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Introduction

In clinical situations with impaired or interrupted perfu-

sion such as organ preservation or in polytraumatized

patients with severe myoglobinemia, hypoxia leads to cel-

lular stress, followed by massive damage upon reoxygen-

ation [1]. In ITS, short normothermic hypoxia has

been demonstrated to cause irreversible damage [2,3].

Adenosine triphosphate (ATP) consumption is increased

followed by a restriction of Na+-K+-ATPase and subse-

quent loss of volume regulation [4].

During reoxygenation, disintegration of cellular mem-

branes causes a loss of electrolytes followed by cell swell-

ing, cellular death and loss of organ function. A reduced

function of Na+-K+-ATPase generates a drop of mem-

brane voltage and an intracellular uptake of Ca2+, which,

in turn, activates phospholipases inducing higher levels of

free fatty acids, lysosomal enzymes, and phopholipids [5].

Furthermore, in reoxygenated kidneys, xanthine dehydro-

genase is converted to xanthine oxidase, which, in turn,

stimulates the production of free oxygen radicals [6] and

thus initiates further membrane damage. Glycine whose

cytoprotective qualities have already been demonstrated

in numerous studies [7,8] does not protect against oxygen

radicals [2].

It is well known that heme proteins can cause kidney

dysfunctions [9,10] even under physiological conditions.

Under pathological conditions coinciding with tissue

hypoxia, heme proteins are described to cause functional

restrictions and morphologic damage in the kidney,
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Summary

In isolated tubular segments (ITS) of rat kidney cortex, we studied the effect

of hemoglobin (Hb) on reoxygenation damage. All tubules were suspended in

Ringer’s solution containing 5-mm glycine and oxygenated for 30 min with

95% O2:5% CO2, followed by a 30-min period with 95% N2:5% CO2, and final

reoxygenation for 60 min. Untreated tubules served as controls. Different con-

centrations of free Hb and equivalent amounts of intact erythrocytes were

added to the incubation medium. Secondly, we added deferoxamine (DFO) to

Hb and erythrocytes. Membrane leakage and lipid peroxidation were measured

by lactate dehydrogenase and glutamate dehydrogenase and the development of

thiobarbituric acid reactive substances. Cell function was quantified by gluco-

neogenesis and intracellular potassium accumulation. Hb exerted concentra-

tion-dependent cytotoxic effects indicated by significantly increased enzyme

leakage rates, lipid peroxidation and a significantly decreased cell function

(P < 0.05), in ITS during hypoxia, and subsequent reoxygenation. Moreover,

we found that toxicity of both Fe2+ and Fe3+ ions increased with rising concen-

tration. However, Fe2+ showed a higher tissue toxicity than Fe3+. DFO reduced

significantly the reoxygenation damage of free Hb and iron ions. Our data

clearly demonstrate a pronounced cytotoxic effect of free Hb in ITS, which

critically depended on the reduction state of the iron ions.
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which is mostly attributable to reoxygenation [11]. It was

shown that heme proteins and/or the iron in the protein

complex catalyze oxygen into more aggressive metabolites

[12] namely: the superoxide-, peroxide- and hydroxy rad-

icals. Among these, conversion of the hydroxyl radical

(OHÆ) to water (or hydroxylized organic compounds) has

a remarkably high redox potential of 2.33 V. Thus, OH·

is a strong biological oxidant with an extremely short

half-life and very short diffusion ways. It initiates radicali-

zation reactions and oxidizes nearly all biological mole-

cules in its surrounding. Under physiological conditions,

however, OHÆ formation is low in cell metabolism. In

contrast, superoxide ion and H2O2 are ‘normal’ waste

products of the mitochondrial oxygen reduction. They are

detoxified by cellular protective enzymes like superoxide

dismutase (SOD), catalase (CAT), glutathione oxidase

(GSH), and ‘scavengers’. During reoxygenation, this cellu-

lar protective system can break down, resulting in an

accumulation of O2
–, H2O2, and especially OHÆ [13].

The purpose of this study was to examine the effects of

exogenous Hb or intact erythrocytes on reoxygenated ITS.

Additionally, the impact of Hb-engaged or exogenous

iron ions on reactive oxygen species (ROS) formation was

analyzed [14].

Materials and methods

Animals

Wistar rats of either sex (300–350 g) were housed in sin-

gle-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 experi-

ments were conducted according to the National Insti-

tutes of Health Guide for Care and Use of Laboratory

Animals (NIH publication 86–23, revised 1985).

Isolation of tubule segments

Animals were anesthetized by an i.p. injection of pento-

barbital sodium (60 mg/kg; Narcoren, Merial, Hallberg-

moos, Germany). After median laparotomy, ligation of

the superior mesenteric artery and celiac trunc and cann-

ulation of distal aorta, kidneys were flushed with 25 ml

chilled, oxygenated medium I (Table 1). After incision of

the inferior cava vena, 2 ml chilled collagenase-solution

(Worthington CLS II, Freehold, NJ, USA; Table 1) was

injected. After decapsulating both resected kidneys, the

cortex was cut into 1.0 mm thick slices and the marrow

was separated. Kidney cortex was chopped homoge-

neously and the resulting particles were continuously stir-

red 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 resuspended and washed

once more in medium I, centrifuged and finally oxygen-

ated (95% O2/5% CO2 = carbogen) in ice-cold medium

II. Under moderate shaking, the isolated tubules were

then gassed for 30 min with carbogen at 37�C for recov-

ery from the preceding collagenase treatment [15]. There-

after, the tubule suspension was centrifuged twice at 4�C

for 30 s at 50 g and the cell precipitation resuspended in

chilled medium II (Table 1). 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 bicar-

bonate solution was used (Table 1). With the exception

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 in the collage-

nase treatment solution (2 mg/ml collagenase = 350 U/ml;

Worthing CLS). 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 [16].

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 suspen-

sions were supplemented with 5 mmol/l glycine [17].

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.

Table 1. Chemical composition of used incubated media. The colla-

genase solution und medium I contained hydroxyethyl piperazinyl eth-

ansulfonacid (HEPES) as buffer and were used for isolation of ITS, in

medium II physiological bicarbonate buffer was used for incubation of

the ITS.

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 · 6H2O 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

Moussavian et al. Hemoglobin induces cytotoxic damage

ª 2007 The Authors

Journal compilation ª 2007 European Society for Organ Transplantation 20 (2007) 884–894 885



Testing procedure

After preincubation and repeated washing, ITS were

resuspended at 37�C in 50 ml Erlenmeyer-flasks in 5 ml

desoxygenated medium II in a concentration of 1 mg cell

protein/ml. Consecutively, 30 min hypoxia were per-

formed (pO2 < 1 mmHg) by gassing with a nitrogen-con-

taining 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 centrifuged immedi-

ately for 6 s at 20 000 g. The precipitate was used for K+

and protein determination, the supernatant served for

measurements of lactate dehydrogenase (LDH) and gluta-

mate dehydrogenase (GLDH) enzyme activity, glucose

concentration, and the content of thiobarbituric reactive

substances (TBA-RS). Suspension was mixed immediately

with 0.5 ml ice cold 10% trichloracetic acid (TCA). All

used reagents were from p.A.-quality and were purchased

from Merck (Darmstadt, Germany) and Serva (Heidel-

berg, 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, Germany). The K+ con-

centration in the supernatant was determined using flame

photometer (K 701 A, Eppendorf, Germany) according to

a linear standard curve from 0.1 to 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 modi-

fied Lowry-method according to Gronow et al. [2,7]. Oxi-

dative degradation of unsaturated fatty acids caused by

oxygen radicals was determined by the formation of TBA-

RS: 0.5 ml cell suspension was homogenized with 0.5-ml

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-oxi-

dation formed with TBA a red color complex. After cool-

ing the mixture to 20�C, the red color complex was

extracted in 1.5 ml n-butanol. Extinction (E) was mea-

sured spectrophotometrically at 500 and 535 nm. The dif-

ference in absorbance yielded in a range between 1 and

4 nmol/ml the TBA-RS content according to a linear cali-

bration curve made up with 1,1,3,3-tetraethoxypropan

(TEP, Fluka, Neu-Ulm, Germany) [2,18].

For the extraction of dissolved Hb, 5 ml of rat blood

was taken without addition of anticoagulatory substances

from the inferior vena cava, centrifuged and washed

four times in Krebs–Ringer-Bicarbonate medium. Sedi-

mented erythrocytes were lyzed with aqua destillatum

and the hemoglobin (Hb) content in the solution was

measured spectrophotometrically at 546 nm. This con-

centrated Hb solution was diluted with medium II to a

defined final test concentrations of 0.03 vol.%. A control

group of ITS from the same cell suspension served as

control.

All data are expressed as mean ± SD. Statistical com-

parison between two groups was performed by a paired

t-test, multiple comparisons were performed by one-way

anova with Bonferroni post hoc correction using a statis-

tical software (sigma stat, Jandel Scientific, San Raffael,

CA, USA). A P-value < 0.05 was assumed to indicate a

significant difference.

Results

Cellular integrity

To determine the impact of hypoxia and reoxygenation

on cellular integrity, loss of LDH and GLDH was ana-

lyzed by measuring the enzyme activities in the incuba-

tion medium. Quantitative analysis showed a significant

loss of LDH from ITS during hypoxia (P < 0.05; Fig.

1a), indicating a severe cellular injury. LDH loss from

ITS gassed for 90 min with carbogen (control) was

constant throughout the experiment (1.5 ± 0.2 mU/mg/

min).

Spectrophotometric analysis of GLDH activity in the

incubation medium showed a significant increase in

GLDH loss during hypoxia from ITS (P < 0.05; Fig. 1b),

which was even more distinct during reoxygenation. Per-

sistently carbogen-gassed control ITS showed a constant

GLDH loss of 0.31 ± 0.04 mU/mg/min.

Cellular functions

The intracellular K+ concentration of control ITS, gassed

for 90 min with carbogen, was �390 nmol/mg (Fig. 2a)

and remained constant throughout the duration of the

experiment. Hypoxia induced a significant decrease in

intracellular K+ concentration to 220 nmol/mg (P < 0.05;

Fig. 2a). During reoxygenation, intracellular potassium

concentration re-increased, but did not reach baseline lev-

els.

Gluconeogenesis (GNG) rate in negative control ITS

was 4.34 ± 0.35 nmol/mg/min throughout the experi-

ment. Incubation of ITS under hypoxia induced a

significant diminution of GNG by 97% to

0.1 ± 0.1 nmol/mg (P < 0.05; Fig. 2b). Sixty minute

reoxygenation of ITS was followed by a significant

increase of GNG.
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Lipid peroxidation

Lipid peroxidation was quantified by measuring the for-

mation of TBA-RS. In negative control ITS, TBA-RS

increased linearly from 0.59 ± 0.20 nmol TEP/mg at the

beginning of the experiment to 1.26 ± 0.21 nmol TEP/mg

(Fig. 3a). Hypoxia had no significant impact on lipid per-

oxidation. However, during reoxygenation, TBA-RS for-

mation significantly increased in ITS and reached

2.99 ± 0.26 nmol TEP/mg (P < 0.05; Fig. 3a). Addition of

a mixture of SOD (100 U/ml) and CAT (250 U/ml) was

capable of significantly preventing this increase in

lipid peroxidation in ITS during reoxygenation (P < 0.05;

Fig. 3a).

To determine oxidative stress, in separate experiments

0.03 vol.% of hydrogen peroxide was added to the incu-

bation medium at the beginning of hypoxia. Addition of

H2O2 caused a significant increase in TBA-RS during

hypoxia (P < 0.05), which was even more prominent

upon reoxygenation (P < 0.05; Fig. 3b). Addition of SOD

and CAT significantly attenuated hypoxia and reoxygen-

ation-induced lipid peroxidation (P < 0.05; Fig. 3b).

Impact of free heme proteins

In the next series of experiments, the influence of extra-

cellular heme proteins was examined and cellular integrity

and active cell functions in ITS were analyzed quantita-

tively.

Firstly, the influence of free Hb on enzyme loss and

lipid peroxidation was examined at increasing Hb con-

centrations. ITS without Hb served as negative controls.

After 60 min reoxygenation, LDH and GLDH loss from
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ITS were found significantly increased at Hb concentra-

tions from 0.000 g/dl to 1.000 g/dl (P < 0.05) compared

with hypoxic ITS (Fig. 4a,b). Moreover, Hb was found to

exert dose-dependently cytotoxic effects upon hypoxia/

reoxygenation in concentrations up to 0.1 g/dl, whereas

even an Hb concentration of 0.001 g/dl caused a severe

mitochondrial damage, as indicated by a significantly ele-

vated GLDH loss. In contrast, a significant LDH release

was not found until 10-fold higher Hb concentrations

(0.010 g/dl). Interestingly, a high Hb concentration

(2 g/dl) was even effective to attenuate enzyme loss signifi-

cantly from both hypoxic and reoxygenated ITS

(P < 0.05) and to protect from rexoxygenation injury

(Fig. 4a,b).

Analysis of ITS function showed that Hb concentra-

tions >0.100 g/dl significantly increased intracellular

potassium during hypoxia (P < 0.05; Fig. 4c). Reoxygen-

ation caused a striking increase in intracellular K+

(P < 0.05), which was significantly reduced in the pres-

ence of Hb in concentrations from 0.001 to 0.100 g/dl

(P < 0.05). A quantity of 0.100 g/dl Hb completely abol-

ished reoxygenation-induced increase in intracellular K+.

Still higher Hb concentrations cause again a significant

increase of intracellular potassium during reoxygenation,

which was even significantly higher at 2.000 g/dl com-

pared with that at 0.000 g/dl (Fig. 4c).

Gluconeogenesis was not impaired during 30-min

hypoxia. Upon reoxygenation, GNG was found signifi-

cantly increased compared with hypoxia. Presence of Hb

in concentrations up to 0.100 g/dl significantly reduced

GNG. At a concentration of 2.000 g/dl, we observed a sig-

nificant protection of GNG by Hb (P < 0.05; Fig. 4d).

Quantification of lipid peroxidation showed that incu-

bation of ITS with increasing concentrations of Hb did

not alter TBA-RS formation during 30-min hypoxia (Fig.

4c). However, reoxygenation of hypoxic ITS led to a sig-

nificant increase in TBA-RS formation in the presence of

Hb at concentrations above 0.010 g/dl (P < 0.05), which

was more distinct with increasing Hb concentrations.

Impact of intact erythrocytes

In a second experimental series, the effect of intact ery-

throcytes on hypoxic/reoxygenated ITS was compared

with that of equimolar concentration of free Hb.

Addition of intact erythrocytes to incubation medium

had no effects on cellular integrity, cell functions in carb-

ogen-gassed ITS, but lipid peroxidation was found signifi-

cantly increased. In contrast, addition of free Hb caused a

significant impairment of cellular integrity and cell func-

tions, and caused lipid peroxidation (Fig. 5a–e).

After 30 min extreme hypoxia and 60 min reoxygen-

ation, ITS showed a significant reoxygenation damage in

control ITS as well as in ITS incubated with RBC or Hb.

Presence of 0.03 vol.% intact erythrocytes did not affect

cellular integrity. However, addition of 0.100 g/dl free Hb

significantly increased enzyme loss compared with control

ITS as well as to ITS incubated with intact red blood cells

(RBC) (Fig. 5a,b). Addition of RBC to ITS resulted in a

slight, but significant reduction in intracellular K+ and

GNG upon hypoxia/reoxygenation. Again, cell functions

were significantly reduced by free Hb compared with ITS

incubated with RBC or control ITS (Fig. 5c,d). After

hypoxia/reoxygenation of ITS, intact erythrocytes did not

significantly influence lipid peroxidation. Likewise, the

presence of 0.100 g/dl free Hb significantly increased lipid

peroxidation (P < 0.05; Fig. 5e).
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Impact of exogenous iron ions

To investigate the cytotoxic effects of exogenous iron ions

on hypoxic/reoxygenated ITS, cells were incubated with

increasing concentrations of Fe2+ and Fe3+ ions.

Quantification in LDH loss after 30 min hypoxia and

60 min reoxygenation showed a significantly increasing

enzyme loss with increasing Fe2+ concentrations with an

LDH loss of 5.95 ± 0.43 mU/mg/min at 1 mm compared

with 1.72 ± 0.38 mU/mg/min at 0 mm (P < 0.05; Fig.

6a). Fe3+ also showed a dose-dependent increase of LDH

loss from ITS, which was significantly higher from con-

centrations above 0.010 mm compared with 0.000 mm

(P < 0.05 Fig. 6a). However, LDH loss was significantly

lower at concentrations of 0.100 and 1.000 mm compared

with Fe2+ (P < 0.05; Fig. 6a). In parallel with LDH loss,

incubation of ITS with iron ions caused a significantly

increasing lipid peroxidation after hypoxia/reoxygenation

with increasing concentrations (P < 0.05; Fig. 6b). Again,

incubation of ITS with Fe3+ showed a significantly

reduced TBA-RS formation compared with ITS incubated

with Fe2+ at any concentration (P < 0.05; Fig. 6b). Cyto-

toxic effects of free iron ions were also analyzed by intra-

cellular potassium and GNG. Quantitative analysis

revealed that increasing concentrations of iron ions signif-

icantly impaired cellular functions (P < 0.05; Fig. 6c,d).

ITS incubated with Fe2+ showed a dramatic drop of intra-

cellular potassium at 1 mm (P < 0.05; Fig. 6c) and an

even more distinct reduction in GNG (P < 0.05; Fig. 6d).

However, incubation of ITS with Fe3+ caused a signifi-

cantly less pronounced impairment of cellular functions

(P < 0.05; Fig. 6c,d).

Masking of Hb effects with deferoxamine (DFO)

To further evidence that cytotoxic effects of free Hb are

mediated by Fe2+, we added a highly potent iron chelator

DFO in an equimolar concentration of 0.1 mm. Cells

were incubated with 0.1 g/dl free Hb with or without

additional DFO (Fig. 7a–e).

Addition of Hb to the reoxygenated ITS caused massive

increase of enzyme leakage (P < 0.05). These alterations

were significantly inhibited by DFO and were found even

lower than control levels (P < 0.05; Fig. 7a,b). Moreover,
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the presence of free Hb massively impaired active cell

functions of reoxygenated ITS (P < 0.05). Again, addi-

tional DFO completely compensated cellular dysfunctions

(P < 0.05; Fig. 7c,d). Lipid peroxidation was also found

significantly increased in the presence of hb. This increase

was completely prevented by adding DFO (P < 0.05; Fig.

7e).

Discussion

The pathophysiology of reactive oxygen metabolites has

gained increasing importance in modern medicine. Cellu-

lar damage appears even under normal oxygen tension,

especially in the absence of protective antioxidative

enzymes [19]. If a temporal oxygen lack occurs, after

reoxygenation [20,21] the balance between generation and

elimination of ROS can break down. Herein, heme pro-

teins can play a supporting role [22]. In patients with

nephritic failure triggered by heme proteins, it became

evident that kidney dysfunction occurred not directly

upon hemolysis, but days or even weeks later [23] indi-

cating secondary injury after hemolysis. Also, in organ

transplantation, flushing of kidneys before transplantation

significantly improves graft survival. Obviously, there is a

link between the quantity of remaining erythrocytes in

the preserved organ and organ function after restoration

of the circulation [24,25].

Moreover, in vitro the addition of cross-linked Hb to

ITS has been shown to cause decreasing Na+ resorption,

reduced glomerulus filtration ratio, and considerable

enzymes losses. Primarily, this was ascribed to small

quantities of Hb, which were filtered in glomeruli and

moved into the tubule lumen increasing intratubular

pressure and subsequently lowering glomerular filtration

rate [17]. Therefore, not only mechanical effects can cause

cellular damages in kidneys cortex [26], but also an addi-

tion of heme proteins. Heme proteins, like myoglobin or

Hb, are known to promote the formation of ROS [27]

under certain conditions. Oxygen metabolites like O2–

and O2–
2 are produced even under physiological conditions

in small amounts by the mitochondrial respiratory chain

[28]. After hypoxia/reoxygenation, however, cellular pro-

tective mechanisms, like SOD and CAT break down [29]

and short-living, extremely oxidizing active OH-radicals

can be formed. These oxidize biomolecules, resulting in

membrane fragmentation, lipid peroxidation, and inacti-

vation of enzymes and ion pumps by cross linking the

proteins [30].
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In the presence of glycine, whose cytoprotective and

nephroprotective qualities have already been demon-

strated in numerous studies [7,8], we found distinct cell

damages after reoxygenation indicated by raised enzyme

levels and decreased cell functions. That indicates that the

examined reoxygenation damage must be glycine-insensi-

tive. Lipid peroxidation increased arithmetically in

untreated ITS during 90 min carbogen gassing, demon-

strating that there is a low, but detectable lipid peroxida-

tion already under physiological conditions of cell

incubation. This hypoxia/reoxygenation-induced increase

of lipid peroxidation, enhanced by H2O2, was reduced by

adding a mixture of oxygen metabolite-converting

enzymes, which indicated that the increase in lipid perox-

idation during reoxygenation was caused at least partially

by O2
– and O2

2–. Thus, OH-radicals contribute critically to

the reoxygenation damage.

Moreover, our results show that also in the absence of

exogenous heme proteins, released iron ions can induce

ROS under rexoxygenation conditions. The fact that myo-

globin-bound iron exerts cytotoxic effects has already

been demonstrated several times [31]. In accordance with

these observations, we show a concentration-dependent

dichotomic effect of exogenous Hb on reoxygenated ITS.

Low concentrations of Hb (<0.1 g/dl) damage the cells

with lasting effect. In contrast, higher Hb concentrations

(>0.1 g/dl) significantly reduced enzyme leakage and

clearly improved cellular functions. This paradox of pro-

tecting effects of high Hb concentrations might be caused

by the reduction in released oxygen: the Hb-bond oxygen

might attenuate hypoxia. Compared with normal oxygen

consumption of ITS of nearly 40 nmol O2/mg protein per

min [32], an Hb concentration of 2 g/dl with a maximum

oxygen load of about 0.12 mmol O2/2 g hb/dl (Hüfner

number) or 1.2 lmol O2/ml is theoretically adequate to

supply the ITS for the whole hypoxic period. This fact

might also explain the paradoxical increase in K+ during

hypoxia and the measurable GNG in extreme oxygen star-

vation. At high concentrations, Hb acts as a redox partner

via Fenton reaction especially in a concentration of 0.1 g

hb/dl.

The cytotoxic properties of Hb are detectable not only

during reoxygenation, but also during carbogen gassing.

Enzyme losses and lipid peroxidation were increased in

ITS incubated with 0.1 g hb/dl after hypoxia/reoxygen-

ation. In the presence of intact erythrocytes, we found no

significant differences compared with the corresponding

controls regarding membrane integrity; however, cellular

functions were decreased. One of the reasons for lipid

peroxidation and membrane damage in the presence of

Hb might be intracellular iron ions that are released from

phagocytosed and lysosomally degraded Hb [33]. This

degradation might lead to ROS formation causing a

destruction of the cell membrane, indicated by an

increased lipid peroxidation and the high loss of cytoplas-

matic LDH and intramitochondrial GLDH. Fe2+ can

inflict a more severe damage to cells than Fe3+ because of

its electron-transmitting effect [34]. Accordingly, the cell

damage in the presence of added Fe2+ was found more

pronounced than in presence of Fe3+. Fe2+ caused a

higher lipid peroxidation than an equivalent quantity of

Fe3+ in concentrations up to 0.01 mm. The damaging
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effect of Fe3+ was based probably on redox reactions in

the tissue, in which Fe3+ was transformed to Fe2+ by

redox partners. The Fe2+/Fe3+ complex can play here even

the roll of a redox partner. The potential in the reaction

with oxygen metabolites is decisive. In this cycle, iron acts

as a catalyst, in that small quantities of released iron ions

continuously promote the simultaneous development of

reactive oxygen metabolites. Fe3+ and Fe2+ possess a

redox potential of 0.75 mV, otherwise the oxidation O2
–/

O2 releases only 0.33 mV. Thereby, Fe3+ oxidizes its redox

partner while being reduced to Fe2+. Increased consump-

tion of ATP under hypoxic conditions enhances the activ-

ity of intracellular xanthine oxidases [35], producing

hydrogen peroxide, which has a stronger redox potential

than the Fe2+/Fe3+ system. Fe2+ serves as reduction agent,

H2O2 degenerates to the hydroxyl radical and hydroxide

ion under formation of Fe3+. This cycle is supported by

the mitochondrial formation of O2
– and the acidification

of the tissue [36] during hypoxia. The formed H2O2

reacts with Fe2+ to the extremely reactive and oxidizing

OH· (redox potential = +2.33 V).

The potent iron chelator DFO protected the ITS from

cellular damage in the presence of Hb. Hydroxyl radicals

affect not only intracellular lipid membranes, but also

oxidize molecules in the cellular nucleus, as for example

guanine to 8-hydroxyguanine. Latter prefers adenine in

place of cytosine as its complementary nucleotide, causing

serious transcription errors with a high corresponding

mutation rate and degeneration [37]. Liu and Okada have

impressively shown the total impact of iron ions in this

reaction [38]. Accordingly, clinical studies involving

patients with hemochromatosis demonstrated that a high

percentage of the patients developed a primary liver cell

carcinoma after a multiyear latency period [39].

Not only exogenous iron, but also iron ions from

intracellular storage can contribute under reoxygenation

conditions to the generation of ROS [40]. Even without

addition of exogenous iron, lipid peroxidation and mem-

brane leakage were significantly diminished and the cell

function was improved. Even low concentrations of DFO

are sufficient to bind all of the Hb released iron ions.

The equimolar addition of 0.1 mm DFO significantly

reduced the cytotoxic effects of 0.1 g/dl Hb on membrane

integrity, cell function, and lipid peroxidation. This is a

clear indication that the reoxygenation damage of Hb is

caused by bound Fe2+ whose deleterious effects were sig-

nificantly reduced by DFO. The detrimental effect of free

iron in liver preservation is well known. Kerkweg et al.
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[41] demonstrated that DFO takes a central role to

reduce cold-induced apoptosis of rat liver cells in the

University of Wisconsin solution. The cell injury was

decreased by DFO to 6–25% in hepatocytes and between

2% and 4% in liver endothelial cells.

In conclusion, our study shows cytoxic effects of

released Hb on renal tubules based on the redox potential

of iron ions catalyzing the hydroxy radical formation. In

ITS, the cytotoxic effects of free Hb are critically concen-

tration-dependent. This might explain acute and subacute

kidney failure after transplantation and underlines the

need for blood-free perfusion of organs, which critically

affects the outcome of transplantations. Thus, scavenging

of iron ions, e.g. by DFO, might be a beneficial approach

for the composition of perfusion solutions.
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