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Abstract—Activities of protective antioxidant enzymes, the rate of superoxide formation (v) in microsomal membranes and
submitochondrial particles (SMP), and the concentrations of reduced and oxidized glutathione in cytosol were studied in the
liver of AKR mice during the development of spontancous leucosis. It was found that in the latent period of leucosis (mice of
3-6 months of age) the glutathione reductase (GR) activity in cytosol and mitochondria decreased and v in SMP increased.
The increase in v in SMP did not result in the induction of Mn-SOD. In this stage of leucosis, the activities of Cu,Zn-SOD,
GSH-Px, and G-6-PDH in cytosol were unchanged; at the same time, the GR activity and the concentration of reduced glu-
tathione smoothly decreased. In the stage of developed leucosis (mice of 7-9 months of age), non-synchronous changes in
the antioxidant system resulting in the shift of metabolism towards the prooxidant state were found. Comparison of our find-
ings and the literature data demonstrates that the observed decrease in the SOD/GSH-Px ratio, the decrease in GR activity,
and the increase in the v/Mn-SOD activity ratio are typical for pre-neoplastic changes in cell metabolism.
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Radical products of metabolism, especially oxygen
radicals, can cause changes in the genome that are neo-
plastic [1, 2]. The protective antiradical enzymatic system
includes a wide group of enzymes localized in various
subcellular organelles. The protective system includes a
family of superoxide dismutases, namely, Cu,Zn-SOD
localized in cytosol, extracellular SOD in blood plasma,
and Mn-SOD in mitochondrial matrix. Superoxide dis-
mutase catalyzes reduction of superoxide radicals (O5),
hydrogen peroxide being produced in the reaction.
Superoxide dismutase is considered an integral protective
enzyme because O;, which is a SOD substrate, is pro-
duced not only in the electron transport chain in micro-
somes, mitochondria, and nuclei, during phagocytosis,
and in endothelium cells, but also under oxidative stress

Abbreviations: SMP) submitochondrial particles; SOD) super-
oxide dismutase; GSH-Px) glutathione peroxidase; GR) glu-
tathione reductase; G-6-PDH) glucose-6-phosphate dehydro-
genase.

* To whom correspondence should be addressed.

and on the autooxidation of low molecular weight
metabolites such as reduced glutathione [3].

Another group of protective enzymes includes glu-
tathione-dependent enzymes that take part in detoxica-
tion of hydrogen peroxide as well as organic peroxides.
Enzymes of the glutathione peroxidase (GSH-Px) family
are present in cytosol and mitochondria. Reduced glu-
tathione, which is a donor of hydrogen for glutathione
peroxidase, is an important endogenous antioxidant
itself. Oxidized glutathione, produced in reactions cat-
alyzed by GSH-Px, is reduced by NADPH in the reaction
catalyzed by glutathione reductase (GR) in cytosol and
mitochondria. One of the main sources of NADPH is a
reaction catalyzed by glucose-6-phosphate dehydroge-
nase (G-6-PDH), a cytosolic enzyme; that is why the
activity of this enzyme also should be taken into account
when the functioning of protective enzymes is consid-
ered.

Along with tumor development, phase changes in
the activity of antioxidant enzymes have been found in
other organs of the tumor-bearers [4-6]. In the case of
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Ehrlich ascites carcinoma, the activity of GSH-Px and
GR in liver increased in the stage preceding the maxi-
mum rate of tumor growth and then decreased to control
values and lower. The similar changes were found in rats
when chemical carcinogenesis was induced with 3,4-
benzpyrene [4], while the activity of Cu,Zn-SOD
remained constant. Phase changes in the activity of
Cu,Zn-SOD and GR were found in erythrocytes of rats
with developing Morris hepatoma [5]. In the case of Pliss
sarcoma, decrease in Cu,Zn-SOD activity by 30-40%
was found in rat liver [7]. Earlier it was shown that the
development of Ehrlich ascites carcinoma in liver is
accompanied by significant changes in the ratio between
the rate of superoxide production and the activity of
SOD of corresponding compartment [8]. The ratio
decreased in microsomes and nuclei and increased 2-3-
fold in mitochondria; this fact suggested an imbalance in
systems of production and detoxication of superoxide
radicals.

There are many papers reporting changes in the
activity of antioxidant enzymes in the blood of oncologi-
cal patients. The data are contradictory, but this might be
explained by rough estimation of disease stage and some-
times by the influence of chemotherapy. The trend in
SOD activity apparently can depend not only on the stage
of the disease, but also on the type of tumor [9, 10].

It was reported that in patients with malignant dis-
eases of blood and with some kinds of solid tumors an
increase in the activity of erythrocyte SOD was found.
However, after chemotherapy this parameter returned to
norm [11, 12]. In cases of lymphoma and chronic
leukemia, no changes in the erythrocyte SOD activity
were found [13]. A number of researchers observed a
decrease in activity of antioxidant enzymes in the blood
of patients with leucosis of various kinds [14-17].

In the present work, the enzymatic antioxidant sys-
tem of AKR mice during the development of spontaneous
leucosis has been studied. The origin and clinical mani-
festations of leucosis in mice are similar to those in
humans. Thus, the study of biochemical parameters in
the course of leucosis in mice is very important. Because
active forms of oxygen are products of normal metabo-
lism, antioxidant enzymes perform a regulatory function.
The maintenance of a stationary concentration of super-
oxide radicals and peroxides depend on the balanced
functioning of all the chain of antioxidant enzymes. The
aim of this work was to determine how the entire antiox-
idant system of liver responded to tumor development
and which part of the protective system was most sensitive
to leucosis.

MATERIALS AND METHODS

Mice were supplied by the Research Laboratory of
Experimental and Biological Models of the Russian
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Academy of Medical Sciences. The average lifespans of
females and males were reported to be 271 and 292.8
days, respectively [18]. The maximum rate of disease
occurrence was registered at 7-11 months of age.

Five series of experiments were performed.
Biochemical parameters at each point were determined
in independent experiments. For mice of 4, 7, and 8
months of age, two observations were made and the
average values were plotted. Each point on the plot is a
result of the experiment on 7-9 mice; 150 mice were
examined altogether. The error of the measurements of
the enzyme activity evaluated by using Student’s criteri-
on was in the range from 10% for GR up to 30% for
SOD. The error of measurements of rates of free radical
production was less than 10%.

The animals were sacrificed by decapitation and
the liver was extracted. Microsomes and mitochondria
were isolated from the perfused liver according to the
routine described earlier [19-20]. Submitochondrial
particles (SMP) were precipitated from the mitochon-
drial fraction after sonication with a UZDN-2T ultra-
sound disintegrator (Russia) [20]; activities of Mn-
SOD and mitochondrial GSH-Px and GR were meas-
ured in the supernatant. Activities of Cu,Zn-SOD, G-
6-PDH, and cytosolic GSH-Px and GR were assayed
in the cytosol. The activity of SOD was determined by
inhibition of the reduction of nitro blue tetrazolium by
superoxide radicals produced during the oxidation of
xanthine catalyzed by xanthine oxidase. The amount
of sampled material (in milliliters) required for 50%
inhibition of the xanthine oxidase reaction per mg
protein content in the sample was used as the unit of
activity [21]. The activity of G-6-PDH was deter-
mined by accumulation of NADPH [22], the activity
of GSH-Px by oxidation of NADPH in a conjugated
glutathione reductase system with fref-butyl hydroper-
oxide as substrate [23], and the activity of GR by
NADPH oxidation [24]. For G-6-PDH, GSH-Px,
and GR, one unit of activity corresponds to the
enzyme amount that catalyzes transformation of 1 pmol
of substrate in 1 min. The concentration of reduced
glutathione was measured by spectrophotometry [25].
In microsomes and SMP, the rate of O, radical pro-
duction was assayed by NADPH- and NADH-
dependent oxidation of 2,2,6,6-tetramethyl-4-
oxopiperidine hydrochloride into corresponding
nitroxyl radical, which was registered with the ESR
technique [20, 26].

RESULTS AND DISCUSSION

Antioxidant enzymes form a metabolic chain in
which a product of one unit is a substrate for the next unit
of the chain presented in the scheme (LH, polyunsaturat-
ed lipids; LOOH, hydroperoxides):
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The state of the antioxidant system of liver was
examined over the lifespan of the animals. The earliest
characteristics were determined in mice 3 months of age.
Changes in the activity (4) of antioxidant enzymes and
the rates (v) of superoxide radical production in micro-
somes and SMP depending on animals’ age are presented
in Figs. 1-6. It is worth noting that males and females
showed quite similar dependences. As seen in the figures,
two periods in the state of the antioxidant system of liver
can be noted: 3-6 months and 7-9 months.

The first period corresponds to the stage that is
defined by thymus changes as pre-leucosis, and the sec-
ond period corresponds to the active development of leu-
cosis [27].

The results presented in the figures show that the
stage of pre-leucosis is especially characterized by the
constant activity of the key cytosolic antioxidant
enzymes: Cu,Zn-SOD and GSH-Px (Figs. 1a and 2a).
However, the constancy of GSH-Px activity was accom-
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panied by decreased GR activity (Fig. 3a) and lowered
level of reduced glutathione (Fig. 4a). At the stage of pre-
leucosis, the concentration of oxidized glutathione
remained unchanged (Fig. 4b). The activity of G-6-PDH
in this period also remained unchanged (Fig. 5).

In mitochondria at the stage of pre-leucosis, a simi-
lar picture was observed: the activity of Mn-SOD
remained unchanged (Fig. 1b), the activity of GSH-Px
slightly increased (Fig. 2b), and the activity of GR fell
slightly (Fig. 3b). Unfortunately, we do not have any data
on changes in the glutathione concentration in mito-
chondria.

Along with changes in the activity of the antioxidant
enzymes, we also examined the state of enzymatic sys-
tems of superoxide production in microsomes and mito-
chondria. The activity of enzymatic systems of O, pro-
duction was estimated by the rates of radical production
in the electron transport chain in microsomes and mito-
chondria. In microsomes, the value of v remained almost
unchanged over the whole period of observations (Fig.
6a). The changes in v in SMP are presented in Fig. 6b. As
seen in the figure, in SMP the value of v changed with an
extremum, reaching a maximum in the 4th or Sth month
in the life of the mice. The maximum coincided in time
with the maximum in the weight of the thymus in the
AKR mice; the increase in thymus weight is supposed to
be linked with formation of immune response to the
development of the malignant process [18]. It is worth
noting that even in the 3-month-old AKR mice the level
of radical production in SMP is significantly higher than
in mice of some other lines, while v values in microsomes
and Cu,Zn-SOD are similar. The activity of Mn-SOD in
AKR mice is a little higher (table). Apparently, the
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Fig. 1. Changes in the activities of Cu,Zn-SOD (a) and Mn-SOD (b) in the liver of AKR mice (females ( /) and males (2)) during the devel-

opment of spontaneous leucosis.
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Fig. 2. Changes in the activities of cytosolic GSH-Px (a) and mitochondrial GSH-Px (b) in the liver of AKR mice (females (/) and males
(2)) during the development of spontaneous leucosis.
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Fig. 3. Changes in the activities of cytosolic GR (a) and mitochondrial GR (b) in the liver of AKR mice (females (/) and males (2)) dur-
ing the development of spontaneous leucosis.
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Fig. 4. Changes in the concentrations of reduced (a) and oxidized (b) glutathione in cytosol in the liver of AKR mice (females (/) and males
(2)) during the development of spontaneous leucosis.
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Fig. 5. Changes in the activities of cytosol G-6-PDH in the
liver of AKR mice (females (/) and males (2)) during the devel-
opment of spontaneous leucosis.

increase in v in SMP can be considered as an early sign of
the pre-leucosis stage.

In the mice after 7 months of age, drastic changes in
all parts of the antioxidant system were found. By 9
months, in cytosol the activity of SOD, GSH-Px, and G-
6-PDH sharply increased (Figs. 1a, 2a, 5), the activity of
GR was stable at a low level (Fig. 3a), while the fraction
of oxidized glutathione became much higher (Fig. 4).

In mitochondria, changes in the activity of glu-
tathione-dependent enzymes were more pronounced
than in cytosol: the activity of GSH-Px increased by an
order of magnitude (Fig. 2b). The activity of mitochondr-
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ial GR, which decreased at the first stage, increased to
levels higher than the initial level (Fig. 3b). It is notewor-
thy that during the stage of leucosis progression, the dif-
ference in the activity of glutathione-dependent enzymes
in cytosol and mitochondria were only quantitative,
whereas the dynamics of SOD activity in these two struc-
tures differed qualitatively. Unlike all other enzymes, the
activity of Mn-SOD decreased 4-5-fold in the late times
of observation (Fig. 1b). Earlier a similar picture was
found for Mn-SOD in liver of tumor-bearing animals
during the development of Ehrlich ascites carcinoma [8].

We chose the ratio between the rate of superoxide
production and the activity of SOD of corresponding
compartmentalization (v/A4) as an index of the efficiency
of antioxidant protection, as we had done earlier [8]. In
the period between 3 and 6 months, the value of v/A4 in
mitochondria changed in accordance with values of v and
exceeded 5-6-fold the v/A4 value for inline mice and for
F(C57/B1/CBA) mice. Within the interval between 7 and
9 months, both the activity of Mn-SOD and the v value
decreased, but as v decreased more slowly, the ratio v/A4
increased and by the ninth 9th month twice exceeded the
ratio for 4-month-old animals.

In a stationary mode, the rate of superoxide produc-
tion is equal to the rate of its consumption:

v = d[O]/dr = k [03] [SODI,

where k is the rate constant of dismutation of superoxide
radicals. From this it follows that a stationary superoxide
concentration is defined as: [O;] = v/k [SOD].

The activity of SOD measured in the experiments is
proportional to SOD concentration ([SOD]) expressed in
relative units. Thus, the increase in the v/A ratio in mito-
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Fig. 6. Changes in the rates of superoxide production in microsomes (a) and mitochondria (b) in the liver of AKR mice (females (/) and

males (2)) during the development of spontaneous leucosis.
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Characteristics of the system of production and consumption of superoxide radicals in mice of different lines

Activity of Cu,Zn- Activity of Mn- v in microsomes, vin SMP, nmol/min
Mouse line SOD, units per mg SOD, units per mg nmol/min per mg per mg protein
protein protein protein
Mouse inline 164 £ 23 37+33 54104 1.54 = 0.09
F, (C57/B1/CBA) 256 + 21 253+5.0 48+ 1.1 0.8 £0.18
AKR 190 + 17 509 53x1.2 53t 14

chondria means an increase in the stationary concentra-
tion of superoxide radicals in these subcellular organelles
and may indicate a decrease in efficiency of the antioxi-
dant protection both in the latent period of leucosis
development and at the stage when a significant number
of animals die.

In accordance with the above scheme of metabolism
of active oxygen species, a certain correlation between the
activities of SOD and GSH-Px, GSH-Px and GR, and
GR and G-6-PDH should exist in normalcy. However,
during the development of leucosis the observed changes
in activities of individual antioxidant enzymes were not
synchronized; as a result, in cytosol the ratio of SOD
activity to GSH-Px activity decrease 2-fold by the 9th
month compared to its value in the 4th month. For the
same period, in mitochondria this ratio decreased 10-
fold. Change in the ratio between GSH-Px and GR is also
a manifestation of imbalance in the antioxidant system.
In cytosol and mitochondria, the ratio of GSH-Px activ-
ity to GR activity increased 5-fold. Such a shift in the
activity of GSH-Px and GR is probably one of the causes
of the observed decrease in the concentration of reduced
glutathione. At the same time, by the 9th month of the
animals’ lives the ratio of activities G-6-PDH/GR
increased 4-fold, so there was no lack in NADPH for the
glutathione reductase reaction.

The development of leucosis was accompanied by
changes in the ratio between the activity of the same
enzyme in cytosol and mitochondria. At 8§ and 9 months
the activity of Cu,Zn-SOD sharply increased compared
to the activity of Mn-SOD; the ratio of the GR activity in
cytosol to the GR activity in mitochondria decreased.

The question arises to what extent the observed
imbalance in the antioxidant system of liver of a tumor-
bearer is typical for development of tumors of various
genesis. The stages of the changes in the systems of pro-
duction and detoxication of active oxygen species
observed in the present work were compared with the
curve of survival of AKR mice [18]. The comparison
showed that the transition from the first stage (with no
significant changes) to the second stage (with evident
changes) occurred at 7 month, i.e., in a period when
death incidence became significant (15-20%).

We compared the relationships in the leucosis devel-
opment described above with the changes in the antioxi-
dant enzymatic system of mice liver observed during the
development of Ehrlich ascites carcinoma and during
benzpyrene-induced chemical carcinogenesis (the data of
references [4, 8]). All three cases showed a decrease in the
SOD/GSH-Px ratio in cytosol and mitochondria,
increase in the cytosolic share of SOD compared to the
mitochondrial share, and increase in the GSH-Px/GR
ratio. During the development of Ehrlich ascites carcino-
ma as well as during the development of spontaneous leu-
cosis the v/A ratio increased in SMP.

Substrate induction of GSH-Px can be considered as
one of the causes of the decrease in the SOD/GSH-Px
ratio. Changes in the concentration of lipid hydroperox-
ides (data of reference [28]) were compared with changes
in the GSH-Px activity (data of reference [4]); in the liver
of a tumor-bearer with Ehrlich ascites carcinoma at the
stage of maximum tumor growth the ratio of lipid
hydroperoxide concentration to GSH-Px activity
increased 5-fold compared to control. The increased
growth of the hydroperoxide concentration indicates the
possibility of substrate induction of GSH-Px. The induc-
tion of the GSH-Px activity in mice injected with
hydroperoxide of arachidonic acid was shown in direct
experiments [4]. In accordance with recent data, not only
substrate can be involved in GSH-Px induction. It was
shown that a promoter of the cytosolic GSH-Px gene had
a center for binding of p53 protein, a tumor suppressor.
Thus, a link was found between a GSH-Px regulator of
lipid peroxidation (LPO) and p53, which is involved in
genome stability and in regulation of proliferation, differ-
entiation, and apoptosis [29].

The described changes in ratios between the activi-
ties of the antioxidant enzymes during the development of
spontaneous leucosis are similar to pre-neoplastic
changes. This suggestion is supported by the following
findings. The values of SOD and GSH-Px activities pre-
sented in [30] were compared; in normal fibroblasts
transformed spontaneously, the SOD/GSH-Px ratio
decreased by 7-8-fold, while in fibroblasts transformed in
vitro by Rous sarcoma virus the ratio decreased by more
than 30-fold. Similarly, using the data of reference [31],
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one can see a 2-fold decrease of the SOD/GSH-Px ratio
during the process of induced myeloid differentiation of
human HL-60 cells. Apparently, a relatively small growth
of the Cu,Zn-SOD activity compared to the GSH-Px
activity leads to the formation of a phenotype with a low
LPO level. The decrease in the SOD/GSH-Px ratio in the
liver cells of a tumor-bearer may be a compensatory reac-
tion of the organism in response to enhancement of LPO.
According to [31], the activity of GR decreased during
myeloid differentiation of human HL-60 cells similarly to
the picture we observed in the latent period of leucosis.
Earlier a shift in metabolism in the metastases-free tissues
of a tumor bearer towards the metabolism typical for
tumors was found by studying other biochemical charac-
teristics [32].

In a recent review by Deichman [30], evidence was
presented that during malignance a new phenotype with
higher level of antioxidant protection is formed. We sup-
pose that this high level could be reached in different
ways. In this connection, it is important to reveal param-
eters that characterize the functioning of antioxidant
enzymes as an integral system. The ratio of the activities
SOD/GSH-Px probably can be considered as one such
parameter.

Numerous data have shown stable negative feedback
between Cu,Zn-SOD and Mn-SOD activities. We
revealed this feedback in the liver of a tumor bearer with
Ehrlich ascites carcinoma [8], during liver regeneration
after partial hepatectomy in rats [33], and under treat-
ment of mice with the antioxidant ionol [34]. Negative
feedback was also found in macrophages kept in NO-pro-
ducing media [35] and during overexpression of Cu,Zn-
SOD in the culture of mice fibroblasts [36]. In normalcy,
oppositely directed changes in the activities of Cu,Zn-
SOD and Mn-SOD accompany a cell passing through
different stages of the cellular cycle [33, 37]. It was shown
that in the process of rat brain development the activity of
Cu,Zn-SOD decreased while the activity of Mn-SOD
increased [38]. As seen in Fig. 1b, during the develop-
ment of spontaneous leucosis in the period from 7 to 9
months, when the activity of Cu,Zn-SOD increased, the
activity of Mn-SOD fell to 20% of the initial level. It is
worth noting that mutant mice lacking Mn-SOD are
nonviable and die within 10 days after birth [39]. The
results presented in this paper show that changes in the
enzymatic antioxidant system of liver are regularly linked
with the development of leucosis. The changes involve
both enzymes of superoxide metabolism and glutathione-
dependent enzymes regulating the metabolism of
hydroperoxides in cytosol and mitochondria. The main
conclusions of the work are as follows.

During the development of leucosis, most changes
in regulation of production and detoxication of active
oxygen species take place in mitochondria. The increase
in stationary superoxide concentration provides condi-
tions for the development of oxidative stress in these
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subcellular organelles. The growth of the GSH-Px/GR
ratio in cytosol and mitochondria and the decrease in
the concentration of reduced glutathione in cytosol also
provide evidence in favor of the formation of a prooxi-
dant state in the liver.

As analysis of the literature shows, the findings
revealed in the present work such as the decrease in the
ratio of SOD/GSH-Px activities in cytosol and mito-
chondria, the low level of GR activity, and the increase in
the stationary concentration of superoxide radicals in
mitochondria are typical for pre-neoplastic changes in
cell metabolism.

Much of the data accumulated in the literature sug-
gests that antioxidant enzymes act as a system participat-
ing in the maintenance of the balance between cell prolif-
eration, LPO, and apoptosis [40, 41].
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