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Summary

The optimal kidney preservation system and methods to ameliorate reperfusion
injury are major factors in accomplishing successful graft function following
transplantation. Ischaemia and reperfusion lead to cellular stress and the adap-
tive response may include the activation of genes involved in cellular protection
and/or cell death by apoptosis. We investigated the expression of cytoprotective
heme oxygenase-1 (HO-1), anti-apoptotic Bcl-2 and pro-apoptotic Bax after
6 h isolated organ perfusion in porcine kidneys that had been given 10 and
40 min warm ischaemic time. The level of HO-1 was shown to be significantly
higher in the 10-min warm ischaemic group compared with 40-min group
(0.90 £ 0.03 vs. 0.83 = 0.03; P = 0.002). The levels of HO-1 showed a signifi-
cant positive correlated with parameters of renal function, creatinine clearance,
and renal blood flow and urine output (AUC; r = 0.8042, P = 0.03; r =
0.6028, P = 0.04; r = 0.6055, P = 0.04), demonstrating a possible protective

role of this gene in this model of renal transplantation.

Introduction

Ischaemia-reperfusion (IR) injury is known to be a risk
factor for both short- and long-term graft function and
survival following transplantation [1,2]. This is partic-
ularly important when considering kidneys from non-
heart-beating donors due to the increased warm
ischaemic time [3,4]. It is thought that the balance
between pro- and anti-inflammatory/apoptotic events ini-
tiated on reperfusion may influence the long-term survi-
val of the immediately vascularized graft. The idea that
grafts may be protected from vascular injury leading to
rejection came from experience of long-term graft survival
in a series of ABO incompatible living donor kidney
transplants [5]. A model of xenotransplantation created
to resemble this situation later lead to the identification
of a single protective gene heme oxygenase (HO)-1
involved in graft survival [6,7].

Heme oxygenase-1 is the inducible form of the HO
enzyme and is well known that it is induced in response
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to factors that may result in cellular stress, for example,
hypoxia, heavy metals including free iron, and inflamma-
tory cytokines [8]. It is able to promote graft survival in
many ways, the mechanisms of which are not yet fully
elucidated. Primarily it is an enzyme involved in the deg-
radation of haem by catalysing its conversion to iron, car-
bon monoxide (CO) and biliverdin [9]. Indirectly the
production of free iron induces the expression of the
iron-sequestering protein ferritin and thus results in
removal of pro-oxidant free iron [10]. Studies have sug-
gested many other protective effects HO-1 in preventing
graft rejection mediated via CO, these include the ability
to promote vasodilation and inhibit inflammation, apop-
tosis and thrombosis [11-15]. It appears the mechanisms
here may involve binding of CO to iron-containing pro-
teins of certain signal transduction pathways thus modu-
lating their action [16]

Under normal conditions, apoptosis responds to the
natural requirements for cell turn over and limits damage
by inflammation; however, elevated levels of cell death by
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necrosis or apoptosis initiated IR injury have deleterious
consequences [17-19]. The proinflammatory cytokine
tumour necrosis factor (TNF)-a and the Fas ligand may
induce apoptosis during IR; also important are mitoch-
ondrial-related factors. The cells’ mitochondria are crucial
to cell survival and are a primary target for ischaemic
damage. Ischaemia results in ATP depletion and associ-
ated mitochondrial abnormalities (including electron
transport dysfunction, elevated ROS production and per-
meability transitions) and in this case intracellular stimuli
may initiate apoptosis by the release of mitochondrial
cytochrome ¢ [20-23]. The regulation of cytochrome
¢ release by the expression of pro- and anti-apoptotic
genes involved in the control of apoptosis could therefore
play a key role in post-transplant graft survival.

The aim of this study was to investigate the effect of
prolonged warm ischaemic time on the expression of the
cytoprotective gene HO-1 and anti-apoptotic Bcl-2 and
pro-apoptotic Bax (involved in the regulation of apopto-
sis initiated by intracellular stimuli). The study was per-
formed using an isolated organ preservation system to
perfuse porcine kidneys with normothermic oxygenated
blood. The system is an excellent model of the human-
transplanted kidney and allows experimental conditions
to be highly controlled. A similar study previously dem-
onstrated the induction of HO-1 during ex vivo warm
perfusion but to our knowledge basal levels and the effect
of warm perfusion on the expression of these genes fol-
lowing reperfusion in this type of model have not been
evaluated [24]. A better understanding of the mechanisms
behind the genes involved may in future clinical practise
allow manipulation of expression levels prior to trans-
plantation to improve renal graft function and survival.

Methods

Isolated organ perfusion

This was performed on an isolated organ perfusion
machine according to previously described methodology
[25]. In brief, kidneys from large white pigs (schedule 1)
were retrieved, flushed with Soltran (Baxter, Norfolk, UK)
and were randomly given 10 or 40 min warm ischaemic
time followed by 2 h cold storage (n = 6). Prior to organ
perfusion the renal artery, vein and ureter were cannulat-
ed and the kidneys flushed with Gelofusine (B Braun
Medical Ltd, Sheffield, UK). The kidneys were subse-
quently haemoperfused with autologous blood containing
25 000 U of sodium heparin/l on an isolated organ perfu-
sion machine for 6 h. This system, based on cardiopul-
monary bypass technology (Medtronic, Watford, UK)
incorporated a centrifugal pump, flow and pressure trans-
ducers, heat exchanger, venous reservoir, membranous
oxygenator and a temperature probe.
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Initially, the system was primed with Ringer’s solution
(0.51) containing 25 mM sodium bicarbonate, 0.1 m
mannitol, 3.5 mm Cefuroxime and 50 pm Dexamethasone
prior to the addition of 0.51 of autologous blood. The
perfusate was infused with Nutrifex B (B Braun) contain-
ing 25 mm sodium bicarbonate and 100 units of insulin.
Creatinine was added to the perfusate at an initial con-
centration of 1000 pum and during the first hour of reper-
fusion 0.1 mMm sodium nitroprusside was administered
after which 5% glucose solution was infused. During rep-
erfusion renal blood flow was monitored continuously
and urine output recorded. Samples were taken for serum
and urinary creatinine every hour and analysed by the
hospital pathology laboratory. Creatinine clearance was
calculated (urine creatinine X urine volume/plasma creati-
nine). Needle core biopsies (1 = 2) were taken after 6-h
reperfusion, embedded in tissue-tek and rapidly frozen
using liquid nitrogen and stored at —80 °C for mRNA
extraction.

Gene expression

Methodology previously established for the measurement
of mRNA levels in single human renal glomeruli was used
[26]. Frozen sections of kidney (3 X 10 pm) were
immersed in 100 pl lysis binding buffer (Dynal, Brombor-
ough, UK). Samples (diluted X5) were incubated with
proteinase K at 50 pg/ml for 1 h at 37 °C and mRNA
was extracted from samples using oligo-dT-linked Dyna-
beads® (Dynal). Complementary DNA (cDNA) was syn-
thesized from mRNA using Avian Myeloblastosis Virus
reverse transcriptase (RT; Promega, Southampton, UK)
and the oligo-dT of the Dynabeads® as a primer. For the
reaction 8 pl of the captured mRNA was incubated for
1 h at 42 °C using a thermocycler in a final reaction vol-
ume of 25 ul containing 5 U RT, 1X RT buffer, 1 mm
dNTPs (Roche, Hertfordshire, UK) and 25 U RNasin
(Promega). A negative control (containing 2 pl of the
captured mRNA), which excluded the RT enzyme, was
included for each extraction.

Expression levels of B-actin, Bax, Bcl-2 and HO-1 were
investigated using real-time PCR. Constitutively expressed
B-actin was used as an endogenous control to normalize
for the amount of extracted mRNA. Preoptimized porcine
primers and probes for Pig B-actin, Bax and HO-1 were
purchased from Applied Biosystems (Foster City, CA,
USA) using their assay-by-design service and the sequences
are given in Table 1. Human Bcl-2 primer and probe was
purchased from Applied Biosystems Assays-on-Demand™
product range (sequence information for these products
are not available). The PCR was performed in a 50 pl
reaction volume and contained 1 pl of template cDNA,
90 nm forward and reverse primer, 1 U of JumpStart
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Table 1. Primer and probe sequences for Pig B-actin, Bax and heme oxygenase (HO)-1 purchased from Applied Biosystems using their assay-by-

design service.

Gene 5’ (forward primer) 3’ (reverse primer) TagMan MGB probe (FAM dye-labelled)
B-Actin CCGAGGCGCTCTTCCA GTGGATGCCGCAGGATTC CCCTCCTTCCTGGGCATG
Bax GGTCGCGCTTTTCTACTTTGC CAGCCCATGATGGTCCTGATC ACAGGGCCTTGAGCACC
HO-1 GCGAGGTCACCCGAGAA TCCTCCAGGGCATCGTAGAT ATCACCAGCTTAAAGCC
Taq polymerase, 1X AJ buffer fmd 75 nm ROX .reference 095 - (@ P = 0.0023
dye (Molecular Probes, Cambridge, UK). Real-time PCR
was performed on a quantitative PCR instrument (Strata- s 09 T
gene MX4000, Stratagene, La Jolla, CA, USA). The thermal 5
profile was: one cycle, 95 °C for 1 min; 40 cycles of 95 °C 28 0.85 |
for 30 s, 60 °C for 1 min and 72 °C for 30 s. g T
o 08
Statistical analysis
o ) 0.75
Mean values and standard deviations or median values 10 min WI time 40 min WI time
and ranges were used as descriptive statistics. Continuous
variables of reperfusion were plotted against time and 0957 (b)
the area under the curve (AUC) for individual perfusion
experiments was calculated using Microsoft Excel soft- 0.90 - -1
ware. Analysis of data was carried out using Graphpad g
Instat Version 3 (GraphPad Software Inc., San Diego, s
CA USA). Difference between the two groups was com- 23 0857
pared by Student’s t-test or Mann—Whitney test. Pearson g-"
and Spearman R-values were used to describe correla- o080
tions. P-values of <0.05 were considered statistically
significant.
0.75
10 min Wi time 40 min Wl time
Results
0.95 - (c)
The levels of HO-1, Bax and Bcl-2 expression in two - —_
groups of kidneys, given either 10 or 40 min warm isch- 3 0.90
. . . . 3 -
aemic time followed by 6 h reperfusion and are illustrated 2=
. . . . @
in Fig. 1. The levels of B-actin expression were used to g% 08 o
normalize the expression of these genes for the amount of E ’
mRNA in the samples. There was no significant difference 3
in the B-actin expression level between the two groups. 0.80 1
HO-1 expression was shown to be significantly higher in
the 10-min group compared with the 40-min group 0.75
10 min Wi time 40 min WI time

(Fig. 1a). In general, the trend for Bax expression
appeared to be lower in the 10-min group compared with
the 40-min group but this did not reach statistical signifi-
cance (Fig. 1b). There was no significant difference in the
level of Bcl-2 in the expression 10-min group compared
with the 40-min group; there was more variation in the
data obtained from the 40-min group (Fig. 1c). There
was no significant difference in the ratio of Bax:Bcl-2 in
the 10-min group compared with the 40-min group.
Gene expression levels were correlated with parameters
of renal function, namely creatinine clearance, urine out-
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Figure 1 mRNA expression levels of heme oxygenase-1 (a), Bax (b)
and Bcl-2 (c) normalized to B-actin expression in kidney biopsies deter-
mined by real-time PCR. Kidneys were reperfused for 6 h following
10 or 40 min warm ischaemic and 2 h cold storage. Data are mean
and standard deviation of six kidneys and statistical analysis was per-
formed using an unpaired Student’s t-test.

put and renal blood flow recorded during reperfusion.
There was a significant positive correlation between HO-1
expression and creatinine clearance, urine output and
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Figure 2 Positive correlations between heme oxygenase-1 mRNA
expression levels and creatinine clearance (a), urine output (b) and
renal blood flow (c) represented as AUC in six kidneys reperfused for
6 h after 10 min or 40 min warm ischaemic and 2 h cold storage
time.

renal blood flow expressed as AUC (Fig. 2). Both Bax and
Bcl-2 expression gave negative correlations with parame-
ters of function. Significant correlations were observed
with Bax and urine output expressed as AUC, Bax expres-
sion did not give a significant correlate with creatinine
clearance expressed as AUC but did with creatinine clear-
ance calculated at 6 h (Fig. 3a,b). The correlation between
Bcl-2 and urine output (AUC) was not quite significant
(Fig. 3c).

Discussion

To our knowledge this study is the first to address the
expression of cytoprotective, pro-apoptotic and anti-
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Figure 3 Negative correlations between Bax and Bcl-2 mRNA expres-
sion levels and creatinine clearance (a), urine output (b) and renal
blood flow (c) represented as AUC in six kidneys reperfused for 6 h
after 10 min or 40 min warm ischaemic and 2 h cold storage time.

apoptotic genes in a porcine isolated organ perfusion sys-
tem. The anatomy and physiology of the porcine kidney
are known to be very similar to the human kidney and
therefore this is a very representative model of the human
transplanted kidney. However, the current limitations of
this system for further gene expression studies concern
the availability of porcine gene sequences for the design
of primers; in this case for Bcl-2 we were able to use a
human primer as the sequence was highly conserved. The
model we have developed has enabled the investigation of
warm ischaemia time on the expression of HO-1, Bax
and Bcl-2 postreperfusion under controlled conditions.
Using this system we have previously reported the param-
eters of function, creatinine clearance, urine output and
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renal blood flow to be significantly lower in kidneys that
had had 40 min warm ischaemia compared with those
that had had 10 min warm ischaemia after 6 h of reper-
fusion demonstrating the impaired function often associ-
ated with prolonged warm ischaemia [27].

The level of HO-1 after 6 h reperfusion was found to
be significantly higher in the kidneys that had 10 min
warm ischaemia compared with those that had 40-min
warm ischaemia. Also, the level of HO-1 expression gave
a positive correlation with parameters of function meas-
ured during reperfusion and this may indicate a protect-
ive role of this gene during reperfusion. Our data were in
agreement with a similar human study looking at HO-1
levels post-transplant in living-related versus cadaveric
donors, which also gave a positive correlation with
function post-transplantation [28]. This study also dem-
onstrated higher levels of HO-1 with short ischaemia
(living-related) compared with prolonged ischaemia
(cadaveric including both heart beating and nonheart
beating donors). This was different to our study in that
they were investigating the effect of prolonged cold isch-
aemia. In their study the effect of warm ischaemia was
not considered, as the warm ischaemic time during retrie-
val for logistical reasons was not recorded. For cadaveric
donors they suggested a defective adaptation against IR,
which may affect short-term clinical outcome.

We also highlight differential expression of HO-1
postreperfusion that depends on the length of warm
ischaemia time. The mechanism, however, remains to be
elucidated. Increased HO-1 in the kidneys with short
warm ischaemia time may be a consequence of rather
than cause of improved function, where oxidative meta-
bolism would be better able to support new gene and
protein expression. In the case of prolonged cold isch-
aemia, hypothermic organ storage may also lead to inhi-
bition oxidative metabolism and thus reduced HO-1
expression. Our study indicates that in kidneys with
prolonged warm ischaemia over-expression of HO-1
may help to ameliorate function. Cobalt protoporphyrin
treatment has been shown to increase HO-1 expression
during ex vivo warm perfusion [24]; however, potential
toxicity effects of such treatments would need to be
investigated; warm perfusion alone may be advantageous
to enable ex vivo resuscitation of oxidative metabolism
after warm ischaemic insult; however, the benefits of this
technique post-transplantation is an area of current
investigation.

The expression levels of Bax and Bcl-2 after 6 h reper-
fusion were not significantly different in kidneys that had
had 10-min warm ischaemia compared with those that
had had 40 min. Individual values of pro-apoptotic Bax,
however, suggested a trend towards increased levels after
40 min warm ischaemia. In this case there was a signifi-
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cant negative correlations between parameters of function
creatinine clearance after 6 h and urine output (AUC)
indicating elevated levels of apoptosis may have a dele-
terious effect on renal function. Recent reports have sug-
gested elevated levels of apoptosis in transplant biopsies
from cadaveric donors compared with living-related per-
haps associated with the prolonged warm ischaemia
which occurs with nonheart beating cadaveric donors
[17]. Elevated levels of the pro-apoptotic Bax protein
(and activated caspase 9) have also been demonstrated
during normothermic ischaemia [29], whether reper-
fusion of oxygen and nutrients (to restore depleted ATP)
is necessary for the execution of apoptosis during IR is a
current area of research interest.

The negative correlation of pro-apoptotic Bax with
function is opposite to that observed with HO-1, whether
there is a link between expression of these genes (as HO-
1 is known to have anti-apoptotic properties) is of inter-
est and warrants further study. The potential for cells to
undergo apoptosis is often predicted by the ratio between
the expression levels of anti-apoptotic Bcl-2 and Bax
where both proteins interact to regulate mitochondrial
cytochrome c release which initiates activation of caspases
involved in the execution of apoptosis. In this study,
there was no difference in the ratio of Bcl-2/Bax in the
10-min warm ischaemia group compared with the 40-
min ischaemia group. The expression level of Bcl-2
between the groups was not different and the correlations
between Bcl-2 and the parameters of function were not
significant. Bcl-2 expression data were more variable in
the 40-min group compared with the 10-min group and
this may suggest differential effects of warm ischaemia on
Bcl-2 expression levels. Although Bcl-2 is known to antag-
onize the effects of Bax, hypoxic injury models of cul-
tured kidney cells have shown that it may also block cell
death by another independent pathway thought to be
involved in the preservation of mitochondrial integrity
[30].

In conclusion, we have demonstrated that warm isch-
aemia time significantly influences the level of HO-1
expression postreperfusion and suggest the adaptive
response of protective genes to be impaired during peri-
ods of prolonged warm ischaemia. In this case interven-
tions such as ex wvivo resuscitation of oxidative
metabolism or manipulation of HO-1 expression levels
ex vivo after warm ischaemic insult and prior to trans-
plantation may lead to improved renal graft function and
survival.
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