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Abstract

The authors have studied the susceptibility of two key protective enzymes, glutathione peroxidase
(GPX) and glutathione reductase (GR) to the reactive oxygen species (ROS) known to induce oxidative
damage in vitro system containing Fe2+/EDTA. The ability of ROS scavanger stobadine to prevent
oxidative damage was also studied. Incubation of GPX with Fe2+/EDTA resulted in the significant
decrease in its enzyme activity while under the same condition the activity of GR was not changed. The
presence of stobadine was effective in protecting GPX from the loss of its activity by in vitro oxidizing
agents. The monitoring of the mitochondrial outer membrane dynamics by the method of synchronous
fluorescence fingerprint showed that the membrane is involved in these processes. (Fig. 3, Ref. 35.)
Key words: glutathione peroxidase, glutathione reductase, antioxidant enzymes, oxidative stress, re-
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Oxidation stress is defined as an imbalance between produc-
tion and elimination of reactive oxygen species (ROS) and ex-
cessive accumulation of ROS in tissue. ROS accumulation re-
sults in the induction of self-catalyzed reactions leading to the
oxidative damage of biologically significant macromolecules and
to the cell damage.

Oxidative stress is known to play a decisive role in patho-
genesis of many diseases (Diplock, 1994) and ROS are also a
key factor in the �mitochondrial theory of aging� (Miquel et al,
1980; Ozawa, 1997) and apopthotic cell death (France-Lanord
et al, 1997; Susin et al, 1998; Petit et al, 1996).

The primary site of ROS interaction in the cells are macromol-
ecules located at the near vicinity of ROS production, namely mi-
tochondrial structures (Ernster, 1993). Mitochondrial respiratory
chain is likely the main source of ROS in the cell (Chance et al, 1979).
As much as 1�4 % of total oxygen consumed in the respiratory chain
reactions is reduced to superoxide radical and to H

2
O

2 
(Richter et

al, 1988). Possible targets for ROS in mitochondria include peroxi-
dation of membrane lipids (Ernster et al, 1993), protein oxidation
(Stadtman, 1993) and DNA damage (Richter et al, 1988 a, b; Diz-
daroglu, 1991). Oxidation of macromolecules results in the break-
down of enzyme function, as well as in transport and receptor func-
tion and leading to the cell damage and death (Lenaz et al, 1994).

At physiological situation, ROS are eliminated by antioxi-
dant defense system including both, enzyme and non-enzyme

mechanisms. Some drugs possess an antioxidant activity and can
produce some beneficial effects such as membrane stabilization
and elimination of free radicals by ROS scavanging mechanisms.
These compounds by ROS scavanging, binding metal ions and
degrading peroxides can inhibit propagation of ROS reaction or
repair already induced damage (Jakus and Lopuchova, 1999).

Stobadine (ST) is an effective, neuro- and cardioprotective
drug with a potent antioxidative properties, a substance with a
multicomponent effect affecting both, central and peripheral
structures (Dubovicky et al, 1999). Because of its scavenging
effect on ROS, it can be used as a drug in prevention and treat-
ment of oxidative stress.

In the present study we determined activities of two enzymes
participating in the cell antioxidative defense mechanism, glu-
tathione peroxidase (GPX) and glutathione reductase (GR) in
the liver mitochondria after incubation with ROS producing sys-
tem containing Fe2+/EDTA. We also determined the effect of sto-
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badine alone and in the combination with Fe2+/EDTA on activi-
ties of both enzymes. The mitochondrial outer membrane dy-
namics was simultaneously monitored by the method of syn-
chronous fluorescence fingerprint (Phelan, 1994; Ku�nír et al,
1998). The purpose of our experiments was to find if presence
of stobadine will protect against the loss of enzyme activities at
given oxidizing system.

Material and methods

Glutathione reductase (E.C.1.6.4.2) Type III from baker yeast,
ß-nicotinamide adenine dinucleotide phosphate, reduced (NAD-
PH), reduced and oxidized glutathione were purchased from Sig-
ma (St. Louis, MO).

(-)-cis-2,8-dimetyl-2,3,4,4a5,9b-hexahydro-1H-pyrido
[4,3-b] indole (stobadine, ST) in the form of hydrochloride (m.w.
715,2) was obtained from Institut of Experimental Pharmacolo-
gy SAV, Bratislava (Slovak Republic).

Female Wistar rats weighing 200�250 g fed on a standard
laboratory diet and tap water were used in experiment. Animals
were sacrificed by decapitation, their livers were quickly removed
and mitochondria were isolated according to Johnson and Lardy
(1967).

The effect of Fe2+/EDTA, stobadine, and Fe2+/EDTA and sto-
badine on mitochondrial enzyme activities was studied in three
separate experimental groups (4�6 experiments in each group).

The effect of Fe2+/EDTA on the enzymes was studied by in-
cubating mixture containing mitochondrial proteins in phosphate
buffer after addition of 100 µM FeSO

4
/mg protein and 10 mmol

EDTA for 60 min. The effect of stobadine or stobadine and Fe2+/
EDTA was studied under the same conditions, with 100 µM sto-
badine in the incubation mixture.

GPX activity (E.C.1.11.1.9) was measured by the consecutive
glutathione reductase reaction. This reaction was monitored by
oxidation of NADPH assayed at 366 nm (Flohe et al, 1984). The
assay mixture contained 120 µl mitochondria suspension, 120 µl
of 10 mM GSH, 120 µl glutathione reductase (0.24 U), 120 µl 1.5
mM NADPH in 1 % NaHCO

3 
and 600 µl 0.1 M phosphate buffer

(pH=7). The overal reaction was started by adding 120 µl of pre-
warmed 1.5 mM H

2
O

2
. The decrease in absorption at 365 nm was

monitored for 5 min. Activity of enzyme was expressed as the
decrease in NADPH concentration in units U/kg of protein.

Activity of glutathione reductase (E.C.1.6.4.2) was deter-
mined by the method of Calberg and Mannervick (1985). Reac-
tion mixture contained in 1 ml 0.2 M potassium buffer and 2
mM EDTA, pH=7, 100 µl 2 mM NADPH in 10 mM Tris-HCl
(pH=7) and 100 µl 20 mM GSSG. The reaction was initiated by
the addition of 10 µl mitochondria suspension to the reaction
mixture and the decrease in absorbance at 340 nm was moni-
tored at 37 °C for 5 min.

Glutathione reductase activity was expressed as the amount
of enzyme which catalyzes reduction of 1 mol of NADPH per
second per kg of protein.

The natural synchronous fluorescence spectra were generat-
ed by constantly setting of the wave lengths differences ∆λ = 15,

30, 50, 70, 90 between emission and excitation monochromators
of fluorescence spectrometer Perkin-Elmer Model 3000. The
countour line maps were made by the computer from the records
of individual synchronous spectra settled in the space one after
the other as vertical projection of their three dimensional form.
Each countour line represents the value of relative fluorescence
elevated by 100.

Results

The mitochondrial GPX activity significantly decreased upon
exposure to Fe2+/EDTA (Fig. 1). Incubation of mitochondria with
stobadine alone for 1 hour had no effect on the activity of GPX.
Addition of stobadine to Fe2+/EDTA containing incubation mix-
ture prevented decrease of GPX activity caused by the presence
of Fe2+/EDTA.

Incubation of mitochondria with Fe2+/EDTA did not mark-
edly influence GR activity (Fig. 2). Neither, stobadine itself or
in combination with Fe2+/EDTA had any effect on the GR activ-
ity as illustrated in Fig. 2.

A figure 3A is a grafical (spectral) definition of control rat
liver mitochondria suspension in respiration medium. It graphi-
cally defines the state of the mitochondrial outer membrane. The
area ∆λ = 15�30 nm is an area of dispersion fenomena (disper-
sion of light at the surface of mitochondria). The density of coun-
tour lines in this area is high what represents a high scattering
intensity. The mitochondria are not changed and behave accord-

Fig. 1. Changes in glutathione peroxidase activity (GPX) in rat liver
mitochondria (%) in dependence on concentration of various addi-
tives (iron, stobadine, and their combination). Absolute values of
activity GPX determined in U/kg mitochondrial protein were statis-
tically evaluated by Student t-test on the level of significance p<0.05
(in the figures marked by asterisk). From these results relative per-
centage have been calculated for comparison with control values
(100 %). The control (without additives) and experimental groups
contained 4 samples.
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ing to their fluorescence spectrum (Fig. 3A) as large particles.
The countour lines in the area >30 nm represents the area of a
native fluorescence of the mitochondrial surface components.
The countour lines are dense. This fluorescence is very charac-
teristic for vital mitochondria after isolation. This record (Fig.
3A) was considered as a standard (control), for comparison oth-
er countour maps of shape changed mitochondria after addition
of solution FeSO

4 
� EDTA stobadine and combination FeSO

4

� EDTA with stobadine (Fig. 3B, 3C, 3D).
The countour map after addition FeSO

4 
� EDTA to the mix-

ture of mitochondria (Fig. 3B) shows slightly increased fluores-
cence and density of countour lines as compared with control
mitochondria (Fig. 3A). Probable swelling process releases hid-
den natural fluorophores on the surface of mitochondrial outer
membrane due to supposed membrane refolding, as a result of
an intensive activity of mitochondria defence system against
oxidative stress.

The countour line map after addition of stobadine to mito-
chondria (Fig. 3C) showes no change at the light scattering area,
but decrease of fluorescence at fluorescence area caused proba-
bly by soft surface changes of mitochondria (Fig. 3E). The coun-
tour line maps after addition of combination FeSO

4 
� EDTA

with stobadine to mitochondria (Fig. 3D) has no effect, on mito-
chondria surface in both fluorescence and light scattering area.
Moreover combination FeSO

4 
� EDTA with stobadine causes

no backround fluorescence.

Discussion

Stress is a decisive factor in the development of many patho-
logical processes such as atherosclerosis, myocardial infarction,
stroke and many neurodegenerative diseases.

In many experimental studies has been demonstrated that
antioxidants, chemical compounds that eliminate ROS can also
protect against these serious and frequently occurring diseases
(Jaku� and Lopuchová, 1999; Horáková and �tolc, 1998).

In our in vitro experiments, the oxidizing system Fe2+/EDTA
had the same effect as an oxidative stress factor to mitochondria
(Morimoto et al, 1997). Iron and copper ions are powerful pro-
moters of free-radical damage, causing formation of hydroxyl
radicals and accelerating lipid peroxidation, so their effect is
thought to be free radical-mediated (Anderson and Philips, 1999).

GPX and GR are two important enzymes involved in the
cellular defense against oxidative stress. It has been shown that
the controlled decrease of the level of antioxidant enzymes cat-
alase, SOD, GPX, and GR in human fibroplasts results in lower-
ing the cell viability under normal and hyperoxic conditions. The
cell viability is more drastically affected when GSH-related en-
zymes, particularly GPX, are inhibited (Michiels et al, 1988).
Similarly, a systematic increase in the level of these enzymes,
GPX in particular, through micro injection results in higher re-
sistance of the cells toward oxidative stress ( Remacle et al, 1992).

In our study we observed a significant decrease in the GPX
activity along with no change in the GR activity after incubation
of mitochondria in oxidative conditions. Our results are in agree-
ment with the studies of Tabatabaie and Floyd (1994). They in-
vestigated the effect of Fe(II) or Fe(III)/ascorbate system on the
activities of both enzymes by incubating the enzymes with dif-
ferent concentration of FeSO

4 
or FeCl

3 
and other oxidants and

determined the formation of protein carbonyls as an index of
oxidative modification in relation to the activity of both enzymes.
The loss of enzymatic activity is considered to be the conse-
quence of oxidative modification of amino acid residues at or in
the vinicity of the active site resulting from metal catalyzed ox-
idation of proteins (Stadtman et al, 1991). The treatment of GR
with hydroxyl radical-generating system resulted in the forma-
tion of carbonyl groups and inactivation of enzyme activity, while
the incubation of enzyme in the presence of iron and increase in
the carbonyl formation was not followed by a significant loss in
enzyme activity. GPX was inactivated by various oxidizing agents
including iron, but no increase in carbonyls was detected.

In the case of GR, no change in enzyme activity accompa-
nied by a large increase in the carbonyl content could be due to
Fe binding at protein molecule in the site far away from the ac-
tive site of the enzyme, so that ensuing modification of amino
acid is not occuring at a position critical to the activity. There-
fore, the enzymatic activity is spared even though the enzyme is
oxidatively modified (Tabatabaie and Floyd, 1994).

On the other hand, GPX undergoes considerable loss of activity
upon incubation with Fe2+/EDTA. It clearly indicates that GPX is
more susceptible to oxidative modification and damage under the
employed conditions then GR. That is in agreement with results of

Fig. 2. Changes in glutathione reductase activity (GR) in rat liver
mitochondria (%) in dependence on concentration of various addi-
tives (iron, stobadine, and their combination). Absolute values of
activity GR determined in mol/sec/kg mitochondrial protein were
statistically evaluated by Student t-test on the level of significance
p<0.05 (in the figures marked by asterisk). From these results relati-
ve percentage have been calculated for comparison with control va-
lues (100 %). The control (without additives) and experimental gro-
ups contained 4 samples.



Bratisl Lek Listy 2001; 102 (12): 543-547546

others (Trumper et al, 1989; Pigeolet et al, 1990). According to Epp
et al (1983) GPX has a tryptophan residue in its active site. This
tryptophan is probably involved in the binding of the hydrophobic
peroxides and is particularly sensitive to hydroxyl radicals.

GPX is known to contain a selenocysteine group at the active
site (Chaudiere et al, 1984). This rare amino acid is essential for
GPX activity (Fujii and Tanaguchi, 1999). Oxidation of the sele-
nium to a selenoic acid derivative is thougth to be responsible for
inactivation of the enzyme by hydroperoxides and other oxidizing
agents. On the other hand the results of Tabatabaie and Floyd (1996)
indicated that selenocystamine, the compound known to possess
GPX-like activity, preserves its activity after treatment with ben-
zaldehyde, the  compound implicated in ROS formation. The pos-
sibility of a direct interaction between selenol group of the GPX

and benzaldehyde, cannot be completely ruled out, but inactiva-
tion of the enzyme may be due to the reactions between benzalde-
hyde and different amino acids (at critical sites of the enzyme),
which may result in the disruption of enzymatic activity.

The addition of spin trap agent stobadine protected GPX
against the loss of enzymatic activity in Fe2+ oxidation system. It
is supposed that the effect of transition metal ions is mediated by
free radicals and stobadine which is free radical scavanger pro-
tects by its ability to scavange the reactive primary radicals and
prevent the propagation of free radical chain reactions. Another
possibility is that some specific interaction exists between sto-
badine and the enzyme. Stobadine may bind to the amino acid
residues around the catalytic site in the enzyme molecule and
shields it from ROS attack.

Fig. 3. The 3-D synchronous fluorescence countour maps of isolated rat liver mitochondria (10 µl/10 ml in respiration medium). Spectral
changes indicate the participation of outer mitochondrial membrane in the effect of FeSO4/EDTA ions stobadine and their combination.
A � control sample of mitochondria, B � after addition 100 µmol FeSO4/EDTA, C � after addition 100 µmol stobadine, D � after addition
100 µmol FeSO4/EDTA with stobadine, E � background fluorescence of stobadine.
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Simultaneous monitoring of outer mitochondrial membrane
dynamics was performed by the method of synchronous fluores-
cence fingerprint. The countour line maps of synchronous spec-
tra are grafical definition of biological mixture (suspension of
mitochondria) considered as one entity (Phelan, 1994; Ku�nír et
al, 1998). The comparison of the countour line maps of the mito-
chondria suspension in both scattering and fluorescence area help
us to reveal changes in outer mitochondrial membrane dynamics
of control and affected mitochondria. The rearangement of the
mitochondrial shape is probably involved in response to ROS
effect induced by Fe2+ and stobadine protection respectively.

Our study shows that the protection by stobadine against cell
damage observed in some pathological situations such as ischemia
(�tolc et al, 1997) may be related to the stobadine ability to pro-
tect against the loss of antioxidative defense mechanism.
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