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Desferal prevents against cell lysis induced by
hydrogen peroxide to hypoxic hepatocytes: a role
for free iron in hypoxia-mediated cellular injury
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Abstract

Isolated hepatocytes incubated under hypoxic conditions were more sensitive to H,0,-
mediated injury as compared to cells kept under aerobic conditions, but only for the highest
H,0, concentration tested (8 mM). At lower concentrations (2 and 4 mM) cells were still
able to detoxify H,0, even under hypoxic conditions. Reoxygenation of hypoxic hepatocytes
did not result in a cytolytic effect, whereas reoxygenation in the presence of H,0O, resulted in
an enhanced cytotoxicity. The duration of previous hypoxia (before H,0, addition) did not
affect the lytic effect induced by H,0,. Enzymatic activities of both catalase and glutathione
peroxidase were unchanged over 2 h of incubation under hypoxic conditions. Preincubation
of hepatocytes in the presence of Desferal (S mM) resulted in the abolition of H,0,-mediated
lytic effects. A role for free iron, released from intracellular stores and acting on H,0, to
yield reactive oxygen species is discussed.
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1. Introduction

A wide variety of metabolic and biochemical changes is produced when cells are
incubated under hypoxic conditions [1-7]. When hypoxia is prolonged and severe,
most of the anabolic pathways are suppressed (gluconeogenesis, protein synthesis,
etc), but it is rather difficult to distinguish between the intrinsic deleterious effects
induced by hypoxia and the cellular adaptive responses against the hypoxic stress.
Indeed, the depressed metabolism might be interpreted as an effective strategy of
adaptation of cells in an adverse environment, the so-called ‘metabolic arrest’ [3,7]
which leads to a preservation of critical cellular functions (i.e., ionic homeostasis)
by decreasing metabolic rates. A similar process has been observed when cells are
incubated at sublethal temperatures and further exposed to either a lethal tempera-
ture. The ability of cells to survive in such adverse conditions (thermotolerance) has
also been extented to another kind of insults like H,0,, amino acids analogs,
ethanol, etc. [9]. A depressed cellular metabolism may also lead, however, to a low
cellular resistance to survive in an adverse environment, i.e., exposure of hepatocytes
to 60 min of hypoxia resulted in a decreased tolerance to exposure to tert-butyl hy-
droperoxide [9]. Such enhanced susceptibility to oxidative injury has been explained
as a consequence of the impaired metabolic and detoxication functions, rather than
as an enhanced rate of generation of reactive species.

The reoxygenation of previously hypoxic tissues or cells enhances the metabolic
impairment produced by hypoxia thus leading to a more pronounced cell death [10].
Experimental evidence suggests that such a process is mediated by the formation of
reactive oxygen species, but, the elucidation of their molecular mechanisms as well
as the identification of cells where they have been produced still remains controver-
sial [10-15). Among them, hydrogen peroxide (H,O,) plays an important role since
it is a stable and oxidizing agent, which mediates reperfusion injury in different
tissues [16—19)]. Furthermore, such an H,O,-mediated injury has been shown to be
reduced by the administration of catalase [16,20].

This work was undertaken with the aim to evaluate the sensitivity of isolated rat
hepatocytes incubated under hypoxic conditions towards an oxidative stress induced
by H,0,, an in vitro experimental model which simulates the hypoxia-reoxygen-
ation injury. Such a model was previously used in order to characterize the
deleterious effects of both hypoxia [21] and oxidative stress [22]. Moreover, increas-
ing evidence suggests that reactive oxygen species are not generated intracellularly
during reperfusion, but rather they are derived from neutrophils and Kupffer cells
[11-14,23]. Therefore, to test whether hypoxic hepatocytes are still able to resist a
subsequent oxidative injury, H,O, was added as a bolus into cell suspensions and
the viability of liver cells was monitored during the incubation. The enzymatic activi-
ties of both catalase and glutathione peroxidase, the two antioxidant enzymes which
clear cells of H,O, [24], were also determined under aerobic and hypoxic condi-
tions. Finally, we evaluated a possible role for free iron by preincubating hepatocytes
in the presence of desferal, a well-known iron chelator [22,25,26] which reduces
H,0,-mediated injury [18,22]. Indeed, supporting a putative activity of iron, it has
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been reported that Desferal decreased both the hepatocellular injury after a rat liver
ischemia [27], and the efflux of cytosolic enzymes from isolated perfused rat liver
subjected to hypoxia [15].

2, Materials and methods

2.1. Animals

Male Wistar rats weighing 250~280 g were purchased from Iffa-Credo (Les
Oncins, France) and housed in individual cages in a temperature- and light-
controlled room. They received standard diet AO3 (UAR, Villemoisson-sur-Orge,
France) and water ad libitum. Animals were fasted overnight before preparation of
isolated hepatocytes.

2.2. Chemicals

Bovine serum albumin (BSA, fraction V) was from Sigma (St. Louis, MO, USA).
Hydrogen peroxide (Perhydrol) was purchased from Merck (Darmstad, Germany).
Desferal (desferrioxamine mesylate) was purchased from Ciba-Geigy (Switzerland).
The gas mixtures O,/CO, (95%/5%) and N,/CO, (95%/5%) were purchased from Air
Liquide (Liege, Belgium). Collagenase A (from Clostridium histolyticum) was from
Boerhinger (Mannheim, Germany). Dulbecco’s modified Eagle medium (DMEM)
was purchased from Flow Laboratories (Irvine, Scotland). All other chemicals and
reagents were of the purest grade available.

2.3. Preparation of isolated hepatocytes

Hepatocytes were isolated using the standard procedure described by Berry and
Friend [28] and slightly modified by Krack et al. [29]. Briefly, animals were
anaesthesized with an i.p. injection of pentobarbital (60 mg/kg), and cells were isola-
ted by liver perfusion with Krebs solution containing collagenase. The yield of hepa-
tocytes was usually in the range of 350—400 x 10° cells per liver, with viability
varying from 85 to 95% as estimated by cell exclusion of erythrosine B. Isolated cells
were then suspended in a volume of 20 ml of Dulbecco’s modified Eagle medium
(DMEM) supplemented with BSA (0.3%), at a final concentration of 1 x 10°
cells/ml of incubation. Hepatocytes were incubated at 37°C in a thermoregulated
shaking waterbath (100 oscillations/min) under a continuous flow of either a mixture
of 0,/CO, (95%/5%) for the aerobic conditions, or a mixture of No/CO, (95%/5%)
for the hypoxic conditions. In order to maintain cells under these two conditions,
50 ml-rubber covered sealing flasks were used and cell suspensions were gassed
through a stainless steel needle.

2.4. Assays

Hepatocyte viability was estimated by measuring the activity of lactate dehydro-
genase (LDH) according to the procedure of Wrobleski and Ladue [30] both in the
culture medium and in the cell pellet obtained after centrifugation as described
elsewhere [29]. The results are expressed as a ratio of released activity to the total
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activity. Catalase activity was measured by the method of Baudhuin [31]. GSH per-
oxidase activity was assayed as reported by Wendel using H,0, as substrate [32].
The amount of protein was determined by the method of Lowry et al. [33] using BSA
as a reference.

2.5. Statistics

Analysis of variance (two-way ANOVA with the interaction time treatment) was
used to compare the concentration-response curves. The level of significance was set
at P < 0.05.

3. Results

The time course of LDH leakage from hepatocytes incubated either under aerobic
or hypoxic conditions and in the absence or in the presence of H,0, is shown in
Fig. 1a. In hepatocytes incubated under hypoxic conditions, cell death increased
continuously reaching a value of 55% after 120 min of incubation. Conversely, LDH
leakage from aerobic cells did not exceed 26% at the end of the incubation. Hypoxic
conditions were also evaluated by measuring intracellular ATP content over the 120
min of incubation: while under hypoxic conditions cells contained 2.2 + 0.5 nmol
ATP/mg of protein at the end of incubation, they contained 11.3 + 1.2 nmol
ATP/mg of protein under aerobic conditions (data not shown). When H,0, (8§ mM)
was added to the cell suspension 15 min after the onset of the incubation (indicated
by the arrow), a strong increase in LDH leakage was recorded in cells incubated
under hypoxic conditions. In the time interval from 15 to 30 min, the LDH leakage
increased two-fold reaching 40%. At the end of the incubation (120 min) the release
of LDH was greater than 75%. In aerobic cells however, the addition of H,0, to
the cell suspension also resulted in cell death but to a lower extent as compared to
hypoxic cells. After 120 min of incubation, the release of LDH was only 38%.

A different profile of cell death was observed if hepatocytes incubated for 30 min
under hypoxic conditions were further reoxygenated in the presence or absence of
H,0, (Fig. 1b). Indeed, the reoxygenation of hypoxic hepatocytes stopped the pro-
gression of their cell death, and LDH leakage remained fairly constant at a value
around 35%. Nevertheless, when such a reoxygenation was performed in the
presence of H,O,, an enhanced cell death was observed reaching 60% of LDH leak-
age. Although experimental conditions were not the same as in Fig. la, it must be
pointed out that LDH leakage was higher in cells receiving H,O, during hypoxia as
compared to cells which were first hypoxic and then reoxygenated.

The enhanced cell death induced by H,0O, was independent from the duration of
the previous hypoxia. As shown in Fig. 1c, H,O, at 8 mM induced more or less the
same release of LDH from hepatocytes (2-2.5-fold). The addition of H,O, at 15, 30
and 40 min of incubation increased the LDH leakage by 2.1-, 2.4- and 2.6-fold
respectively. Lower concentrations of H,O; (2 and 4 mM), induced a LDH leakage
similar to that of cells incubated under hypoxic conditions but in the absence of
H,0, (data not shown).

The enzymatic activities of both catalase and glutathione peroxidase (the two



V. Lefebvre, P. Buc-Calderon/ Chem.-Biol. Interact. 94 (1995) 37-48 4]

100 100
== —
o N2 —e— N2+ H20202
e N2 402
—m— O2+H202
80 4 20
—— N2 +H202
- 60 4 =
g (H202) %
g :5
é =
T
a 40{ 3
-
4
o T T T T T T T 1 ° T y T T ™ T T \
5 1s a0 45 6o 75 90 105 120 o 15 30 45 60 75 90 105 120
Time (min) Time (min)

100 (e

---m--- N2 +H202(15)
- N2+ H202 (30)
80 { —=— N2+ H202 45)

60 4

LDH leakage (%)
o ol
»-36—#.—1

40

<

o T T —r—T T ™ 1
o 15 30 45 60 75 90 105 120

Time (min)

Fig. 1. (a) Hepatocytes were incubated for 120 min under aerobic conditions or hypoxic conditions.
H,0, at 8 mM was added into aerobic or hypoxic cell suspensions 15 min after the onset of incubation.
(b) Hepatocytes were incubated for 120 min under hypoxic conditions. After 30 min of hypoxic incuba-
tion, cells were reoxygenated either in the absence or in the presence of H,0, at 8 mM. (c) Hepatocytes
were incubated for 120 min under hypoxic conditions. After either 15, 30 or 45 min of incubation, H,0,
at 8 mM was added into hypoxic cellular suspensions. At the time indicated, aliquots of the cell suspen-
sion were taken and LDH leakage was measured as described under Materials and methods. Values are
means | + standard error of the mean (S.E.M.) of at least three separate experiments. Arrow represents
the time of H,O, addition.

enzymes involved in the cellular metabolism of H,0,) were measured within cells
incubated for 120 min either under aerobic or hypoxic conditions (Table 1). Catalase
activity remained unchanged during the 120 min of incubation ( ~ 300 mU/mg pro-
tein) under these two different experimental conditions. Nevertheless, the enzymatic
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Table 1
Activity of antioxidant enzymes (catalase and glutathione peroxidase) of isolated hepatocytes during
hypoxia

Time GSH peroxidase Catalase
(min) {mU/mg protein) (mU/mg protein)?

Aerobic Hypoxic Aerobic Hypoxic
0 120 + 12 119 + 25 304 + 45 289 + 29
60 122 £ 8 98 + 20 283 + 52 294 + 29
120 125 £ 19 97 £ 17 278 + 19 327 + 84

Hepatocytes were incubated for 120 min either under aerobic or hypoxic conditions. At the time in-
dicated, aliquots of the cell suspension were taken and activities of both glutathione peroxidase and cata-
lase were measured as described under Materials and methods. Values are means + standard error of the
mean (S.E.M.) of at least three separate experiments.

3Enzymatic units as defined by Baudhuin et al [22].

activity of glutathione peroxidase was slightly decreased (~20%) at the end of the
incubation under hypoxic conditions (100 mU/mg protein) as compared to its initial
value (120 mU/mg protein). Under aerobic conditions, glutathione peroxidase activ-
ity remained fairly constant. Statistical analysis (two-way ANOVA) indicated how-
ever, that there were no significant differences between these two conditions.
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Fig. 2. Effect of Desferal on the lytic effect induced by H,0O, within hypoxic hepatocytes. Hepatocytes
were incubated for 120 min under different experimental conditions: cells always kept under hypoxic con-
ditions in the absence of H,0,; hepatocytes incubated under hypoxic conditions plus HO, (8 mM)
which was added after 45 min of incubation; and cells preincubated for 30 min under aerobic conditions
in the presence of 5 mM Desferal, then incubated for 15 min under hypoxic conditions, and received after-
wards 8 mM of H,0,. At the time indicated, aliquots of the cell suspension were taken and LDH leakage
was measured as described under Materials and methods. Values are means + standard error of the mean
(S.E.M.) of at least three separate experiments.
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A putative role of free iron (released from intracellular stores during hypoxia) act-
ing on H,0, (Fenton reaction) was tested by using Desferal. The effect of Desferal
on hepatocytes which were hypoxic at first and further exposed to H,O, is shown
in Fig 2. The preincubation of hepatocytes for 30 min in the presence of Desferal
resulted in the abolition of the deleterious effect induced by hypoxia plus H,O;. In-
deed, the LDH leakage was unchanged after exposure of hepatocytes to hypoxic
conditions (N,/CO, was applied 30 min after the onset of the incubation). Under
these conditions, when H,0, was added (45 min after the onset of the incubation
and 15 min after hypoxia), the release of LDH was slightly increased from 22% to
27%, reaching a value of 37% at the end of the incubation. Conversely, liver cells
preincubated for 30 min in the absence of Desferal, then incubated under hypoxic
conditions for 15 min and further exposed to H,0,, showed a LDH leakage higher
than 60%. Since hepatocytes which were kept under hypoxic conditions but in the
absence of H,0,, showed a LDH leakage of about 50% at the end of the incuba-
tion, it is suggested that Desferal also protects, at least partially, against hypoxia-
mediated injury.

4. Discussion

In agreement with previous reports [5—7], our results confirm that hypoxia in-
duces cell injury which may ultimately lead to cell death. We report here that H,0,
is more lytic to hypoxic cells as opposed to hepatocytes incubated under aerobic con-
ditions. Considering that hypoxic cells lose their membrane integrity and have a
depressed metabolic profile, such a cytolytic effect of H,O, appears as a logic con-
sequence of the deleterious effects already induced by hypoxia [3,7,21]. Nevertheless,
since H,O, at either 2 or 4 mM did not enhance the LDH leakage of hypoxic cells,
it may be taken as an index that hepatocytes are still able to metabolize H,O,.

Our results also show that the duration of hypoxia did not influence the sensitivity
of hypoxic cells towards H,0,. For instance, no enhanced cell death was observed
whatever the duration of hypoxia (i.e., 15, 30, or 45 min). In addition, both catalase
and glutathione peroxidase activities were unchanged during the hypoxic incubation.
Therefore, it is unlikely that the enhanced susceptibility of hypoxic cells might be
associated with a progressive impairment of cellular antioxidant defences, although
it has been reported that hypoxia decreases the intracellular content of reduced
glutathione [34].

In an attempt to reproduce ischemic conditions where lactate accumulates,
Kowalski et al. [35] have recently reported that addition of lactate protected cells
in a concentration-dependent manner, most probably by supplying reducing
equivalents for peroxide reduction. Indeed, intracellular acidosis (resulting from
anaerobic glycolysis) has been reported to have a beneficial effect on cell survival
during hypoxia [36]. Nevertheless, while such a low pH avoids the activation of
degradative enzymes, intracellular acidosis may lead to iron mobilization from
storage proteins (i.e., ferritin) thus releasing a ‘catalytically active’ iron inside the
cells. In addition to intracellular acidosis as a possible mechanism to explain iron
mobilization within cells, it has been reported that iron may be released from ferritin
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by the enzyme xanthine oxidase in both the presence and in the absence of O, [37].
This enzyme is formed from xanthine dehydrogenase by proteolytic conversion
during hypoxia [38]. However, while these mechanisms (pH and xanthine oxidase)
might contribute in some way to iron mobilization from intracellular stores, it
appears that reductive stress (due to the tremendous amount of NADH accumulated
during hypoxia), is the main mechanism which can explain how iron is released from
ferritin. Indeed, NADH by reducing Fe** to Fe?* can release small amounts of iron
from ferritin in vitro, an effect which is more efficient in the presence of flavine
nucleotides [39].

Another proposed mechanism to explain iron mobilization from storage proteins
during hypoxia, is that proteases acting on metalloenzymes may release iron within
cells. Such a possibility is however unlikely since proteolysis, at least during the early
phase of hypoxia, is inhibited [21]. The release and accumulation of ‘free’ iron
represents then, a tremendous potential danger for the cell, since the exogenously
added H,0, provides the second substrate needed for free radical production by the
Fenton reaction [22,40,41].

We reported previously that H,O,-mediated lytic effect to hepatocytes are strong-
ly enhanced in the presence of iron salts [22]. Under these experimental conditions,
the preincubation of hepatocytes with Desferal abolished not only the cytolytic
effects produced by the association of iron salts and H,O,, but also by H,O, alone
{22]. On the other hand, iron chelation by Desferal prevents injury in rat liver tissues
after ischemia alone or with subsequent reperfusion [27] as well as hypoxia-mediated
damage to isolated perfused rat livers [15]. These results suggested the existence of
an intracellular source of iron which was available for H,0,, but its identification
is quite difficult. Ferritin is the main iron-storage protein, and obviously the princi-
pal target for iron release. Indeed, while some mechanisms have been proposed to
explain such a mobilization from ferritin [37,39], iron leakage from metalloproteins
rarely occurs, since as already discussed, proteolysis is rather inhibited during early
phase of hypoxia [21].

The preincubation of hepatocytes in the presence of Desferal (5 mM) totally
prevents against H,O,-mediated cytolysis. On the basis of this result, as well as our
previous report [22], we conclude that free iron is needed to express the lytic effect
of H,O, under hypoxic conditions. The molecular mechanism(s) leading to cyto-
toxicity is (are) still unknown, but it appears unlikely that lipid peroxidation in
particular, may play a crucial role. Indeed, under aerobic conditions, oxidative
degradation of membrane phospholipids appears already as a minor and secondary
mechanism contributing to cytotoxicity of H,O, [22]. Moreover, the propagation
step of a lipid peroxidation reaction:

(L' +0, = LOO" +LH — L" +LOOH — L° — O, — LOO", etc)

will be strongly minimized at low pO,. Then, it is rather difficult that lipid peroxi-

dation may be involved in the cytotoxicity by H,O, to hypoxic hepatocytes.
Since the enhanced cytotoxicity of H,O, during hypoxia is devoid of a satisfac-

tory explanation at a molecular level, the following scheme is proposed (Fig. 3):
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Fig. 3. Increased susceptibility of hypoxic hepatocytes to deleterious effects of HyO,. A progressive
decrease in pO, levels induces the activation of glycogenolysis with formation of lactic acid and NADH
accumulation. The reductive stress and the low pH increases iron release from ferritin (xanthine oxidase
and proteolysis also contributed but in a minor way). In the presence of H,O,, iron ions catalyse the for-
mation of hydroxyl radicals (OH') and/or other reactive oxygen species, which by destroying
biomolecules leads ultimately to cell toxicity.
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hypoxia increases the release of iron from ferritin by either intracellular acidosis (low
pH), by catalytic action of xanthine oxidase, or by reductive stress (enhanced NADH
formation). A minor contribution, at least in the early phase of hypoxia, may pro-
ceed by proteolytic destruction of metalloenzymes. When free iron accumulates
within cells and H,O, overwhelms the detoxification metabolic ability of both cata-
lase and glutathione peroxidase, highly reactive oxygen species are produced by the
Fenton reaction. Once generated, they destroy essential biomolecules leading to an
increased metal release and a loss of cellular functions (i.e., ionic pumps). Impair-
ment of calcium homeostasis, for instance, will result in the activation of degradative
enzymes. Such a proteolysis triggers positive feed-back reactions thus, increasing the
release of transition metals. Finally, cellular toxicity occurs. Desferal either by
chelating iron or acting as a free radical scavenger, is able to prevent against the
deleterious effects induced by H,0, to hypoxic hepatocytes. Intracellular acidosis
by anaerobic glycolysis and formation of reactive oxygen species during reperfusion
(wherever they are being produced), are two unavoidable phenomena during organ
transplantation procedures. On the basis of previous results [15,27] and those
reported herein, we support the use of Desferal during in situ liver perfusion before
organ removal from liver donors. Such a procedure may chelate iron (wherever the
intracellular source may be) yielding it inaccessible for H,O, which is overproduced
during reperfusion.
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