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Abstract
Background Cellular stress during reoxygenation is a
common phenomenon in solid organ transplantation and is
characterized by production of reactive oxygen species.
Herein, we studied in isolated tubular segments of rat
kidney cortex the impact of oxygen radical scavengers and
an iron chelator on post-hypoxic recovery.
Methods Tubules, suspended in Ringer’s solution containing
5 mM glycine, underwent 30 min hypoxia and 60 min
reoxygenation. Untreated tubules served as controls. Hypox-
ia–reoxygenation injury was measured by membrane leakage,
lipid peroxidation and cellular functions. In hypoxia–reoxy-
genated-isolated tubular segments, protective effects of
different scavengers and of the iron chelator deferoxamine
on hypoxia–reoxygenation injury were analyzed.
Results Scavengers protected isolated tubular segments
from hypoxia–reoxygenation-induced cellular disintegra-
tion and dysfunction. Deferoxamine was found to exert
the most distinct protection. It was further found to exert a

dose-dependent protection on hypoxia–reoxygenation dam-
age in isolated tubular segments, which was critically
mediated by chelating tissue and bond iron.
Conclusions Our data demonstrate that radical scavengers
effectively protect from hypoxia–reoxygenation injury in
isolated tubular segments and that the iron chelator
deferoxamine is especially a potent inhibitor of iron ion-
mediated hypoxia–reoxygenation damage. Thus, inclusion
of this iron chelator in organ storage solutions might
improve post-transplant organ function and protect from
reperfusion injury.

Keywords Post-hypoxic tissue damage . Organ
preservation . Kidney . Deferoxamine . Scavenger .

Isolated tubular segments

Introduction

Organ preservation seeks to ensure the functional viability
of transplanted organs. The principle of preservation during
ischemia includes measures to prevent acidosis, to maintain
cell volume, and to optimize by utilizing anaerobic energy
reserves. Our previous studies have demonstrated that apart
from the ischemic damage, additional tissue injury evolves
as a result of reperfusion and reoxygenation [1]. Oxygen
radicals are central mediators of the cellular injury, which
occurs upon post-ischemic reperfusion. Hypoxia and
reoxygenation of renal cells in vitro and kidney ischemia-
reperfusion injury in vivo are strongly associated with cell
death [2]. The hydroxyl radical (OH), a metabolite of
phospholipids, centrally participates in cell death signaling
pathways [3]. However, recent experiments indicate that
despite a remarkable prevention of pathological increases in
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plasma membrane permeability, reoxygenated ITS may
develop severely compromised energetic function [4].

Thus, ITS, which had been incubated for 60 min at low
oxygen tension in the presence of 5 mM glycine [5], for
example, exhibited an impaired capability for adenosine
triphosphate (ATP) restoration and intracellular K+ accu-
mulation during reoxygenation despite a suppression of
cytoplasmic membrane leakage [6]. This insufficiency of
aerobic energy metabolism may have derived from an
increased permeability of the inner mitochondrial mem-
brane. Besides physiological factors which induce mito-
chondrial permeability changes, reactive oxygen species
(ROS) may have also altered the structure of the inner
membrane [7]. Under conditions of reperfusion or reox-
ygenation, the activity of cellular protective enzymes and
the capacity of oxygen radical scavenging cell constituents
become insufficient. Increased levels of univalent reduced
oxygen from the mitochondrial electron transport system or
via increased activity of xanthine oxidase may then react
with peroxide ions to form OH, which finally oxidize
cellular macromolecules and permeabilize the inner mito-
chondrial membrane. Intracellular accumulation of super-
oxide (O2

−) and of peroxide anions (O2
2−) from the

mitochondrial electron transport chain and of O2
− via

increased xanthine oxidase activity then leads to formation
of OH under the catalytic action of chelated Fe2+ or Fe3+

[8]. Thus, the reported impairment of energetic function in
glycine-protected, reoxygenated ITS may have been medi-
ated, at least in part, by reactive oxygen species.

To test this hypothesis, we investigated in reoxygenated
isolated renal tubulus segments in the presence of 5 mM
glycine the effect of antioxidants and protective enzymes
on the formation of thiobarbituric acid-reactive substances
(TBA-RS), the liberation of cytoplasmic and mitochondrial
marker enzymes, and the post-hypoxic reversibility of ATP-
dependent gluconeogenesis (GNG) and K+-pumping activ-
ity (K+). To avoid secondary, mechanical damages in the
intact kidney by the transfer of filtered hemoglobin in
tubular lumina, tubulus segments (ITS) were isolated in an
in vitro preparation.

Material and methods

Animals

Wistar rats of either sex (300–350 g) were housed in single
cages at 22–24°C with a 12–12 h dark–light cycle and were
kept on water and standard chow ad libitum. After approval
by the local animal care committee, the experiments were
conducted according to the National Institutes of Health
Guide for Care and Use of Laboratory Animals (NIH
publication 86–23, revised 1985).

Isolation of tubulus segments

Animals were anesthetized by an intraperitoneal injection
of pentobarbital sodium (60 mg/kg; Narcoren, Merial,
Hallbergmoos, Germany). After a median laparotomy,
ligation of the superior mesenteric artery and celiac trunc
and cannulation of the distal aorta, the kidneys were flushed
with 25 ml chilled, oxygenated medium I (Table 1). The
inferior vena cava was incised and 2 ml of chilled
collagenase solution (Worthington CLS II, Freehold,
USA; Table 1) were injected. After decapsulating both
resected kidneys, the cortex was cut in 1.0 mm thick slices
and the marrow was separated. The kidney cortex was
chopped up homogeneously and the resulting particles were
continuously stirred in 30 ml oxygenated collagenase
solution (37°C). After 30 min, the tubule segments were
filtered through a sieve (pore size 1 mm). Subsequently, the
suspension was centrifuged at 50×g, the sediment resus-
pended and washed once more in medium I, centrifuged,
and finally oxygenated (95% O2/5% CO2=carbogen) in
ice-cold medium II (Table 1). Under moderate shaking, the
isolated tubules were then gassed for 30 min with carbogen
at 37°C for recovery from the preceding collagenase
treatment [5, 6]. Subsequently, the tubule suspension was
centrifuged twice at 4°C for 30 s at 50×g (Kühlzentrifuge
Heräus Christ, Osterode, Germany) and the cell precipita-
tion was resuspended in chilled medium II. The precipitate,
replenished with medium II to 6.5 ml, finally served as a
standard for ITS in the following experiments.

Incubation media

For incubation of the ITS a modified Krebs Ringer
bicarbonate solution was used (Table 1). With exception

Table 1 Chemical composition of used incubated media

Adjuvant solution Medium I
[mmol/l]

Medium II
[mmol/l]

Collagenase
[mmol/l]

NaCl 138.0 110.0 138.0
KCl 4.4 4.4 4.4
MgCl2 × 6H20 1.2 1.2 1.2
NaHPO4 2.0 2.0 2.2
CaCl2 × 2H2O 2.5 2.5 52.2
NaHCO3 0.0 25.0 0.0
Na-lactate 0.0 10.0 0.0
HEPES 10.0 0.0 10.0
Bovine albumin 0.0 0.5 g/100 ml 0.0

The collagenase solution and medium I contained hydroxyethyl
piperazinyl ethansulfonacid (HEPES) as buffer and were used for
isolation of tubular segments of rat kidney. In medium II, physiolog-
ical bicarbonate buffer was used and served for incubation of the ITS
during hypoxia–reoxygenation
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of medium I, all solutions contained the physiological
buffer system CO2/H2CO3/HCO3

−/H+, excluding an influ-
ence of organic buffer molecules on reactive oxygen
metabolites. Medium I was used merely for first-time
washing of the cells and during processing, the cells in
the collagenase treatment solution (2 mg/ml collagenase or
350 U/ml, Worthing CLS, Freehold, USA). For pH
stabilization, hydroxyethyl piperazinyl ethansulfonacid
(HEPES buffer) was added. Medium II contained 10 mM
lactate as a substrate for gluconeogenesis and additionally
0.5% of albumin. The raised calcium concentration in the
collagenase solution catalyzed collagenase activity [9].

The pH in medium I was set up at 4°C, in medium II and
the collagenase solution at 37°C by a Schott-glass electrode
(Polzin, Kiel, Germany) on pH 7.35. All suspensions were
supplemented with 5 mmol/l glycine [5, 6, 10]. With
addition of other substances, the equivalent molar mass of
NaCl was lowered in the media. Thus, a steady isosmotic
extra-cellular concentration existed in all solutions.

Testing procedure

After preincubation and repeated washing processes, ITS
were resuspended at 37°C in 50 ml flasks in 5 ml
deoxygenated medium II at a concentration of 1 mg cell
protein/ml. Consecutively, 30 min hypoxia were performed
(pO2<1 mmHg) by gassing with a nitrogen-containing gas
mixture (95% N2/5% CO2). After hypoxia, reoxygenation
was performed for 60 min with carbogen.

Measuring methods

Samples were taken before hypoxia, after 30 min hypoxia,
and after 60 min reoxygenation and then centrifuged
immediately for 6 s at 20,000×g (Zentrifuge 3200,
Eppendorf, Hamburg, Germany). The precipitate was used
for K+ and protein determination, the supernatant served for
measurement of enzyme activities (lactate dehydrogenase
(LDH) or glutamate dehydrogenase (GLDH)), glucose
concentration, and the content of TBA-RS. The suspension
was mixed immediately with 0.5 ml ice-cold 10% trichlor-
acetic acid (TCA). All used reagents were from p.A. quality
and were purchased from Merck (Darmstadt, Germany) and
Serva (Heidelberg, Germany).

For ascertainment of the intracellular K+ concentration, the
precipitate was mixed with 1 ml aqua destillatum, shaken, and
centrifuged for 30 min with a glass bead on a rotation mixer
(5432 Eppendorf). The K+ concentration in the supernatant
was determined in a flame photometer (K 701 A, Eppendorf)
according to a linear standard curve from 0.1–0.5 mmol K+/l.

Enzyme activities and glucose concentration in the
supernatant were measured spectrophotometrically with
standard test kits (Boehringer, Mannheim, Germany).

Precipitates were analyzed for protein content by a
modified Lowry method according to Gronow et al. [6,
11]. Oxidative degradation of unsaturated fatty acids caused
by oxygen radicals was determined by the formation of
TBA-RS: 0.5 ml cell suspensions were homogenized with
0.5 ml 10% TCA, then added to 0.5 ml TBA (0.6%) and
heated for 20 min at 95°C.

During this procedure, adducts from the fatty acid
oxidation formed a red color complex with TBA. After
cooling the mixture to 20°C, the red color complex was
extracted in 1.5 ml N-butanol [11] and extinction was
measured spectrophotometrically at 500 nm and 535 nm.
The difference in absorbance yielded in a range between 1–
4 nmol/ml the TBA-RS content according to a linear
calibration curve made up with 1,1,3,3-tetraethoxypropan
(TEP, Fluka, Neu-Ulm, Germany).

Statistics

All data are expressed as mean ± SD. Statistical comparison
between two groups was performed by a paired t-test, multiple
comparisons were performed by one way analysis of
variance with Dunnett post-hoc correction using a statistical
software (Sigma Stat, Jandel Scientific, CA, USA). A
p-value<0.05 was assumed to indicate a significant difference.

Reagents and solutions

All reagents were products of the highest purity grade
available. Scavengers were present in the incubation
medium in a final concentration of 1 mM ascorbic acid
(AA), benzoate (BA), mannitol (MAN), α-tocopherol (TF)
and deferoxamine (DFO).

Results

Cellular integrity

To determine the impact of hypoxia–reoxygenation on cellular
integrity and permeability of the inner mitochondrial mem-
brane of ITS, losses of LDH and GLDH were analyzed by
measuring the enzyme activity in the incubation medium. In a
first series of experiments, the effects of different antioxidative
substances in a concentration of 1 mM were examined under
conditions of carbogen gassing and under conditions of
hypoxia–reoxygenation. ITS without addition of any scaven-
ger served as carbogen gassing and hypoxia–reoxygenated
controls (Fig. 1). During carbogen gassing, no relevant
protection by all examined scavengers except of TF and
DFO could be monitored (Fig. 1a,c; p<0.05). In comparison
to MAN, DFO exerted a significant protection of the
mitochondrial membrane (Fig. 1c; p<0.05). All analyzed
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scavengers significantly lowered LDH loss from hypoxia–
reoxygenated ITS (Fig. 1b; p<0.05). Further, all scavengers
except MAN prevented hypoxia–reoxygenation-induced
impairment of mitochondrial integrity, as indicated by a
significantly reduced GLDH activity in the medium (Fig. 1d;
p<0.05). Interestingly, the most distinct protection of plasma
membrane and mitochondrial membrane integrity was
achieved by the iron chelator DFO, which exerted signifi-
cantly more cellular protection than all other tested antiox-
idants (Figs. 1b,d; p<0.05).

Cellular functions

Active metabolic functions in ITS were assessed by
measurement of intracellular K+ accumulation and gluco-
neogenesis. Under carbogen gassing, all scavengers ame-
liorated the cellular function. The iron chelator DFO clearly

demonstrated an additional capacity of ITS for K+ content
when compared to MAN, AA, and TF (Fig. 2a; p<0.05).
Compared to TF and MAN, DFO also significantly
increased the GNG (Fig. 2c; p<0.05). During reoxygena-
tion, only MAN and TF in the scavenger group effectively
increased intracellular K+ concentration (Fig. 2b; p<0.05),
whereas all antioxidants distinctly increased gluconeogen-
esis in ITS when compared to controls (Fig. 2d; p<0.05).
Again, DFO showed the highest protective effects and was
even significantly more potent to reduce hypoxia–reoxyge-
nation-induced impairment of active cellular functions than
the other antioxidants (Figs. 2b,d; p<0.05).

Lipid peroxidation

All tested substances were also effective to reduce lipid
peroxidation, as indicated by a reduction of TBA-RS
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Fig. 1 Membrane integrity of
ITS, measured by LDH (a, b)
and GLDH (c, d) concentrations
in culture medium, during
90 min carbogen gassing (a, c),
as well as after 30-min extreme
hypoxia and 60-min reoxygena-
tion (b, d). ITS were incubated
in the presence of different
radical scavengers (gray bars),
such as BA, MAN, AA, TF and
DFO. ITS without additional
scavengers served as controls
(ctrl). Data are given as mean ±
SD; *p<0.05 vs. sham, **p<
0.05 vs. control, ***p<0.05 vs.
DFO; n=15
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measured by intracellular K+

content (a, b) and GNG (c, d)
during 90 min carbogen gassing
(a, c) as well as after 30 min
extreme hypoxia and 60 min
reoxygenation (b, d). ITS were
incubated in the presence of
different radical scavengers
(gray bars), such as BA, MAN,
AA, TF and DFO. ITS without
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0.05 vs. DFO; n=15

306 Langenbecks Arch Surg (2008) 393:303–310



formation (Figs. 3a,b; p<0.05). Under carbogen gassing,
DFO induced significantly less TBA-RS formation when
compared to controls and MAN treatment (Fig. 3a; p<
0.05). Among the investigated scavengers, TF was found to
most effectively prevent hypoxia–reoxygenation-induced
TBA-RS formation, whereas MAN was by far less
effective. According to previous observations [1], benzoate
significantly reduced TBA-RS formation to 60.1% (Fig. 3b;
p<0.05).

Iron chelator deferoxamine

Because DFO proved to exert the most distinct protection,
we hypothesized that this protection was due to its iron-
chelating properties. Thus, to determine whether the
endogenous tissue-bonded iron contributes to reoxygena-
tion-induced cell injury in ITS, protective effects of
increasing concentrations of the iron chelator DFO were
examined (Figs. 4, 5, 6).

Spectrophotometric analyses of LDH and GLDH dem-
onstrated that concentrations of 0.0001 and 0.001 mM DFO
had no effects on enzyme loss. However, from a threshold
of 0.01 mM to 1.0 mM DFO, increasing concentrations
dose-dependently caused a significant decrease of LDH and
GLDH, which was most distinct at 0.1 mM. An increase of
DFO concentration to 1 mM showed no additional
protective effects. Higher concentrations of 10 mM induced
major membrane disintegration (Figs. 4a,b; p<0.05).
Quantitative analysis of active cell functions revealed that
DFO exerted no effect on intracellular K+ and GNG at low
concentration, i.e., ≤0.001 mM, whereas from concentra-
tions above 0.01 mM, the active cell functions were found
to be significantly improved with a maximum at 0.1 mM
and 1.0 mM. Similarly to membrane stability, higher
concentrations up to 10 mM induced a significant reduction
of cellular function (Figs. 5a, b; p<0.05). In parallel to
enzyme loss, TBA-RS formation was also found to be
significantly reduced by DFO at concentrations above
0.01 mM (Fig. 6; p<0.05).

Discussion

For liver and kidney procurement, perfusion with Univer-
sity of Wisconsin or histidine–tryptophan–ketoglutarate
solution followed by hypothermic preservation in the same
solution remains the most common technique. However,
hypothermic organ storage is associated with oxygen
deprivation, which inevitably leads to some degree of
ischemia-reperfusion injury upon transplantation. During
the cold ischemia time ATP is degraded to hypoxanthine.
The catabolism of adenine nucleotides results in an
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accumulation of hypoxanthine in ischemic cells [12].
Ischemia is also associated with the proteolytic conversion
of xanthine dehydrogenase to xanthine oxidase. When
xanthine oxidase converts hypoxanthine to xanthine in the
presence of molecular oxygen, superoxide radicals (O2

−)
and hydrogen peroxide (H2O2) are generated [13, 14].
During reperfusion or reoxygenation a large amount of
ROS, especially OH, are produced by the reentry of
oxygenated blood into the ischemic organ. ROS, which
are generated during reoxygenation in Fe2+-catalyzed
reactions, take a central role in cellular dysfunction and
exert direct tissue damage, including lipid peroxidation,
protein denaturation, and DNA oxidation [15–17]. Free iron
catalytically exacerbates oxygen stress, and it has been
proposed that superoxide-mediated genotoxicity is a func-
tion of its ability to liberate protein-bound iron [18, 19].
Although protein oxidation has been demonstrated at the
level of the peptide backbone and amino acids, there has
been relatively little scrutiny of differences between
proteins in their sensitivities so far [20]. In the context of
long term single organ transplantation, an aspect of oxygen
toxicity is its promotion by some metals and by elevated O2

partial pressure. Iron and copper catalyze the cleavage of
ROS (Fenton’s reaction), leading to the generation of OH
[21, 22]. OH is the most reactive oxidant, reacting at
diffusion-limited rates. The catalytic properties of iron and

copper explain why cells possess metal-chelating proteins
such as ferritin and transferrin, which reduce the concen-
tration of redox-active metals. In humans, the body
content of iron increases with age (in men throughout
their lives, and in women after menopause), and it has
been suggested that this accumulation may increase the
chronic oxidative damage of transplanted organs with age
[23–25].

Despite addition of 5 mM glycine to incubation media,
whose cytoprotective qualities have already been presented
in numerous studies [1, 4, 5, 26–28], we found distinct cell
damages after reoxygenation as indicated by raised enzyme
levels and decreased cell functions. The presence of
hypoxia–reoxygenation injury in ITS, which occurred even
in the presence of glycine, indicates that hypoxia–reoxyge-
nation damage is, at least to some extent, glycine-
insensitive [4]. Comparing different scavengers with DFO,
it could be evidenced that both a radical-directed and a Fe2+-
directed approach significantly attenuates hypoxia–reoxy-
genation injury. However, DFO could be shown to exert the
strongest antioxidant effect as well to best preserve
membrane integrity and cellular function.

Oxygen is a highly reactive molecule and can be
partially reduced to form a number of chemically reactive
radicals so that an enhanced electron flux via mitochondrial
electron transfer chain can be obtained. Even under
carbogen gassing, DFO and TF stabilized the mitochondrial
integrity, as indicated by a decreased GLDH loss. In
parallel, the scavengers, but in particular the iron chelator,
could significantly enhance the K+ content and the GNG.
These findings indicate some improvement by the scav-
engers and DFO. At least, both did not exert harmful effects
on ITS under carbogen gassing.

It can be assumed that under continuous oxygen supply,
oxygen radicals arise, which particularly are catalyzed via
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Fe2+. That would assert the better performance of DFO
during oxygen tension in mitochondrial (GLDH) compared
to cytosolic membrane integrity (LDH).

Considerably, more distinct were the effects under
reoxygenation conditions.

Not only exogenous iron but also iron ions from
intracellular storage can contribute under reoxygenation
conditions to the generation of reactive oxygen species
[29]. Accordingly, even without addition of exogenous iron
the addition of 0.01–1.0 mM DFO significantly diminished
lipid peroxidation and membrane leakage, and cell function
was found to be markedly improved. Even low-dose
0.1 mM DFO was effective to protect ITS from hypoxia–
reoxygenation injury by binding intracellular iron ions
probably liberated from tissue sources. Kidney tissue
contains up to 10 mg iron/kg wet weight [30]. Calculated
to tissue dry weight, this amount equals ~15.6 mg iron/kg
protein, which in turn corresponds to 0.28 nmol iron/mg
protein [31]. Obviously, less than 0.1% of 0.1 mM DFO
taken up by the cells would have been sufficient to bind the
entire iron quantity of the tubular cells.

As shown in the literature, other iron complex chelators,
as iron-ethylenediamine-N,N-diacetate (EDDA), are less
effective than DFO [32]. EDDA binds a more insufficient
complex and tends during reoxygenation conditions, like
intracellular iron accumulators, to generate ROS und to
enhance reoxygenation damages. This potency of DFO is
underlined by our findings that even low doses of 0.1 mM
DFO reduce hypoxia–reoxygenation damage of untreated
ITS by approximately 50% to 100%.

Our results are of limited impact on clinical situations
because they are obtained in an in vitro model with isolated
cells. But our data are in line with several other reports
showing protective effects of DFO both ex vivo on
ischemia or reperfusion injury in isolated perfused lungs
and hearts and in vivo on hemorrhagic shock-induced liver
injury [33–35].

Conclusion

Based on these experimental findings, the effect of DFO
should be tested in clinical studies against post-hypoxic
formation of reactive oxygen species in kidney transplan-
tation with long cold and short warm ischemic times.
Actually, DFO is used clinically for the treatment of
hemochromatosis and the beta-thalassemia in a limited
dosage 40 mg/kg body weight, which corresponds to a
concentration of more than 1 mM. In organ preservation,
DFO could reduce ischemia-reperfusion-induced organ
dysfunction after transplantation as well as the fatal
consequences of persisting blood within the transplanted
donor organ during organ preservation.
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