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Hyperthermia-induced HSP expression
correlates with improved rat renal isograft
viability and survival in kidneys harvested
from non-heart-beating donors

Abstract Transient sublethal
hyperthermia followed by recovery
from heat stress, referred to as heat
shock preconditioning, exerts a pro-
tective effect on ischemia/reperfu-
sion-induced injury in many sys-
tems. This effect is considered to be
correlated to heat shock proteins
(HSPs) and might be a critical factor
in kidney graft function and surviv-
al. This study was designed to ex-
amine the impact of heat shock pre-
conditioning on kidney isograft
function and survival in a model uti-
lizing non-heart-beating (NHB) do-
nors. Four groups of male Lewis rats
(n = 10/group) subjected either to
whole body hyperthermia (groups A
and C) or to sham anesthesia
(groups B and D) were allowed 24 h
recovery. Thereafter, 20 min of
warm ischemia (A/B), and in a sep-
arate set of experiments 40 min of
warm ischemia (C/D), were induced
by suprarenal aortic cross clamping
before renal procurement. After
24-h preservation with University of
Wisconsin solution at 4 °C, ortho-
topic kidney transplantations were
performed to syngeneic bilaterally
nephrectomized recipients. Tissue
specimens were taken to determine
HO-1/HSP32, 72, and 90 induction
by Western blot analysis. Renal
function was measured by means of
serum creatinine and creatinine
clearance on days 0, 3, and 7 as well
as urine volume, protein content,
and creatinine levels daily. HO-1/

HSP32 and HSP72 were found to be
expressed constitutively. Moreover,
heat shock strongly induced renal
HSP72 and HSP32/HO-1, and to a
lesser extent HSP90, expression. For
recipients of group A grafts, the
graft survival rate was 10/10, where-
as it was 7/10 (70 % ) in recipients of
group B grafts (log rank p < 0.05).
Following 40 min of warm ischemia,
6/10 (60 % ) recipients survived,
whereas all sham treated animals
died with anuria within 6 days (log
rank p = 0.01). Heat shock precon-
ditioning strongly improved graft
viability and reduced functional im-
pairment. Creatinine clearance
(CRC) on day 3 post Tx was

0.43 £ 0.24 ml/min in precondi-
tioned animals (group A) and

0.07 = 0.09 ml/min (p < 0.001) in
sham preconditioned (group B),
whereas it was 0.91 + 0.33 ml/min
and 0.03 + 0.02 ml/min

(p < 0.00001) on day 7 post Tx. Fol-
lowing 40 min NHB time, CRC in
survivors of preconditioned graft re-
cipients (group C) was 0.32 + 0.2 ml/
min (day 3 post Tx) and

0.23 + 0.08 ml/min (day 7 post Tx)
and was significantly better than
CRC of group B (p < 0.01 and

p < 0.00001, respectively). CRCs
prior to NHB procedures were
comparable in all animals ranging
between 1.31 and 1.72 ml/min. Se-
rum creatinine as well as proteinuria
were significantly increased after
transplantation in both groups but
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recovered within 5 days in recipients
of preconditioned grafts, whereas
kidneys from donors without HP did
not recover function. Histological
alterations were also diminished
following HP. Hyperthermic pre-
conditioning induces strong and
long lasting HO-1/HSP32, HSP72,

Introduction

The demand for renal transplantation has increasingly
outstripped the supply of donor organs especially over
the past 10 years. Although related and unrelated living
donation is being promoted as one option for increasing
the donor pool, it is unlikely that this will in itself be able
to bridge the gap. Non-heart beating donors (NHBD)
can provide an alternative supply of organs, which could
substantially increase the donor pool. The main differ-
ence between cadaveric heart-beating donors and non-
heart-beating donors is the extent of warm ischemia to
which the kidney is subjected before flush out. Since
the first successful kidney preservation experiments
with donor procurement at 32 °C [5], the warm perfu-
sion method has been proposed to enable functional
evaluation of kidneys prior to transplantation, to resus-
citate kidneys following warm ischemic damage equiva-
lent to NHB donor kidneys, and to prevent reperfusion
injury [6, 7].

Transient sublethal hyperthermia and the recovery
from exposure to heat are referred to as heat shock pre-
conditioning. It provides a cytoprotective effect on is-
chemia/reperfusion-induced injury in many systems.
There is mounting evidence that this intracellular pro-
tective response to thermal stress through heat shock
proteins (HSPs) [22] is a critical factor in kidney graft
function and survival. Expression of these proteins is,
however, induced by almost any kind of stress, and the
clinical impact of these proteins is currently a matter of
intense research [12]. Cell protection by induction of
HSP expression has been reported by numerous investi-
gators for a wide variety of systems in recent years [3, 4,
10,17,28, 33, 34, 36, 38, 40, 42]. HSPs are ubiquitous and
consist of several structurally unrelated groups of pro-
teins. These are named according to their apparent mo-
lecular weight, such as HSP70 and HSP90 [14, 16, 41].

Furthermore, heme oxygenase (HO), a central en-
zyme of heme metabolism, represents another HSP with
a size of 32 kDa. Three isoforms (HO-1, HO-2, and
HO-3) have been identified so far [24, 25, 37]. Of these,
HO-1 catalyzes the breakdown of heme into equimolar
amounts of biliverdin, carbon monoxide, and iron [13]
and is recognized as a major heat shock/stress response
protein. In clinical transplantation, ischemia/reperfu-
sion (I/R) injury is one of the most important causes of

and HSP90 expression in rat kid-
neys. HP increases survival follow-
ing transplantation and improves
renal graft function including pro-
teinuria, volume output, and creati-
nine clearance. HSP induction
might be used to develop novel ap-
proaches in clinical transplantation.

Keywords Heat shock protein -
Heme oxygenase-1 - Non-heart-
beating-donor - NHBD - Kidney
transplantation - Survival

early graft loss and, during the reperfusion period of
grafting, augmented heme transfer occurs, a potential
damaging effect resulting in a direct attack and impair-
ment of several intracellular targets such as the cyto-
skeleton, metabolic enzymes and DNA [20]. This raises
the possibility that HSP inducing pretreatment may at-
tenuate ischemia and reperfusion injury that occur dur-
ing the warm ischemia period of NHBD grafts. Thus,
improving warm ischemia tolerance will likely lead to
better transplant function of NHBD Kkidney transplants.

To address the question properly, in the present study
we investigated the impact of induced HSP expression
on warm ischemia tolerance, and on kidney graft surviv-
al and function using an NHBD kidney transplant mod-
el. In addition, to understand the relative contribution
of these HSPs to the protective mechanism of hyper-
thermic preconditioning, the correlation between the
time course of the HSP expression and the induced ef-
fect was also studied.

Materials and methods

Organ procurement and hyperthermia

Animal experiments were performed in accordance with the prin-
ciples of laboratory animal care (NIH publication 86-23) as well
as with national guidelines for the care and use of laboratory ani-
mals and were approved by the local authorities. Male Lewis rats
(250-320 g) had free access to regular chow and water. Hyperther-
mia was performed as previously described [26, 40]. In brief, ani-
mals were anesthetized by intraperitoneal injection of pentobarbi-
tone sodium (50 mg/kg body weight) and body temperature was
monitored with a rectal thermometer. Heat shock was induced us-
ing a heat pad and lamp. The colonic temperature of the heated an-
imals was slowly elevated to 42 °C and maintained for 20 min. An-
imals were also given 5 ml of isotonic saline intraperitoneally to
avoid dehydration. Since the highest expression of all HSPs was
found 24 h after hyperthermia, warm ischemia exposure was per-
formed 24 h after preconditioning. In order to test for beneficial ef-
fects of hyperthermic preconditioning, we first exposed the donor
animals to warm ischemia for 20 min (groups A and B). Later, in
a separate set of experiments, warm ischemia exposure was ex-
tended to a lethal range of 40 min (groups C and D). NHB condi-
tions were simulated by in situ clamping of the infradiaphragmati-
cal aortic segment prior to kidney explantation (groups A and C).

Kidneys were then flushed for 5 min with 10 ml of 4 °C cold
University of Wisconsin (UW) solution via the renal artery and re-
moved. Kidneys were surface cooled with UW solution and stored
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Preconditioning: Sham anaesthetized

Whole body heating _]

42° for 20 min
Recovery period : 24 hr M
NHB period: 20 min (group A/B) i| 40 min (group C/D)

Preservation: 24 hr

Isograft KTx

No preservation
( controls ; group 0)

Fig.1 Schematic diagram of the protocol of the study. Groups A/C
were subjected to hyperthermic preconditioning (HP), whereas
groups B/D underwent sham anesthesia 24 h prior to warm is-
chemia and graft harvesting. Grafts of group 0 were not subjected
to any stress prior to functional assessment

at 4 °C for 24 h. For each experimental group, kidneys from ten
sham treated rats not exposed to hyperthermia were identically
treated and procured with UW solution. In our rat kidney trans-
plantation model, a cold graft preservation period of up to 24 h is
generally well tolerated and no recipient mortality is observed.
The protocol of the study is shown in Fig. 1.

Transplant experiments

For transplantation, recipients were anesthetized with pentobarbi-
tone sodium (50 mg/kg body weight), both recipient kidneys were
removed, and single isograft kidney transplantation was perform-
ed. Removal of both native recipient kidneys was felt necessary
for true assessment of graft function. Donor kidneys were rinsed
with 5 ml Ringer’s lactate solution and transplanted orthotopically
into recipients. Renal vessels were connected with a 10/0 Prolene
suture and ureters were connected via intraluminal polyethylene
cuffs. Transplantation time ranged between 15 and 20 min in all
groups. After transplantation, all animals were kept in metabolic
units for renal function analysis. Surviving animals were sacrificed
on the seventh postoperative day. Urine volume, protein content,
and creatinine levels were measured daily. Serum creatinine, urea,
and protein levels as well as creatinine clearance were measured
on day 3 and day 7 post-transplant. Kidney grafts were also re-
moved for histological evaluation in separate transplant experi-
ments on the fifth post-transplant day (» = 6/group).

Determination-of HSP expression by Western blotting

One-dimensional gel electrophoresis was performed using mini-
gels (Bio-Rad, Richmond Calif.) as previously described. Five ug
of protein were loaded per lane. After gel electrophoresis, proteins
were transferred to nitrocellulose membranes as described earlier
140]. Protein detection was performed as described previously us-
ing the indicated concentration of antibody (1:1000 for monoclonal
antibodies and 1 pg/ml for polyclonal antibodies). Labeled pro-
teins were visualized by enhanced chemiluminescence following

the manufacturers’ procedures using the horseradish peroxidase-
coupled secondary antibodies supplied with the kit at a 1:5000 dilu-
tion, followed by autoradiography. Densitometry of renal HSP ex-
pression was performed as described previously [40]. For densito-
metry, samples were loaded on one-dimensional minigels for West-
ern blotting. To normalize for differences in quality of different an-
tibody batches, Western transfer efficiency, and exposure times,
appropriate control samples were included in each gel. The signals
obtained through Western analysis and autoradiography were ex-
pressed as percentage density increase compared with those for
shams not exposed to hyperthermia.

Histopathological analysis

Histological changes of the kidney graft specimens were graded on
the fifth day after transplantation in a blinded fashion by an experi-
enced pathologist (L. M.). Rat kidneys were fixed for 24 h in buf-
fered 4% formalin, embedded in paraffin and 4-pym thick tissue
sections were cut and stained with heamatoxylin and eosin. The
light microscopic changes characteristic of acute tubular injuries
have been previously described in detail [30, 31]. In this study we
evaluated tubulointerstitial damage (tubulointerstitial score) [39]
with seven histological parameters, i. e. cell swelling and vacuoliza-
tion, nuclear pyknosis and karyorrhexis, cell lysis, cell sloughing,
loss of proximal tubules brush border, and increase in tubular di-
ameter, as well as the presence of protein casts and interstitial
mononuclear inflammatory infiltrates. To each parameter we as-
signed a semiquantitative score (0-3) reflecting the severity of
changes (score 1, less then 10% of the tissue section involved;
score 2, 10-50%; score 3 > 50%)

Chemicals and antibodies

Mouse monoclonal isoform-specific antibodies against inducible
HSP-72, HSP-32/HO-1, and HSP-90 were from StressGen (Victo-
ria, British Columbia, Canada). Detection reagents for enhanced
chemiluminescence and horseradish peroxidase coupled anti-
mouse and anti-rabbit antibodies were from Amersham (Arlington
Heights, I11.). Polyacrylamide, molecular weight, and isoelectric fo-
cusing standards were from Bio-Rad (Hercules, Calif.). All other
chemicals were purchased from Sigma Chemie, Buchs, Switzerland.

Statistics

Results are expressed as mean =+ standard deviation. Graft survival
was calculated with the Kaplan-Meier product limit estimator.
Differences in survival rates between the groups were tested with
the log rank test in a statistical package program (SPSS Statistical
Software, Chicago, IIL.). Differences between groups were ana-
lyzed by ANOVA with Bonferoni correction and unpaired Student
t-test to compare between groups. Differences at p < 0.05 were
considered statistically significant.

Results

Effect of hyperthermia preconditioning on renal protein
expression of HSP32, HSP72, and HSP90

Figure 2 shows the constitutive expression of HSP90,
HSP32 but not HSP72 in renal tissue before precondi-
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Fig.2 Western blot analysis of HSPs HSP90, HSP72, and HSP32/
HO-1 in donor kidneys prior to transplantation. The pattern of
HSPs induced by whole body hyperthermia is shown in relation to
the recovery period. The constitutive protein expression (0 h) is
given for HSP90 and HO-1, but not for HSP72. Following hyper-
thermia preconditioning, HSP72 and HO-1 expression are strongly
induced after 8 h, whereas HSP90 did not show a significant induc-
tion. HSP32 expression peaked at 8 h, whereas HSP72 and HSP90
expression peaked later and remained for at least 72 h after ther-
mal stress

tioning. Heat shock in the presence of an increase in
body temperature strongly induced all of the tested
HSPs. HSP72 and HSP 90 expression was detected 2 h
after treatment, peaked between 8 and 24 h, and re-
turned to baseline by 72 h after thermal stress. In con-
trast, HSP 32 (HO-1) induction peaked at 8 h following
hyperthermia preconditioning, remained elevated for
up to 48 h, and decreased markedly thereafter. Normo-
thermic sham rats receiving the same dose of pentobar-
bital sodium as well as the surgical stress of transplanta-
tion did not express any HSPs in the renal tissue. Warm

Fig.3 Kaplan-Meier survival

—
—

ischemia prior to kidney grafting did not alter the ex-
pression of induced renal HSP 32, 72, and 90 levels re-
gardless of the duration of warm ischemia exposure
(data not shown).

Effect of hyperthermia preconditioning (HP)
on survival of NHBD graft recipients

Kidney graft exposure to warm ischemia for up to
20 min did not lead to recipient death or major graft
dysfunction regardless of preconditioning (data not
shown). Following NHB exposure for 20 min to the
transplanted renal graft, 30% of the recipients (3/10)
without graft HP (Fig.3, dashed black line) died within
the first 6 days after transplantation, whereas all recipi-
ents of preconditioned grafts survived until study termi-
nation (solid black line, p < 0.05 group B versus group
A).

Following extension of the NHB period up to 40 min,
all recipients of normothermic sham kidneys (group D)
died prior to sacrifice on day 7 post-transplant (dashed-
dot gray line). In the preconditioned transplant model
(group C) a 60 % survival rate (6/10) was observed (dot-
ted gray line, p = 0.01 group D versus group C).

Effect of hyperthermia preconditioning on renal graft
function

Kidney grafts from donors not exposed to hyperthermia
preconditioning showed severely reduced graft function
after 20 min of warm ischemia. Prior to the NHB period,
there was no difference in serum and urine creatinine
concentrations, as well as protein and volume output in

curves of rats recipient of an

20 min W1 + HP

-
o

orthotopic kidney transplant.
Survival rates of bilaterally
nephrectomied and single renal
isografted recipients with HP
(groups A/C) or without HP
(groups B/D) in regard to warm
ischemia (WT) exposure time.
20 min WI with HP (solid black
line) and without HP (dashed
black line); (Log rank test:

p =0.048; group A versus B).
40 min WI with HP (gray dotted
line) and without HP (gray
dash-dotted line); (Log rank

Survival
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o
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............

40 min Wl + HP
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test: p < 0.0007; group C versus
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Fig.4 Hyperthermia preconditioning improved graft function of
NHBD kidney isografts. Following 20 min of warm ischemia, crea-
tinine clearance values were poor on the third and seventh postop-
erative day in survivors of group B (black bars), and significantly
decreased in comparison with function values of preconditioned
grafts of group A (gray bars; *p = 0.001 and p < 0.00001). Creati-
nine clearance in survivors of group C (dark-gray bars) showed still
significantly better values to graft function from non-precondi-
tioned animals following 20 min warm ischemia only (**p = 0.01
and p < 0.00001). Interestingly following 20 min of anoxic period,
creatinine clearance of preconditioned grafts (group A) thus did
not differ significantly from creatinine clearance in healthy sham-
grafted rats (group 0; white triangles) at the seventh day after graft-
ing

urine of animals whose kidneys were harvested and
transplanted. The corresponding creatinine clearance
was also comparable and ranged between 1.31 and
1.72 ml/min per day. (Fig.4). Three days after transplan-
tation, creatinine clearance was 0.07 + 0.09 ml/min in
the normothermic sham group, whereas it was
0.43 + 0.24 ml/min in the hyperthermic preconditioned
group (p <0.001) and, on the seventh post-transplant
day, 0.03+£02ml/min in comparison with 091 =
0.33 m¥Vmin (p < 0.00001). Following 40 min of NHB
procedure, warm ischemic renal damage resulted in to-
tal loss of kidney function and death in all non-precon-
ditioned animals (data not shown). Creatinine clearance
in survivors of preconditioned graft recipients thus was
superior on day 3 (0.32+02ml/min) and day 7
(0.23 + 0.08 ml/min) post-transplant compared with
graft function from control animals (group 0) following

v Controls ( group 0)

B 20 min Wisham
] 20minWI+HP

| " B 40 min Wi + HP

B

20 min warm ischemia only (p < 0.01 and p < 0.00001,
respectively).

Serum creatinine concentrations were markedly
higher in sham animals than in the preconditioned
group: 136.1 + 39.8 mmol/l versus 329.6 + 210.1 mmol/]
3 days after transplantation and 116.3 + 51.9 mmol/l ver-
sus 460.7 = 201.6 mmol/l 7 days after transplantation
(p =0.03 and p > 0.001, respectively; Fig.5A). In nor-
mothermic graft recipients, urine creatinine concentra-
tion decreased rapidly after transplantation to
1851 + 1267 mmol/l on day 3 post-transplant, whereas it
was 3691 = 1170 mmol/l in the heat shocked group
(p =0.02) and it remained significantly decreased until
the end of the study on day 7 post-transplant
(1255 + 578 mmol/l) In contrast, grafts undergoing hy-
perthermia preconditioning showed a recovery and on
day 7 after transplantation the corresponding urine
creatinine concentration was 5291 + 1279 mmol/l
(p < 0.0001, Fig.5B).

Urine output showed a similar trend to that seen with
urine creatinine filtration (Fig. 5C). Urine volume quan-
tity decreased markedly after transplantation in both
study groups, but the urine output in preconditioned
graft recipients reached normal values again after
6 days. Seven days after transplantation, urine output
went up to 27 + 8 ml/24 h, and was significantly higher
than in the normothermic group (12 +4 ml/24h;
p =0.002).

In addition, warm ischemic damage resulted in signif-
icant proteinuria after transplantation in both groups
(Fig.SD). In shams, the urinary protein levels increased
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Fig.5A-D Serum concentrations of creatinine (A), urinary creati-
nine (B), urine output (C), and urinary protein excretion rate (D).
Concentrations were determined in donors at time of kidney har-
vesting and in recipients after liver transplantation. Grafts precon-
ditioned with heat shock prior to warm ischemia (white box plots)
have significantly better tests after transplantation receiving statis-
tically significant differences after 5 days (*p <0.05) than renal
graft receiving sham preconditioning only (gray box plots). Values
obtained in animal recipients of a control isograft are shown as
white triangles
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gradually with a peak fivefold increase on day 7 after
transplantation (basal level: 6.2 + 0.6 mg/24 h, on day 7
post Tx: 33.6 + 6.6 mg/24 h) Three recipients (30%)
within this group died due to anuria on day 5 after show-
ing the highest levels of proteinuria post-transplant
(85.6, 68.8, and 62.2 mg/24 h). A threefold increase in
urinary protein was observed in the HP group on the
first day (basal level, 7.2 + 1.2 mg/24 h; on day 1 post
Tx, 20.4 = 3.1 mg/24 h) but returned to the basal level
on day 7 post Tx (8.8 + 1.3 mg/24 h).
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Fig.6 Hyperthermia-induced renal organ protection gradually
wears off within 96 h. Kidneys were cut and stained with H&E for
histological evaluation as in Fig.7. Warm ischemia/reperfusion-in-
duced renal organ damage was assessed by an independent pathol-
ogist blinded to the experimental protocol. For quantification and
comparison, a scoring system was used evaluating seven parame-
ters, including cell swelling, nuclear pyknosis, cell lysis, cell slough-
ing, loss of proximal tubules brush border, as well as the presence
of protein casts, and neutrophilic tubulitis. To each parameter we
assigned a semiquantitative score (0 to 3) reflecting the severity of
each alteration. Values of p are shown for differences between the
study groups: *p = 0.003; **p = 0.01 and ***p = 0.000004, respec-
tively (ANOVA and unpaired Student’s r-test)

Effects of HP on warm ischemia/reperfusion-induced
organ damage

Control kidneys subjected to heat stress but not trans-
planted did not show any histopathological abnormali-
ties (data not shown) while some histopathology was
seen in all grafts. In all transplanted kidneys changes
of acute tubular injury were more prominent in the
outer medulla, corresponding to the kidney region
most sensitive to hypoxemic injury. A semiquantitative
tubulointerstitial score of the study groups is depicted
in Fig. 6.

After 20 min of warm ischemia, sham preconditioned
kidneys (group B) showed signs of a severe acute tubu-
lar injury. Cell lysis, nuclear pyknosis, and karyorrhexis
as well as mononuclear infiltrates and neutrophilic tubu-
litis were generally detected in more then 50% of the
tissue sections (Fig.7A/B). Areas of parenchymal ne-
crosis could be observed in each sample. Signs of tissue
repair were consistently absent. In contrast, histological
signs of acute tubular injury were light to moderate in
the hyperthermic preconditioned group A. In particular,
cell lysis, nuclear pyknosis, and karyorrhexis were total-
ly absent. All samples of this group, however, showed
light to moderate neutrophilic tubulitis or interstitial
mononuclear infiltrates. Protein casts were in general

rare and flattened tubular epithelial cells were not pre-
sent (Fig. 7C/D).

Following 40 min of warm ischemia, HP kidneys
(group C) were characterized by prominent cell slough-
ing, enlargement of tubular diameter, and protein casts,
but relevant inflammatory infiltrates, namely neutro-
philic tubulitius or mononuclear infiltrates, were absent
in all grafts. Flattened epithelial cells as signs of regener-
ation were also generally present in preconditioned
grafts of group C. (Fig. 7E/F) Histological signs of cellu-
lar ischemia, such as nuclear pyknosis and karyorrhexis
were only occasionally found in these transplants,
whereas it was present in over 90 % of kidney grafts of
group D (not shown).

Discussion

The present study demonstrated that rat kidney trans-
plants harvested from NHB donors and their graft func-
tion are protected by heat stress against the consequenc-
es of the warm ischemic sequence prior to transplanta-
tion and that HSP expression seems to mediate this pro-
tective effect.

By using NHB donor grafts, a prior insult of warm is-
chemia preceding the period of cold preservation and
the following revascularization result in cellular damage
and the loss of cellular functions. Moreover, in first ex-
periences with NHB donor kidneys, a dramatic increase
in delayed graft function and primary nonfunction has
been encountered as compared with heart beating do-
nor grafts [11, 15, 21, 32]. This observation is not surpris-
ing considering that prior warm ischemic damage, com-
pounded by cold ischemic organ storage, result in im-
paired graft function sooner than in kidneys with a sin-
gle insult. Therefore, new approaches to organ preser-
vation and viability testing have gained renewed inter-
est with the resurgence of the NHB donor. Until now,
hyperthermic graft preconditioning has played a mini-
mal role in organ procurement and has been studied in
experimental models only, despite its cytoprotective po-
tential in reducing ischemia/reperfusion damage.

Prior hyperthermia is known to induce renal HSP
synthesis, in particular HSP72 [34] which possess molec-
ular chaperoning properties [35]. In good agreement
with earlier studies, we found strongly induced expres-
sion of renal HSP72 expression following hyperthermia
preconditioning {9, 11, 34, 35]. So far HSP72 has been
implicated with protection of graft survival in several
studies [2, 17, 34, 35]. For instance, Perdrizet and col-
leagues [35] similarly reported in a kidney transplant
model that graft survival after prolonged warm ischemia
correlated to the level of HSP72 expression. However,
these studies provide no detailed analysis of hyperther-
mia preconditioning-induced expression of other HSPs
since recipient kidneys were not removed upon trans-
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Fig.7 A, B (20 min WI + sham
preconditioned): Severe acute
tubular injury. Note enlarge-
ment of tubular diameters, cell
sloughing, neutrophilic tubuli-
tis, and prominent interstitial
mononuclear infiltrates.

C, D (20 min WI + hyperther-
mic preconditioned): Mild
acute tubular injury. Note mild
interstitial mononuclear infil-
trates by preserved nephrons.
E, F (40 min WI + hyperther-
mic preconditioned): enlarge-
ment of tubular diameters and
protein casts in lumen. Inflam-
matory infiltrates are absent.
At higher magnification (F)
flattened tubular epithelial cells
in preserved nephrons are visi-
ble. Original magnification

x 200 (A-E) and x 400

plantation; these studies also allow no analysis of the ef-
fect of HP on renal functional parameters [35]

In addition to HSP72, we also report strong induction
of renal HSP32/heme-oxygenase 1 (HO-1) and HSP90
after hyperthermia preconditioning. HSP32 was even
more rapidly upregulated than HSP72. This may in-
dicate that hyperthermia-mediated augmentation of
warm ischemia tolerance does not depend solely on
HSP72. Instead, HP-mediated protection may very
well also be influenced by HSP32 expression.

Interestingly, HSP 32, also known as heme oxygena-
se-1 (HO-1), exerts a protective effect on tissue injury
in many systems via its antioxidant and vasodilative po-
tential and may therefore also be of importance to or-
gan transplantation . The purpose of this study was to
demonstrate that a principal heat-induced upregulation
of HSP induces graft improvement in NHBDs. Howev-
er, there are pharmacological inducers of HSPs such as
metalloporphyrins, which might be used clinically after

experimental evaluation. It has recently been shown
that pharmacological alteration of HO-1 with protopor-
phyrins or nitric oxide can influence ischemia tolerance
in cardiac and liver graft models [1, 19]. To characterize
the pattern of HSP induction, we also wanted to investi-
gate effects of HP on kidney graft function in order to
determine possible mechanisms of protection. In good
agreement with these studies, we were able to demon-
strate that HP-induced HO-1 strongly correlates with
improved kidney transplant viability and graft survival
in NHB donor kidneys and therefore we implicate
HO-1 as a player in HP-mediated renal protection. In a
real clinical situation, those pharmacological inducers
of HSPs could be administered at time of harvesting to
mimic the effect of hyperthermia preconditioning.

We also showed that the graft survival rate was signif-
icantly improved even after an extended NHB period of
40 min followed by 24 h of cold preservation and trans-
plantation, which was confirmed by the improvement
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of graft function and histological alterations of kidney
grafts, indicating better graft viability. In our study, hy-
perthermia preconditioning prior to warm ischemia
stress positively influenced all examined aspects of kid-
ney graft function, both morphologically as well as bio-
chemically. In contrast to most other studies, we re-
moved both native kidneys at transplantation so that
functional parameters truly assessed solely graft func-
tion. Interestingly, functional preservations after HP
was so good, compared with untreated controls, that
creatinine clearance was significantly better in single
kidney graft recipients even when exposed to an extend-
ed NHB period of 40 min, whereas all normothermic
graft recipients stressed to 40 min of warm ischemia
died within 3 days due to anuria.

Moreover, proteinuria was clearly reduced following
preconditioning while urine volume and creatinine ex-
cretion were increased. Early post-transplant high di-
uresis volume and low proteinuria can reportedly pre-
dict graft outcome [18, 23]. Although our study was lim-
ited to 7 days, we therefore believe that our data pro-
vide good evidence that long term kidney graft function
in NHB donor grafts can also be positively influenced
through hyperthermia preconditioning.

These observations suggested a close relationship be-
tween the cellular protection represented by the im-

proved graft survival rate and the induced expression
of HSP72 and HO-1.

HSP90 can reportedly also contribute to organ pro-
tection and has been suggested to be involved in protec-
tion against ischemia/reperfusion injury [8, 27, 29]. The
exact role of HSP 90 in our system is unclear since HP-
mediated induction was relatively weak compared with
HSP72 and HO-1 and also occurred rather late.

In conclusion, the present study shows strong upreg-
ulation of renal HSP72, HO-1 and, to less extent,
HSP90 following hyperthermia preconditioning. Hyper-
thermia preconditioning improved all aspects of kidney
graft function, after conventional as well as extended
warm ischemia times, compared with untreated sham-
preconditioned animals. We therefore believe that, to-
gether with HSP72, HO-1 may be involved in HP-medi-
ated graft protection. More studies are needed to pro-
vide us with a more detailed insight in the molecular
mechanisms of these alterations. Hopefully, this will
lead to the development of novel procedures in clinical
transplantation.
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