpressed [16,17]

HO-1 catalyzes the rate-limiting step in the conversion of

heme into carbon monoxide, free iron, and biliverdin,

which subsequently is converted to bilirubin by the enzyme

biliverdin reductase (BVR) [18]. Even a plethora of experi-

mental studies has underlined the beneficial effects of HO-

1; ways to clinically use the HO-1 system are still lacking.

The very potent antioxidants biliverdin and bilirubin [19]

account, at least in part, for many of the beneficial effects

of HO-1 induction. Their use in humans presumably is

safe, as both are naturally occurring in mammals and su-

pranormal (but not pathological) serum levels of bilirubin

are associated with an inverse correlation to the incidence

of several diseases [20–24]. Both have been shown to

ameliorate IRI in experimental models ex vivo and in vivo

[23].

Based on the rationale that bilirubin has been shown to

effectively ameliorate IRI and that reperfusion injury is ini-

tiated shortly after reperfusion, we hypothesized that hav-

ing the potent antioxidant bilirubin ‘on board’ after local

administration, via a simple rinse prior to reperfusion,

would limit cardiac IRI after heart transplantation validated

by measuring cardiac function, early MAPK activation, and

apoptosis.

Methods

Reagents

Bilirubin and biliverdin (Frontier Scientific, Logan, UT,

USA) were dissolved in 0.2 N NaOH, neutralized with 1 N

HCl to pH 7.4, adjusted to 10 mM concentration with PBS,

sterilized by filtration, and stored at �20˚C and dissolved

in Ringer’s lactate (RL) for experimental use. Bilirubin dita-

urate (Frontier Scientific) was dissolved in sterile water. All

experiments were carried out avoiding direct light.

Isolated perfused heart

Function of the left ventricle (LV) was assessed using a

standardized Langendorff apparatus. Lewis rat hearts

(LEW/CrlBR; Charles River, Wilmington, MA, USA;

n = 6–8/group) were rapidly excised after heparinization

(500 U), perfused with and stored in 4 °C UW solution

(Viaspan, Wilmington, MA, USA) for an extended period

of cold ischemia of 12 h. At the end of cold ischemia time

(CIT), hearts were rinsed with bilirubin (125 lM), biliver-
din (125 lM), or RL via a 22-g canula for 2 min (1 ml/

min) via the aorta, kept at 4 °C for additional 15 min, and

then mounted and perfused with phosphate-free Krebs–
Henseleit buffer on the Langendorff apparatus. Control

hearts with no CIT were mounted immediately after recov-

ery. A water-filled balloon was inserted into the LV for

recording of ventricular pressure and heart rate with the

use of a commercially available data acquisition system

(MacLab, ADInstruments, Colorado Springs, CO, USA).

Balloon volume was adjusted to achieve a left ventricular

end-diastolic pressure (LVEDP) of 0 mmHg. After stabil-

ization for 30 min, the balloon volume was increased by

50 ll every 5 min as described elsewhere (Fig. 1a) [25].

Mouse heart transplantation

Isogeneic hearts of 10-week-old male C57BL/6 (Charles

River, Sulzfeld, Germany) donors were heterotopically

transplanted using a standardized nonsuture cuff technique

[8]. Briefly, arterial anastomosis was made between the

aorta of the graft and the carotid artery of the recipient.

Venous drainage was achieved by connecting the pulmo-

nary artery to the external jugular vein. In sham-operated

controls, the sternocleidomastoid muscle was resected and

the jugular vein and carotid artery were ligated. After CIT

(12 h), hearts were rinsed with or without bilirubin or bili-

rubin ditaurate (12.5 lM or 125 lM) containing RL

(0.5 ml/min for 2 min) via the aorta using a 22-g canula

followed by anastomosis. Control hearts without CIT were

transplanted immediately after recovery. Anastomosis time

was kept constantly at 30 min (Fig. 2a). For systemic treat-

ment, bilirubin was applied i.v. as a single shot prior to rep-

erfusion at a dose of 14 mg/kg (i.e. 0.5 ml of 125 lM
bilirubin in RL). Cardiac function was assessed by palpa-

tion using a standardized score ranging from 1 to 4 [26].

Grafts were recovered at 15 min and 12 or 24 h after reper-

fusion and immediately snap-frozen in liquid nitrogen or

fixed in buffered 4% formaldehyde. Blood samples were

drawn at 12 h after reperfusion.

Measurement of CK-MB

Myocardial creatine kinase MB (CK-MB) was assessed in

the serum of the mice using the Granutest 15 assay kit

(Merck, Darmstadt, Germany) according to the manufac-

turer’s instructions (REP/EDC system, Helena Laborato-

ries, Beaumont, TX, USA) [27].

Anesthesia/analgesia

Rats for the Langendorff preparation were anesthetized

using ketamine (87 mg/kg) and xylazine (13 mg/kg). Mice

were anesthetized using ketamine (100 mg/kg) and xylazine

(10 mg/kg). Postoperative analgesia was done with s.c. bu-

prenorphine injections every 8 h after the operation until

the end of the experiment (0.1 mg/kg). Euthanasia was

done by applying a lethal dose of the anesthetic.
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All experiments were carried out respecting the Directive

2010/63/EU of the European Parliament. Approval for the

animal experiments was given by the Austrian ‘Bundesmin-

isterium f€ur Wissenschaft und Forschung’ (BMWF-66011-

67-2007).

Western blotting

Protein separation, immunoblotting, and chemolumines-

cence were performed as previously described [28]. Primary

antibodies directed against the total and the phosphory-

lated forms of ERK, JNK, p38, and Akt were used. Blots

were quantified measuring optical density (OD) using IMA-

GEJ software (http://imagej.nih.gov/ij/).

TUNEL staining

Five serial sections (every 200 lm) of each heart graft

were cut from formalin-fixed, paraffin-embedded blocks.

Multiple sections were stained using the In Situ Cell
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Figure 1 (a) Bilirubin rinse prior to reperfusion improves cardiac performance in ex vivo perfused rat hearts. Lower LVEDP and improved LVDevP,

RPP, coronary flow, +dP/dt, and �dP/dt were observed (P < 0.05 for all parameters vs. control). (b) Graph depicting ischemia time, treatment, and

assessment of function on the Langendorff apparatus. (c) Biliverdin does not improve cardiac performance in ex vivo perfused rat hearts (*P < 0.05

vs. control; &P < 0.05 vs. biliverdin; #P = NS vs. control).
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Death Detection Kit, Fluorescin (Roche Diagnostics

GmbH, Vienna, Austria). TUNEL positive nuclei per sec-

tion were counted at a magnification of 10-fold in a

blinded fashion.

Assessment of serum bilirubin concentrations

Blood samples for measuring serum bilirubin were

acquired at 5 min after reperfusion in mice that were

untreated, treated with a bilirubin rinse (0.5 ml, 125 lM)
or treated systemically i.v. (0.5 ml, 125 lM; i.e. 14 mg/

kg). Bilirubin levels were measured with the total

bilirubin assay kit (Sigma Aldrich, Hamburg, Germany)

in duplicates.

Statistical analysis

Statistical analysis was performed with the GRAPHPAD PRISM 4

(Graphpad Software, La Jolla, CA, USA) for Mac using ANO-

VA. Results are expressed as mean � standard deviation (SD).

Results

Bilirubin rinse ameliorates left ventricular function during

reperfusion in isolated perfused hearts

Rat hearts that underwent 12 h of CIT showed a signifi-

cantly higher LVEDP (57.6 � 16.5 mmHg vs.

10.9 � 2.3 mmHg, P < 0.01), a decrease in left ventricular

developed pressure (LVDevP, 43.7 � 12.6 mmHg vs.
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Figure 2 (a) Mouse heart grafts were rinsed with bilirubin at 125 lM prior to anastomosis. (b) Bilirubin rinsed grafts showed significantly better car-

diac scores when compared with RL-rinsed controls (#P < 0.05). (c, d) dUTP and propidium iodide (PI) staining of heart grafts 24 h after reperfusion.

Bilirubin rinsed hearts showed significantly less apoptotic cells when compared with controls (#P < 0.05). (e) CK-MB levels of heart grafts. Bilirubin

rinsed grafts had significantly lower serum levels of CK-MB (*P < 0.001).
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64.8 � 11.8 mmHg, P < 0.05), rate per pressure product

RPP (7111 � 2402 vs. 13 462 � 3497, P < 0.05), coronary

flow (3.5 � 1.2 ml/min vs. 6.2 � 2.5 ml/min, P < 0.05),

maximum rate of contraction (+dP/dt; 865.0 � 230.2

mmHG/s vs. 1898.0 � 417.5 mmHG/s, P < 0.05), and

relaxation (�dP/dt; �491.7 � 205.0 mmHg/s vs.

�956.6 � 178.9 mmHg/s, P < 0.05) when compared with

hearts without CIT measured 50 min after reperfusion

(data not shown). When hearts were rinsed with bilirubin

at a concentration of 125 lM 15 min prior to reperfusion, a

significantly lower LVEDP (30.3 � 7.2 mmHg) and

improved LVDevP (74.4 � 12.7 mmHg), RPP

(11 735 � 2647), coronary flow (5.0 � 1.1 ml/min), +dP/
dt (1665.5 � 295.5 mmHg/s), and �dP/dt (937.7� 159.3

mmHg/s, P < 0.05 for all parameters vs. control) were

observed (Fig. 1b). In contrast, a rinse with biliverdin at a

concentration of 125 lM prior to reperfusion showed no

beneficial effects on left ventricular developed pressure

(LVDevP 45.0 � 11.9, P = 0.6 vs. control and P = 0.026

vs. bilirubin; Fig 1c).

Bilirubin rinse improves functional scores in a mouse

model of heart transplantation

Mouse hearts transplanted after 12 h of cold ischemia

showed significantly worse functional scores (2.0 � 1.1)

when compared with control hearts that were transplanted

immediately after recovery (3.8 � 0.4, P = 0.0019) as

assessed 24 h after reperfusion. When hearts were rinsed

with bilirubin dissolved in RL at a concentration of 125 lM
prior to anastomosis (Fig. 2b), a significant improvement

of cardiac grafts was seen (score 3.4 � 0.5) when compared

with the 12-h cold ischemia controls that were rinsed with

RL alone (score 2.0 � 1.0, P = 0.0212; Fig. 2b). This effect

was not seen when bilirubin was used at a concentration of

12.5 lM (data not shown).

Bilirubin rinse reduces the number of apoptotic

myocardial cells and CK-MB levels

At 24 h after reperfusion, a significant number of TUNEL

positive nuclei was being observed in the 12-h cold ische-

mia control hearts (n = 15.0 � 8/section). Bilirubin-rinse-

treated hearts showed significantly less TUNEL positive

cells when compared with the controls (n = 8.3 � 0.6/sec-

tion, P < 0.0001, Fig 2c and d). As a marker of myocardial

injury, serum CK-MB was being assessed in hearts that

underwent 12 h of cold ischemia. CK-MB dramatically

increased when compared with sham-operated controls

(410 U/l vs. 144 U/l, respectively; P = 0.0051). When

hearts were treated with a single bilirubin rinse prior to rep-

erfusion, CK-MB levels were significantly lower after 12 h

of reperfusion (213 U/l, P < 0.02 vs. controls; Fig. 2e).

Bilirubin rinse decreases activation of MAPKs

and PI3K/Akt

We analyzed activation of MAPKs that are involved in the

mediation of cell injury, death, and inflammation related to

IRI [8]. Grafts that were kept in UW solution and rinsed

with RL with or without bilirubin were probed for the

phosphorylated forms of p38 MAPK, JNK, ERK, and Akt.

In control hearts, a dramatic increase in MAPK and Akt

activation was observed at 15 min after reperfusion (ERK

12.9-fold; JNK 22.4-fold; p38 6.2 fold, Akt 2.3 fold; Fig. 3a–
e). When hearts were rinsed with bilirubin prior to reperfu-

sion, activation of MAPKs and Akt was clearly suppressed

(ERK 6.7-fold, P = 0.0001; JNK 9.6-fold, P = 0.0178, p38

3.5 fold, P = 0.041; Akt 0.8 fold, P = 0.0119 vs. vehicle-

treated control, Fig. 3a–e).

Beneficial effects were not seen when the grafts were

rinsed with bilirubin ditaurate or after systemic treatment

We analyzed whether hydrophilic bilirubin ditaurate

applied locally to the grafts improves outcomes after reper-

fusion in the recipient such as the lipophilic counterpart

bilirubin. However, no improvement in cardiac scores

(2.0 � 0.6 vs. 1.8 � 0.4 in the controls, P = 0.56) nor sup-

pression of ERK activation was seen when the heart grafts

were rinsed with bilirubin ditaurate prior to reperfusion

(Fig. 4a and b).

Serum bilirubin levels in recipients after rinsing of the

grafts with bilirubin did not show significant changes when

compared with RL-rinsed controls (0.25 � 0.10 mg/dl vs.

0.19 � 0.09 mg/dl, P = 0.47, Fig 4c). We further analyzed

whether the same amount of bilirubin applied locally to the

grafts administered systemically would similarly improve

outcomes after reperfusion in the recipient. However, no

improvement in cardiac scores (2.5 � 0.5 vs. 2.5 � 0.5 in

the controls, P = 1.0) nor suppression of ERK activation

was seen under systemic treatment at this dose and time

point when compared with the controls (Fig. 4d and e).

Discussion

Our study provides evidence that pretreatment of heart

grafts with bilirubin prior to reperfusion ameliorates IRI

ex vivo and In vivo. We initiated our studies based on the

observation that induction of HO-1 in the organ donor

(alone) ameliorates IRI [29]. As induction of HO-1 has not

yet found its way into clinical application because specific

and nontoxic promotors of HO-1 activity are lacking,

research has focused on the end products of heme catabo-

lism, namely CO, Fe++, and biliverdin/bilirubin that, at

least in part, account for the beneficial effects seen under

HO-1 induction [23,30]. Bilirubin is among the most
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potent endogenous antioxidants [19], and its use has been

tested in various animal models successfully [23]. Aim of

our study was to show that bilirubin prevents IRI, what has

been demonstrated by various groups previously [20,21,31–
37]. We focused on the use of a potent naturally occurring

thus presumably nontoxic (in the concentration applied)

substance we have considerable experience with, namely

bilirubin, in an ambitious and easily applicable way to

administer it in an animal model of heart transplantation.

The complexity of organ transplantation would allow to

interfere with the pathological processes responsible for

graft dysfunction at three stages: treatment of the organ

donor, the graft when recovered but not reperfused or

treating the recipient [21,25,38,39]. Treating the donor

implies that an effect is assumed to be beneficial for all

organs being recovered what might not be the case under

certain circumstances, that is, a donor treatment beneficial

for the heart might be detrimental for the kidneys and vice

versa. In addition to that, in many countries, treatment of

the donor for the purpose of improving the allografts integ-

rity is not allowed for ethical reasons. Otherwise, treating

the recipient is certainly possible, and many attempts have

been made to reduce IRI after solid organ transplantation.

Experimentally a plethora of substances is effective in

reducing IRI (e.g. antioxidants, immunosuppressants),

however, no single specific treatment to reduce IRI has pro-

ven efficacy in the clinical situation by the means of

improving organ function after reperfusion in the recipient.

Additionally, side effects of ‘IRI reducing drugs’ may com-

promise the recipient who is in a critical condition in the
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early phase after solid organ transplantation. Thus, the con-

cept of treating the graft only avoiding systemic treatment

of the donor/recipient was tested because it is simple and

has the potential of local ‘protection’ of the graft initiated

prior to reperfusion. Years ago, it has been shown that bili-

rubin administered to rat hearts on a Langendorff appara-

tus together with the perfusate improves cardiac function

[20].

We administered bilirubin briefly before reperfusion on

the Langendorff apparatus after 12 h of cold ischemia by

rinsing the hearts, avoiding treatment of the donor and/or

the recipient. Twelve hours of cold ischemia were chosen in

order to have serious damage to the grafts what was not

seen with (clinically more common) 3 h or 6 h of cold

ischemia, that is, no significant decrease in cardiac scores in

the heart transplant model (data not shown). The decision

to use bilirubin at a concentration of 125 lM was based on

previous studies mimicking supernormal serum levels that

have been found/achieved [22,24,28]. Bilirubin was very

efficient in ameliorating cardiac function. This is exciting,

especially as the period covered by the treatment is consid-

erably short but goes along with our hypothesis that if at

the moment of reperfusion a potent antioxidant in a proper

concentration is present, reperfusion injury is reduced.

No ‘protective’ effect was seen under biliverdin treat-

ment that experimentally has a similar antioxidant poten-

tial [19]. So far we have no explanation for this difference,

one might assume that biliverdin, due to its more hydro-

philic properties at physiological pH [40], does not enter

the target cells (endothelial cells, myocardium). Further,

that the enzyme BVR that may play an important role in

biliverdin-mediated effects as suggested recently [41] is not

being functional at 4 °C, and thus, biliverdin is not being

converted to bilirubin, as at 4 °C all metabolic reactions

are coming to a complete stop. Based on these results, we

suggest that the antioxidant present in the perfusate alone

is not effective and has to be incorporated into the ‘effector’

cells. However, this issue needs to be further explored and

will be addressed in future studies. Lipophilic bilirubin was

used primarily because of its beneficial effects in the iso-

lated perfused heart in the mouse heart transplant model;

however, because of the more feasible use of water-soluble

bilirubin ditaurate, the latter was also tested. No effect of a

bilirubin ditaurate rinse was observed with respect to func-

tional scores nor suppression of MAPK activation was seen,

confirming what has been assumed for biliverdin, that

under conditions of local administration, the hydrophilic

compound cannot effectively protect the cells from dam-

age. These objective findings were accompanied by the sub-

jective visual perception that the myocardium of the heart

grafts rinsed with the lipophilic bilirubin colored orange.

This was not seen when water-soluble bilirubin ditaurate

was used to rinse the grafts.

Based on the ex vivo studies, we assumed that local

administration of bilirubin to syngeneic heart grafts would

ameliorate IRI In vivo. The heterotopic cervical mouse

heart transplant model certainly bares several disadvan-

tages: As the hearts are not transplanted orthotopically, no

physiological blood flow can be achieved. Nevertheless, we

chose the mouse heart model to confirm the data obtained

in the isolated perfused heart as it is vascularized and thus

much more relevant with respect to reperfusion damage

what, at least in part, is mediated by the immune system

and certainly is not seen in an isolated perfused heart.

We are aware that palpation of the grafts bares the risk

of under- or overscoring; thus, the investigator was blinded

to the treatment; further the heart transplantation method

with the cervical cuff technique maximally facilitates

palpation. No better methods so far are available in mice to

assess cardiac function reliably; even echocardiography has
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been described. With echocardiography, we were not able

to generate reliable readings of contractions neither in mice

nor in rats (data not shown). Thus, we focused on other

methods to quantify damage in the heart transplant model:

Apoptosis is the consequence of IRI-mediated via several

pro-apoptotic pathways as well as the innate immune sys-

tem that determines the fate of an organ transplanted, espe-

cially the heart. Apoptosis was not completely prevented by

the bilirubin rinse, but significantly reduced. To confound

these results, we measured CK-MB with a standardized

assay. Again, a dramatic increase in serum CK-MB was seen

what was nearly completely suppressed in mice receiving a

bilirubin rinsed heart.

Recently we have described very early activation of MAP-

Ks in a mouse model of heart transplantation [8]. Bilirubin

administered locally to heart isografts suppressed MAPK

and PI3K activation that is seen after reperfusion. MAPK

activation in this setting may be beneficial as well as detri-

mental, depending on which MAPK being is activated. ERK

has been described as antiapoptotic; similar observations

have been made for PI3K/Akt [42,43]. This activation may

be a natural defense mechanism of the cells exposed to cold

ischemia and warm reperfusion and rescue them from irre-

versible damage. In contrast, experimental suppression of

p38 and/or JNK activation is beneficial in IRI; thus, the

suppression thereof under local bilirubin treatment may

minimize pro-apoptotic events [44,45]. Herein, we did not

analyze whether suppression of MAPK activation is the

mechanism of action of local bilirubin administration but

merely to have a reliable (in our hands) well-established

parameter to assess early reperfusion injury.

Certainly the assumption arises that the bilirubin admin-

istered to the grafts becomes systemic upon reperfusion

and then exerts its beneficial effects. The serum bilirubin

levels measured in recipients after rinsing of the grafts with

bilirubin did not significantly increase when compared with

RL-rinsed controls. We tested whether the same amount

that was rinsed into the grafts applied systemically would

ameliorate IRI. Intravenous injection of bilirubin at 0.5 mg

to the recipient did not affect cardiac scores nor ERK acti-

vation; we thus conclude that the effects seen are not due to

systemic ‘wash out’ of the grafts.

In summary, our data suggest that local administration

of lipophilic (unconjugated) bilirubin ameliorates trans-

plant-related IRI, already measured in the very early phase

after reperfusion. Based on our results, we conclude that

bilirubin applied locally to allografts is a promising, novel

strategy to ameliorate IRI.

Authorship

FB, MT, PK, and R€O: experimental work; RO, RS, FA, SS,

and DW: contributed important reagents; KY and R€O:

designed the study; KK, JT, and JP: supervised the project;

FB and R€O: wrote the paper.

Funding

This work was supported by the Medical University Inns-

bruck and two travel grants provided by the Austrian Soci-

ety of Surgeons and ‘Austrotransplant’ addressed to R.€O.

References

1. Stallone G, Infante B, Gesualdo L. Older donors and older

recipients in kidney transplantation. J Nephrol 2010; 23

(Suppl. 15): S98.

2. Wittwer T, Wahlers T. Marginal donor grafts in heart trans-

plantation: lessons learned from 25 years of experience.

Transpl Int 2008; 21: 113.

3. Abe J, Baines CP, Berk BC. Role of mitogen-activated pro-

tein kinases in ischemia and reperfusion injury : the good

and the bad. Circ Res 2000; 86: 607.

4. Kim EK, Choi EJ. Pathological roles of MAPK signaling

pathways in human diseases. Biochim Biophys Acta 2010;

1802: 396.

5. Talmor D, Applebaum A, Rudich A, Shapira Y, Tirosh A.

Activation of mitogen-activated protein kinases in human

heart during cardiopulmonary bypass. Circ Res 2000; 86:

1004.

6. Liang T, Xu S, Yu J, Shen K, Li D, Zheng S. Activation pattern

of mitogen-activated protein kinases in early phase of differ-

ent size liver isografts in rats. Liver Transpl 2005; 11: 1527.

7. Sakiyama S, Hamilton J, Han B, et al. Activation of mito-

gen-activated protein kinases during human lung transplan-

tation. J Heart Lung Transplant 2005; 24: 2079.

8. Sucher R, Gehwolf P, Kaier T, et al. Intracellular signaling

pathways control mitochondrial events associated with the

development of ischemia/ reperfusion-associated damage.

Transpl Int 2009; 22: 922.

9. Clanachan AS, Jaswal JS, Gandhi M, et al. Effects of inhibi-

tion of myocardial extracellular-responsive kinase and P38

mitogen-activated protein kinase on mechanical function of

rat hearts after prolonged hypothermic ischemia. Transplan-

tation 2003; 75: 173.

10. Kim YK, Suarez J, Hu Y, et al. Deletion of the inducible 70-

kDa heat shock protein genes in mice impairs cardiac con-

tractile function and calcium handling associated with

hypertrophy. Circulation 2006; 113: 2589.

11. Koike N, Takeyoshi I, Ohki S, Tokumine M, Matsumoto K,

Morishita Y. Effects of adding P38 mitogen-activated pro-

tein-kinase inhibitor to celsior solution in canine heart

transplantation from non-heart-beating donors. Transplan-

tation 2004; 77: 286.

12. Liao P, Wang SQ, Wang S, et al. p38 Mitogen-activated pro-

tein kinase mediates a negative inotropic effect in cardiac

myocytes. Circ Res 2002; 90: 190.

© 2014 Steunstichting ESOT 27 (2014) 504–513 511

B€osch et al. Bilirubin rinse prevents ischemia reperfusion injury



13. Qi D, Hu X, Wu X, et al. Cardiac macrophage migration

inhibitory factor inhibits JNK pathway activation and injury

during ischemia/reperfusion. J Clin Invest 2009; 119: 3807.

14. Tanno M, Bassi R, Gorog DA, et al. Diverse mechanisms of

myocardial p38 mitogen-activated protein kinase activation:

evidence for MKK-independent activation by a TAB 1-asso-

ciated mechanism contributing to injury during myocardial

ischemia. Circ Res 2003; 93: 254.

15. Yoshinari D, Takeyoshi I, Kobayashi M, et al. Effects of a

p38 mitogen-activated protein kinase inhibitor as an addi-

tive to university of wisconsin solution on reperfusion injury

in liver transplantation. Transplantation 2001; 72: 22.

16. Abraham NG, Kappas A. Pharmacological and clinical

aspects of heme oxygenase. Pharmacol Rev 2008; 60: 79.

17. Ollinger R, Pratschke J. Role of heme oxygenase-1 in trans-

plantation. Transpl Int 2010; 23: 1071.

18. Tenhunen R, Marver HS, Schmid R. The enzymatic conver-

sion of heme to bilirubin by microsomal heme oxygenase.

Proc Natl Acad Sci USA 1968; 61: 748.

19. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames

BN. Bilirubin is an antioxidant of possible physiological

importance. Science 1987; 235: 1043.

20. Clark JE, Foresti R, Sarathchandra P, Kaur H, Green CJ,

Motterlini R. Heme oxygenase-1-derived bilirubin amelio-

rates postischemic myocardial dysfunction. Am J Physiol

Heart Circ Physiol 2000; 278: H643.

21. Kato Y, Shimazu M, Kondo M, et al. Bilirubin rinse: a sim-

ple protectant against the rat liver graft injury mimicking

heme oxygenase-1 preconditioning. Hepatology 2003; 38:

364.

22. Ollinger R, Bilban M, Erat A, et al. Bilirubin: a natural

inhibitor of vascular smooth muscle cell proliferation. Circu-

lation 2005; 112: 1030.

23. Ollinger R, Wang H, Yamashita K, et al. Therapeutic appli-

cations of bilirubin and biliverdin in transplantation. Anti-

oxid Redox Signal 2007; 9: 2175.

24. Yamashita K, McDaid J, Ollinger R, et al. Biliverdin, a natu-

ral product of heme catabolism, induces tolerance to cardiac

allografts. FASEB J 2004; 18: 765.

25. Smolenski RT, Raisky O, Slominska EM, et al. Protection

from reperfusion injury after cardiac transplantation by

inhibition of adenosine metabolism and nucleotide precur-

sor supply. Circulation 2001; 104(12 Suppl. 1): I246.

26. Tanaka M, Terry RD, Mokhtari GK, et al. Suppression of

graft coronary artery disease by a brief treatment with a

selective epsilonPKC activator and a deltaPKC inhibitor in

murine cardiac allografts. Circulation 2004; 110(11 Suppl.

1): II194.

27. Bachmaier K, Mair J, Offner F, Pummerer C, Neu N. Serum

cardiac troponin T and creatine kinase-MB elevations in

murine autoimmune myocarditis. Circulation 1995; 92:

1927.

28. Ollinger R, Kogler P, Troppmair J, et al. Bilirubin inhibits

tumor cell growth via activation of ERK. Cell Cycle 2007; 6:

3078.

29. Tullius SG, Nieminen-Kelha M, Buelow R, et al. Inhibition

of ischemia/reperfusion injury and chronic graft deteriora-

tion by a single-donor treatment with cobalt-protoporphy-

rin for the induction of heme oxygenase-1. Transplantation

2002; 74: 591.

30. Otterbein LE. The evolution of carbon monoxide into medi-

cine. Respir Care 2009; 54: 925.

31. Adin CA, Croker BP, Agarwal A. Protective effects of exoge-

nous bilirubin on ischemia-reperfusion injury in the iso-

lated, perfused rat kidney. Am J Physiol Renal Physiol 2005;

288: F778.

32. Ceran C, Sonmez K, Turkyllmaz Z, et al. Effect of bilirubin

in ischemia/reperfusion injury on rat small intestine. J Pedi-

atr Surg 2001; 36: 1764.

33. Fondevila C, Shen XD, Tsuchiyashi S, et al. Biliverdin ther-

apy protects rat livers from ischemia and reperfusion injury.

Hepatology 2004; 40: 1333.

34. Foresti R, Goatly H, Green CJ, Motterlini R. Role of heme

oxygenase-1 in hypoxia-reoxygenation: requirement of sub-

strate heme to promote cardioprotection. Am J Physiol Heart

Circ Physiol 2001; 281: H1976.

35. Kirkby K, Baylis C, Agarwal A, Croker B, Archer L, Adin C.

Intravenous bilirubin provides incomplete protection

against renal ischemia-reperfusion injury in vivo. Am J Phys-

iol Renal Physiol 2007; 292: F888.

36. Nakao A, Neto JS, Kanno S, et al. Protection against ische-

mia/reperfusion injury in cardiac and renal transplantation

with carbon monoxide, biliverdin and both. Am J Transplant

2005; 5: 282.

37. Nakao A, Otterbein LE, Overhaus M, et al. Biliverdin pro-

tects the functional integrity of a transplanted syngeneic

small bowel. Gastroenterology 2004; 127: 595.

38. Stadelmann M, Dornbierer M, Clement D, et al.Mild hypo-

thermia during global cardiac ischemia opens a window of

opportunity to develop heart donation after cardiac death.

Transpl Int 2013; 26: 339.

39. Sickinger S, Maier H, Konig S, et al. Lipocalin-2 as mediator

of chemokine expression and granulocyte infiltration during

ischemia and reperfusion. Transpl Int 2013; 26: 761.

40. McDonagh AF, Palma LA, Schmid R. Reduction of biliver-

din and placental transfer of bilirubin and biliverdin in the

pregnant guinea pig. Biochem J 1981; 194: 273.

41. Jansen T, Hortmann M, Oelze M, et al. Conversion of bili-

verdin to bilirubin by biliverdin reductase contributes to

endothelial cell protection by heme oxygenase-1-evidence

for direct and indirect antioxidant actions of bilirubin. J Mol

Cell Cardiol 2010; 49: 186.

42. Das A, Salloum FN, Xi L, Rao YJ, Kukreja RC. ERK phos-

phorylation mediates sildenafil-induced myocardial protec-

tion against ischemia-reperfusion injury in mice. Am J

Physiol Heart Circ Physiol 2009; 296: H1236.

43. Kwon DS, Kwon CH, Kim JH, Woo JS, Jung JS, Kim YK.

Signal transduction of MEK/ERK and PI3K/Akt activation

by hypoxia/reoxygenation in renal epithelial cells. Eur J Cell

Biol 2006; 85: 1189.

512 © 2014 Steunstichting ESOT 27 (2014) 504–513

Bilirubin rinse prevents ischemia reperfusion injury B€osch et al.



44. Devey L, Mohr E, Bellamy C, et al. c-Jun terminal kinase-2

gene deleted mice overexpress hemeoxygenase-1 and are

protected from hepatic ischemia reperfusion injury. Trans-

plantation 2009; 88: 308.

45. Hashimoto N, Takeyoshi I, Yoshinari D, et al. Effects of a

p38 mitogen-activated protein kinase inhibitor as an addi-

tive to Euro-Collins solution on reperfusion injury in canine

lung transplantation1. Transplantation 2002; 74: 320.

© 2014 Steunstichting ESOT 27 (2014) 504–513 513

B€osch et al. Bilirubin rinse prevents ischemia reperfusion injury


