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The effect of a ferric iron complex on isolated rat-liver mitochondria.
IT1. Mechanistic aspects of iron-induced calcium efflux
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Addition of iron(III)-gluconate complex to isolated rat liver mitochondria induced a net efflux of Ca?>* which
was not inhibited by ruthenium red. This process resulted in the enhancement of Ca’* cycling and a
consequent membrane potential drop. Under these experimental conditions the content of mitochondrial
glutathione did not appear to be critically modified, whereas an extensive oxidation of mitochondrial
pyridine nucleotides was parallelly detected. Iron failed to induce appreciable changes in the oxidation level
of pyridine nucleotides in mitochondria isolated from rats fed a selenium deficient diet, a condition in which
mitochondrial glutathione peroxidase resulted inhibited by 80%. The iron-induced Ca®* release in Se-defi-
cient mitochondria appeared largely delayed and the membrane potential of these mitochondria did not
present gross alterations. Iron was also found to induce a transient increase in the mitochondrial cyanide-in-
sensitive oxygen consumption. This effect was largely prevented by the addition of the hydrogen peroxide
scavenger catalase. It was concluded that iron induced the activation of a specific Ca’* efflux pathway via
the oxidation of pyridine nucleotides due to the hydrogen peroxide metabolism by glutathione enzyme
system.

Introduction

The mechanism of hepatocellular damage in
iron overload has not been clearly established
[1,2). Iron might act by inducing peroxidative re-
actions in cell membrane lipids [3,4] and/or by

Abbreviations: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; buffer 1, 210 mM mannitol /70 mM sucrose /10
mM Hepes (pH 7.4); TPP, tetraphenylphosphonium; EDTA,
ethylenediamine-N,N,N’,N'-tetraacetic acid; EGTA, ethylene
glycol bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid;
GSH, reduced glutathione; Ay, mitochondrial transmembrane
clectrical potential, negative inside; H,0,, hydrogen peroxide.
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disrupting lysosomal membranes with release of
cell-damaging hydrolytic enzymes [5].

Recent findings in this vein may suggest a
possible primary involvement of liver mitochondria
in causing cell damage in hepatic experimental
iron overload [6-8]. Indeed some defects in the
function of mitochondria isolated from siderotic
rats associated with the in vivo occurrence of
lipoperoxidative reactions in the mitochondrial
membranes have been recently revealed [6,8,9]. In
order to give a better insight into the mechanism
of in vivo iron hepatotoxicity, studies from our
laboratory have been performed on the in vitro
effect of iron(I1l)-gluconate, a ferric complex used
to induce experimental iron overload [6,7], on the
functional integrity of isolated rat liver mitochon-
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dria. Iron, which in this form was accumulated in
mitochondria by an energy-independent process,
broght about the induction of lipid peroxidation
in mitochondrial membranes. This process was
found to be associated with the activation of a
rather specific Ca?* efflux from mitochondria.
Indeed, Ca?* release did not result from irreversi-
ble damages to the inner membrane but as a
consequence of rather subtle modifications of it. A
continuous and energy draining cycling of Ca®*
resulting from this process led to the mitochondrial
transmembrane potential drop [10-13]. As to this
problem, it has also recently been found that the
induction by FeSO, of lipid peroxidation in liver
mitochondria was associated with a decrease in
membrane potential and a derangement of Ca®*
transport [14].

In the present research we have investigated the
biochemical mechanism underlying the in vitro
activation of Ca?* release from liver mitochondria
by iron(III)-gluconate complex.

Materials and Methods

Iron(I11)-gluconate complex (Ferlixit) was pur-
chased from Natterman, Koln (F.R.G.). Bovine
liver catalase was obtained from Boehringer
Mannheim (Milano, Italy).

Animals were killed by decapitation after an
overnigh starvation period. Liver mitochondria
were prepared in 0.25 M sucrose according to a
standard procedure [15). The selenium deficient
mitochondria were isolated from rats fed on a
selenium-deficient diet for 8 weeks [16]. The pro-
tein content of the final mitochondrial suspension
was determined by the biuret method with bovine
serum albumin as the standard.

The oxygen consumption was measured with a
polarographic Clark-type oxygen electrode at
25°C in a final volume of 3 ml. The concentration
of mitochondria was 3 mg protein per ml. The
incubation standard medium was as follows: 210
mM mannitol/70 mM sucrose/10 mM Hepes
(pH 7.4) (buffer 1), containing 2 pM rotenone and
2 mM succinate as respiratory substrate.

The transmembrane potential (Ay) was mea-
sured at 25°C in a final volume of 1.5 ml by
monitoring with a tetraphenylphosphonium
(TPP*)-sclective electrode, the movements of
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tetraphenylphosphonium across the mitochondrial
membrane as in Ref. 17. An inner mitochondrial
volume of 1.1 pl/mg protein was assumed.
Mitochondria, 3 mg protein/ml, were incubated
at 25°C in buffer 1 containing 2 uM rotenone in
the presence of 20 pM TPP* and then energized
with 2 mM succinate.

Ca?* movements across the inner mitochondrial
membrane were followed by a Ca?*-selective elec-
trode as described in detail in Refs. 18 and 19.
Mitochondria, 3 mg protein/ml, were incubated
at 25°C in buffer 1 containing 5 pM rotenone and
100 uM CaCl, in a final volume of 1.8 ml. After a
preincubation period of 5 min, the initial rates of
Ca?* uptake were measured following the addition
of 5 mM K *-succinate as respiratory substrate.

Mitochondrial GSH content was measured as
follows: mitochondria, 6.5 mg protein/ml, were
incubated at 25°C in buffer 1 containing 2 uM
rotenone with succiante as the substrate. At timed
intervals samples of 2 ml were taken and the
reaction was stopped by rapid mixing with 1 ml of
5% trichloroacetic acid (wt/v) and 5 mM EDTA.
After centrifugation aliquots of supernatant were
reacted with Ellman’s reagent as described in Ref.
20.

The redox state of mitochondrial pyridine
nucleotides was measured fluorometrically as in
Ref. 21 (340 nm excitation and 465 nm emission)
in an Optica Fluorescence Spectrophotometer
Model 115, Mitochondria, 2 mg/ ml, were
incubated at 25°C in buffer 1 containing 2 uM
rotenone in the presence of 100 uM CaCl, and
succinate as respiratory substrate. In some experi-
ments NADH and NAD(P)H were determined
enzymatically using lactate dehydrogenase and
glutathione reductase as described by Beatrice et
al. [22]. In this case the fluorescence was com-
pared to that obtained adding known amounts of
NADH and NAD(P)H as internal standards.

Results

Fig. 1 shows that addition of iron(III)-gluco-
nate complex, at a concentration of 0.6 mM,
induces, after a brief lag period, a net release of
Ca?* from liver mitochondria which had previ-
ously accumulated a low pulse of Ca2*, i.e., 33
nmol / mg protein. The onset and the rate of CaZ*



152

1804

1504
2
g RR
géJ 1204
a
3 Fe(ll)G +RR
.
o~
g 801 Fe(I)G

Succinate

Fig. 1. Iron-induced Ca?* efflux from rat-liver mitochondria.
Mitochondria were loaded with 33 nmol Ca?*/mg protein in
the presence of succinate (succ). At the arrow either 2 pM
ruthenium red (RR), 0.6 mM iron(IlI)-gluconate Fe(III)G, or
ruthenium red together with iron (Fe(III)G + RR) were added.
Results of a typical experiment are presented.
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release appeared to be dependent on iron con-
centration up to an iron concentration of 0.1 mM
(not shown). It also appears from the figure that
the route by which Ca®* is released is not in-
hibited by ruthenium red, a specific inhibitor of
the electrogenic calcium uptake uniport [23]. In-
deed ruthenium red, when added alone causes a
slight release of Ca®* which is typical of liver
mitochondria [18)]. On the contrary, when rutheni-
um red is added together with iron there is an
immediate and more pronounced Ca2* efflux.

A progressive drop of the membrane potential
appears to be the functional implication of this
event. Indeed addition of iron to mitochondria
pre-loaded with the same low pulse of Ca®*, in-
duces a decrease of Ay (Fig. 2A). Upon addition
of EGTA, a specific Ca?* chelator, the membrane
potential immediatley returns to normal values. In
order to test directly whether the restitutive effect
of EGTA is due to the prevention of Ca?* cy-
cling, complexation of iron or both, experiments
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Fig. 2. Effect of iron on the mitochondrial transmembrane potential. Mitochondria were energized by the addition of 2 mM
succinate. The arrows indicate the following additions: 33 nmol Ca®*/mg protein (Ca®*); 0.6 mM iron(lII)-gluconate (Fe(IIDG);
0.5 mM EGTA; 2 mM B-hydroxybutyrate (8-OH) and 2 mM dithioerythritol (DTE). The dashed lines in Fig. 2A indicate the
membrane potential trace when no iron (upper trace) and no EGTA (lower trace) were added. A E, electrode potential. All other

conditions as in Fig. 1.



were performed by using dexferrioxamine, a
specific chelator of iron, instead of EGTA. The
finding that this agent was without effect on the
membrane potential trace, in agreement wih previ-
ous results [11], clearly indicates that Ca* cycling
is the energy-dissipating process responsible for
Ay drop. It also appears from this figure (Fig. 2B)
that supplying mitochondria with either B-hy-
droxybutyrate or dithioerythritol, which maintain
the mitochondrial pyridine nucleotides and
sulphydryl groups in a more reduced state, largely
prevents the drop of Ay caused by iron.

On the -ground of these findings it may be
derived a possible involvement of these two fac-
tors, i.e., the redox state of mitochondrial pyridine
nucleotides and/ or of thiol groups, in the mecha-
nism of iron-induced release of Ca2*. Iron was
found to cause a decrease of the order of 20% in
the mitochondrial content of reduced glutathione,
taken as an index of the level of mitochondrial
thiol groups, only after 8 min of incubation (not
shown). At that time Ca2* release had already
been occurred.

On the contrary, iron induces an immediate
and extensive oxidation of mitochondrial pyridine
nucleotides (Fig. 3). This indicates that the oxida-
tion level of pyridine nucleotides is responsible for
iron-induced release of Ca2*. It is to be noted that
this ferric iron complex did not cause non en-
zymatic oxidation of pyridine nucleotides (not
shown). From the same figure it also appears that
iron fails to induce appreciable pyridine nucleo-
tides oxidation in mitochondria isolated from
selenium-deficient rats, a condition in which
glutathione peroxidase activity was found to be
inhibited by approx. 80% (not shown). Relevant to
this problem, a reduction by far more than 60% in
the content of reduced pyridine nucleotides was
revealed by using enzymatic analysis in control
mitochondria after 4 min incubation under the
experimental conditions as in Fig. 4, whereas a
decrease of the order of 15% appeared in Se-defi-
cient mitochondria (not shown). These data, con-
firming the results reported in Fig. 3, exclude the
possibility of misleading effect by quenching and
scattering, possibly occurring in fluorescence mea-
surements.

The results presented in Fig. 4 provide direct
experimental evidence to the above proposal that
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Fig. 3. Effect of iron on the redox state of mitochondrial
pyridine nucleotides. Either control mitochondria (Control) or
mitochondria isolated from selenium-deficient rats (Se defi-
cient) were incubated at 25°C in 2 ml of buffer 1 containing
100 uM CaCl,. At the arrow 0.6 mM iron(III)-gluconate
(Fe(IIDG) was added. PN, pyridine nucleotides. The absolute
values, determined by enzymatic analysis, of the endogenous
content of NADH plus NADPH, expressed as nmol per mg
protein, were 3.2+0.5 plus 4.7+0.4 in control and 3.3+0.4
plus 4.6 +0.6 in Se-deficient mitochondria (n = 4). These val-
ues for Se-deficient mitochondria were not significant in com-
parison with control, as assessed by Student’s ¢-test.
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Fig. 4. Influence of selenium deficiency on Ca2* release from
rat liver mitochondria. Experimental conditions were exactly as
in Fig. 1. (A) Control mitochondria; (B) Se-deficient mitochon-
dria. All other conditions as in Fig, 1.
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the iron-induced release of Ca‘* is due to a shift
of pyridine nucleotides redox level. In fact, it can
be seen that in Se-deficient mitochondria, the ef-
flux of Ca%* following iron addition is largely
delayed. In agreement with this result it was also
found that the presence of B-hydroxybutyrate and
dithioerythritol, which prevented Ay drop, re-
tarted the release of Ca2* from control mitochon-
dria (not shown).

In agreement with this conclusion are also the
results presented in Fig. 5. In fact, it appears that
iron does not cause gross alterations in the mem-
brane potential trace of Se-deficient mitochondria.

Fig. 6 shows that addition of iron(1II)-gluco-
nate complex to liver mitochondria, the respira-
tory chain of which was inhibited by 1 mM
cyanide, induces a burst in the oxygen consump-
tion (trace A). Reduction of ferric iron to ferrous
iron and its subsequent reoxidation results in re-
dox cycles which give rise to oxygen consumption
other than that via cytochrome oxidase. No stimu-
lation of O, consumption was observed in the
absence of mitochondria (not shown). Thus ex-
cluding the possibility that impurities of ferrous
iron in this ferric complex may account for this
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Fig. 5. Effect of iron on the membrane potential of control (A)
and Se-deficient mitochondria (B). Mitochondria were en-
ergized by the addition of 2 mM succinate (succ). The arrows
indicate the following additions: 33 nmol Ca2*/mg protein
(Ca?*) and 0.6 mM iron(I1I)-gluconate (Fe(IING). AE, elec-
trode potential.
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Fig. 6. Cyanide-insensitive oxygen consumption by rat-liver
mitochondria induced by iron. Mitochondria were incubated at
25°C in buffer 1 containing 1 mM KCN. The arrows in trace
A indicate the addition of 0.6 mM iron(IIl)-gluconate
(Fe(IIDG). The arrows in trace B indicate the addition of 0.6
mM iron(Ill)-gluconate together with 100 pg bovine liver
catalase (Fe(III)G). The oxygen consumption was measured
with a Clark-type oxygen electrode.

event. The same figure also shows that when the
H,0, scavenger, catalase, is added together with
iron (trace B), it largely prevents this extra oxygen
consumption.

Discussion

Addition of iron(III)-gluconate complex to iso-
lated rat liver mitochondria induces the activation
of Ca®* release through a pathway which is not
inhibited by ruthenium red (see Fig. 1), a specific
inhibitor of electrogenic Ca?* uptake (uniport).
This indicates that Ca* is released via a distinct
electroneutral antiport, according to Ref. 24.
Should Ca?* be released by the reversal of the
electrogenic uptake pump, the Ca’* efflux would
be inhibited by ruthenium red. The iron-induced
Ca?* efflux results in enhancement of Ca’* cy-
cling, which is the energy-dissipating process re-
sponsible for the observed decrease of membrane
potential (see Fig. 2). Indeed, when this process is
blocked with EGTA, the inner membrane im-
mediately repolarizes. This excludes the possibility
of non-specific increase in inner membrane per-
meability by iron, ie., Ca?* release is the cause



for and not the consequence of Ay drop.

The iron-induced release of Ca®* appears to be
linked to the oxidation of pyridine nucleotides, a
condition which, as first suggested by Lehninger et
al. [25], has been reported to induce the activation
of a specific Ca®* release route following the
addition to liver mitochondria of different toxic
agents [21,26—32]. On the contrary, the redox state
of mitochondrial thiol groups, which has also been
implicated in modulating the capability of mito-
chondria to retain Ca?* [22,33-36], does not seem
to be critically involved in this mechanism. This
conclusion may be derived by evaluating the effect
of iron on the mitochondrial content of reduced
glutathione. Indeed, a glutathione depletion to an
extent which may induce Ca’* efflux [36] was
found only when the process of Ca?* release had
been occurred completely.

As to the biochemical mechanism underlying
the mode of action of this ferric complex the
present data show that the oxidation of pyridine
nucleotides as well as the consequent Ca?* efflux
involve to a large extent the mitochondrial
glutathione peroxidase. In fact, when the activity
of this enzyme is inhibited by a selenium-deficient
diet, the iron-induced pyridine nucleotides oxida-
tion and Ca?* release are largely prevented. These
results also indicate that the action of iron on the
pyridine nucleotides redox state is indirect. Indeed
the observation that the oxidation of pyridine
nucleotides is sensitive to alterations of glutath-
ione enzyme system suggests that the metabolism
of hydroperoxidic products by iron via glutathione
peroxidase, glutathione reductase and the energy-
linked transhydrogenase [16] is involved in this
process. Specifically hydrogen peroxide appears to
be the reactive oxygen form which is primarily
responsible for the here observed Ca?* release.
This conclusion may be derived by considering the
effect of the H,0, scavenger, catalase, which
largely lowers the iron-induced burst in the
cyanide-insensitive oxygen consumption. Indeed,
it has previously been shown [11] and here con-
firmed, that iron(1Il)-gluconate complex under-
goes redox cycling in mitochondria giving rise to a
burst in O, consumption which for a large part
may be accounted for by H,0, formation (see
Fig. 6).

As to the effect of this iron complex on the
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functional integrity of mitochondria it is conceiv-
able that the forced Ca’* cycling resulting from
the iron-induced Ca?* efflux unavoidably leads to
mitochondrial damages. This biochemical mecha-
nism of in vitro iron-induced release of Ca’* and
its possible functional implications may be of
importance for the comprehension of the mito-
chondrial abnormalities observed in the experi-
mental hepatic iron overload [6-8] and may give a
contribution for the explanation of iron cell toxic-

ity.
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