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Abstract—Significant decrease in the level of lipid antioxidants (measured from the kinetics of the induced chemilumines-
cence in brain homogenate) and of the hydrophilic antioxidant carnosine as well was observed in the brain of 14-16-month-
old mice of SAMP1 line, which is characterized by accelerated accumulation of senile features, in comparison with the con-
trol line SAMRI. In the brain of SAMP1 animals the activity of cytosolic Cu/Zn-containing superoxide dismutase (SOD)
was reduced, while the activity of membrane-bound Mn-SOD was at an extremely low level. The activity of glutathione-
dependent enzymes (glutathione peroxidase, glutathione reductase, and glutathione transferase) did not differ in the brain of
SAMP1 and SAMRI1 animals, and catalase activity was similarly low in both cases. At the same time, excess concentration
of excitotoxic compounds, significantly exceeding that for the control line, was determined in the brain and blood of SAMP1
animals. The activity of glutathione enzymes in liver and heart as well as the activity of cytosolic Cu/Zn-SOD in liver did not
differ in the two studied lines, while the activity of erythrocyte glutathione peroxidase was slightly increased, and the activity
of liver catalase and erythrocyte Cu/Zn-SOD was significantly decreased for SAMP1 compared with SAMRI. The results
demonstrate that the accelerated ageing of SAMP1 animals is connected to a significant extent with the decreased efficiency
of the systems utilizing reactive oxygen species (ROS) in tissues.
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Senescence Accelerated Mice (line SAMP1, Prone)
were selected by brother/sister mating of AKR/J mice
and are characterized by rapid accumulation of senile
features and shortened life span (1-1.5 years compared to
2-2.5 years in control animals) [1]. Until the age of 4
months, SAMP1 animals do not differ from control
(SAMRI1, Senescence Accelerated Mice, Resistant)
either behaviorally or morphologically, but later they start
rapidly accumulating senile changes. This results in disor-
dering of their behavioral reactions and cognitive brain
functions (orientation ability and learning capacity are
particularly decreased) and appearance of age specific
morphological changes (lordokyphosis, loss of hair, fre-
quent eye cataract, and mucosal inflammation) [2].

Brain synaptosomes of 10-12-month-old animals of
SAMPI1 line are characterized by several times higher
efficiency of NM DA binding by glutamate receptors, and
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mitochondrial fraction is characterized by twofold elevat-
ed monoamine oxidase B activity compared to the control
line (SAMRI1) [3]. The activation of these systems can
cause increased generation of reactive oxygen species
(ROS) in SAMPI1 brain. At the same age, more intensive
accumulation of end products of lipid peroxidation [4-6],
including lipid hydroperoxides [7] in tissues as well as
increased production of ROS accompanied by increased
frequency of chromosomal aberrations in bone stem cells
was noted for SAMP1 animals [8]. Increased oxidative
damage of DNA in liver, brain, muscles, lungs, and
mucosal brush border was also demonstrated [9].

The data indirectly suggest that disbalance between
the rates of generation and utilization of ROS and organ-
ic free radicals can be one of the main reasons for accel-
erated aging of SAMP1 animals. Nevertheless, exhaustive
analysis of the antioxidant defense system in SAMP1 tis-
sues has not been done. Thus, we decided to compara-
tively study both the activity of antioxidant enzymes and
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the content of several natural nonenzymatic antioxidants
in tissues of SAMP1 and SAMRI animals.

MATERIALS AND METHODS

Animals. For the experiments, male mice of SAMP1
and SAMRI lines were used at 14-16-months of age, i.e.,
at the age when distinct differences in behavior, exterior
appearance, and some biochemical parameters are noted
between the lines. Brain, liver, heart muscle, erythrocytes,
and blood plasma were used for biochemical studies.

Treatment of samples. To determine the activity of
antioxidant enzymes, tissue homogenates were cen-
trifuged at 10,000g for 15 min (4°C) to sediment mito-
chondria. The supernatant was re-centrifuged at 100,000g
for 1 h. The resulting supernatant was used for measuring
the activity of cytosolic enzymes. To measure SOD, ery-
throcytes were subjected to hypoosmotic treatment in
cool 5 mM K,Na-phosphate buffer (pH 7.4), and heme-
containing proteins were precipitated by extraction with
chloroform—ethanol (3 : 5 v/v).

All spectrophotometric measurements were done
using a Hitachi 557 (Japan) spectrophotometer equipped
with an automatic recording unit. Enzyme activity was
measured in kinetic regime determining the initial rate of
enzyme reaction. The period corresponding to linear
dependence of this value on the amount of protein added
was determined preliminarily for each enzyme studied.
The activities of the enzymes studied are expressed as
units per mg protein determined by the Lowry proce-
dure. Erythrocyte SOD is expressed as units per mg
hemoglobin (Hb) measured in lysates by the hemocyanin
method.

Glutathione peroxidase activity was determined at
340 nm in reaction medium containing 50 mM K,Na-
phosphate buffer (pH 7.4 at 30°C), 1 mM EDTA,
0.12 mM NADPH, 0.85 mM glutathione reduced
(GSH), 0.5 unit/ml yeast glutathione reductase, and
0.2 mM tert-butyl hydroperoxide as a substrate [10]. The
amount of the enzyme converting 1 umol GSH per min
was taken as 1 activity unit.

Glutathione-S-transferase activity was measured at
340 nm in 100 mM K,Na-phosphate buffer (pH 7.0 at
30°C) in the presence of ] mM EDTA, 1 mM GSH, and
1 mM 1-chloro-2,4-dinitrobenzene [11]. The amount of
enzyme conjugating 1 pmol GSH per min was taken as
1 unit of activity.

Glutathione reductase activity was measured at
340 nm in medium containing 50 mM K,Na-phosphate
buffer (pH 7.4 at 25°C), 1 mM EDTA, 0.16 mM
NADPH, and 0.8 mM glutathione oxidized (GSSG)
[12]. The amount of the enzyme reducing 1 pmol GSSG
per min was taken as 1 activity unit.

Catalase activity was determined at 240 nm by meas-
uring the rate of H,0, utilization as described elsewhere
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[13] with the molar extinction coefficient for H,0, being
43.6 M~cm™'. The amount of the enzyme utilizing
1 umol H,0, per min was taken as 1 activity unit.

Determination of superoxide dismutase activity.
SOD activity was measured at 560 nm as the rate of sup-
pression of reduction of nitrotetrazolium blue when
superoxide anion radical was generated during oxidation
of xanthine by xanthine oxidase. The reaction mixture
contained 50 mM sodium carbonate dissolved in 50 mM
K,Na-phosphate buffer (pH 7.8 at 25°C), 0.1 mM
EDTA, 0.1 mM xanthine, 0.025 mM nitrotetrazolium
blue. For 1 unit of activity, the amount of protein was
taken which provided 50% inhibition of nitrotetrazolium
blue reduction under standard conditions. Membrane-
bound Mn-containing SOD was determined as the dif-
ference between total SOD activity and that of Cu/Zn-
enzyme determined after treatment of the sample with
2% SDS [14]. Cu/Zn-SOD was measured in cytosolic
fraction of brain and liver and in lysates obtained from
erythrocytes.

Amount of non-protein SH-groups was analyzed in
brain homogenates prepared in the presence of 20 mM
EDTA (pH 4.7). After addition of 5% trichloroacetic acid
to samples, protein was sedimented by centrifugation at
3000g for 10 min. Supernatant aliquots were mixed with
200 mM Tris-HCI (pH 8.9) in the ratio 1 : 3 and 4 vol-
umes of methanol containing 0.125 mM 5,5'-dithiobis-2-
nitrobenzoic acid. Sample absorbance was measured at
412 nm [15]. Under the conditions described, tissue glu-
tathione (GSH) was generally determined, so the molar
extinction coefficient for GSH of 13,700 M~:cm™' was
used to calculate the SH-group content. The values
obtained were ascribed to the amount of glutathione in
the brain samples.

Extractable compounds in blood plasma and brain
homogenates of the mice were determined by reversed
phase hydrophobic high pressure chromatography using
o-phthalic aldehyde to label the amino acids [16].
Measurements were done on an Altex 334 chromatograph
(USA) with a Schoeffel GM970 fluorescent detecting
unit (excitation wavelength 340 nm, fluorescence detec-
tion at 455 nm) using a 250 x 4.6 mm column (Serva,
Germany) loaded with Silica S 1100-Polyol-RP8 as the
sorbent. A mixture of 100 mM acetate buffer (pH 5.8) and
methanol (70 : 30 v/v) was used as the mobile phase.

Oxidizability of brain membranes was characterized
by the amplitude of initial fast flash and duration of lag-
period of Fe**-induced chemiluminescence as described
earlier [17]. The measurements were done using an LKB
1251 chemiluminometer (Sweden).

Reagents. EDTA, NADPH, GSH, GSSG, nitrote-
trazolium blue, 1-chloro-2,4-dinitrobenzene, 5,5'-
dithiobis-2-nitrobenzoic acid, and glutathione reductase
were from Sigma (USA); tert-butyl hydroperoxide and
H,0, were from Merck (Germany); xanthine oxidase was
from Serva.
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RESULTS AND DISCUSSION

To estimate the resistance of cellular structures of
brain toward oxidation, we measured the kinetics of Fe?'-
induced chemiluminescence of brain homogenates from
mice of the two lines. It was found (see figure) that addi-
tion of 5 mM FeSO, to the samples induced significantly
higher fast chemiluminescence flash in the case of
SAMPI1 brain compared to that of SAMRI. Also, the
duration of the lag-period of the Fe**-induced chemilu-
minescence was 27% less for SAMP1 than for SAMRI.
Because the initial burst of chemiluminescence correlates
with the content of alkoxy-radicals formed during hemol-
ysis, this parameter is taken to be proportional to the ini-
tial amount of lipid hydroperoxides, whereas the duration
of the lag-period of chemiluminescence characterizes the
stability of the sample towards oxidation by generated
hydroxyl radicals. The higher level of hydroperoxides in
combination with a shorter lag-period of oxidation indi-
cates significant decrease in the level of hydrophobic
antioxidants in SAMP1 brain.

As Packer noted [18], decrease in the tissue level of
hydrophobic antioxidants takes place at the latest step of
oxidative stress and is preceded by prior decrease in
hydrophilic antioxidant content. To estimate the partici-
pation of the latter in stabilization of the brain against
oxidative stress we compared the amount of glutathione,
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taurine, and carnosine in brain of the studied animals. It
is known that GSH participating in enzymatic reduction
of membrane hydroperoxy-phospholipids prevents the
formation of secondary alkoxy-radicals when organic
peroxides are homolyzed [19], whereas two other
hydrophilic antioxidants—carnosine and taurine—pro-
tect brain from ROS damage at the earliest (the former)
and latest (the latter) steps of oxidative stress [20].

From Table 1 one can see that both GSH and taurine
content in SAMP1 and SAMRI1 brain did not differ sig-
nificantly, whereas carnosine level in SAMPI brain was
more than twofold decreased. This may indicate both a
specific role of carnosine in brain as an important antiox-
idant and disordering in the brain antioxidant system in
SAMPI1 animals.

Brain carnosine deficiency may play some role in the
syndrome of antioxidant system deficit accompanying the
accumulation of senile features in SAMP1 mice and serve
as one of the causes of non-compensated action of ROS
resulting in accelerated aging. This suggestion is support-
ed by independent data from the literature. Recently, in
vitro experiments showed that incubation of neurons with
carnosine decreased the production of intracellular ROS
when the neurons were exposed to excitotoxic com-
pounds [21] as well as removed the toxic effect of gluta-
mate on the brain neurons [22]. Administration of carno-
sine in vivo also protected animal brain from ischemic
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Amplitude of the fast flash (a, pV) and duration of lag-period (b, sec) calculated after measurements of Fe?*-induced chemiluminescence
of membranes prepared from brain of 14-month-old SAMRI (black bars) and SAMP1 (white bars) animals. Significance of the difference

between (a) and (b) corresponds to p < 0.01 and p < 0.05, respectively.
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Table 1. Content of low molecular weight hydrophilic antioxidants in brain of studied mice

Parameter SAMRI1 SAMP1 J4
Glutathione, pmol/g tissue 1.25+0.20 1.10 £ 0.20
Taurine, pmol/g protein 5.8+0.7 64104
Carnosine, pmol/g protein 4.54 £0.53 1.98 +£0.32 <0.01

injury [23]. Moreover, using carnosine as food additive for
SAMPI1 mice was found to increase average life span of
the animals and to prevent accumulation of senile fea-
tures [24].

Activities of glutathione peroxidase and glutathione-
S-transferase, both glutathione-dependent enzymes
responsible for utilization of H,0, and lipid hydroperox-
ides, did not statistically differ in SAMP1 and SAMRI1
brain (Table 2), which correlates well with the absence of
difference in GSH content in their brains (Table 1).
Similarly, in SAMP1 and SAMRI1 brain no reliable differ-
ence in activity of the key enzyme of GSH bioregenera-
tion, glutathione reductases, was found (Table 2). While
GSH-dependent enzymes play an important role in pre-
venting cellular damage induced by alkoxyl and hydroxyl
radicals [19], the data obtained suggested that these
enzymes are not directly involved in oxidative stress of
aged SAMPI1 brain.

Brain is well known to contain little catalase [25],
which we also confirmed for the brain of both SAMPI
and SAMRI1 (the data are not presented because of the
low level of the enzyme activity). Under such circum-
stances, thorough study of activity of several isoforms of
SOD was of special interest—this enzyme is responsible
for superoxide anion detoxication in several cell compart-
ments. We did measure activity of Cu/Zn-SOD located in
cell cytosol (soluble isoform) and in peroxisomes (mem-
brane-bound isoform), as well as activity of Mn-SOD
belonging to mitochondria. In comparing SAMP1 and

SAMRI, we found that only membrane-bound Cu/Zn-
SOD showed no significant difference in activity, while
both cytosolic (Cu,Zn-containing) and membrane-
bound (Mn-containing) SOD isoforms in brain of mice
with accelerated aging were significantly lower than in the
control. Actually, the Mn-isoform of SOD in SAMPI1
brain was nearly absent (Table 2). The results suggest that
the deficit in these two SOD isoforms can be the cause of
ROS accumulation in SAMP1 brain being responsible for
brain dysfunction in aged SAMP1 animals.

Deficit in SOD activity in brain and liver of SAMP1
mice was noted earlier. However, the authors did measure
total SOD activity [4]. Similar data on SOD activity in
rats are also known [26]. The separate analysis of differ-
ent isoforms of the enzyme that was made in our study
showed that decrease in total activity is explained by sup-
pression not of the peroxisomal membrane-bound SOD
but that of cytosolic and mitochondrial isoforms perhaps
being the most vulnerable for ROS. Actually, SOD is an
enzyme that is significantly damaged during hyper-pro-
duction of ROS. Recently, in in vitfro experiments contin-
uous generation of hydroxyl radicals was found to result
in oxidative modification of SOD, its fragmentation, and
consequent loss of activity [27]. It is important to note
that in these experiments carnosine was found to be
among other factors preventing both fragmentation and
decrease enzyme activity. Thus, the deficit of SOD
accompanied by twofold decrease in carnosine content
(Table 1) in SAMPI1 brain could be related.

Table 2. Activity of antioxidant enzyme system (units/mg protein) in brain of SAMRI1 and SAMP1 mice

Parameter SAMRI1 SAMP1 P
Glutathione peroxidase 13.5+0.3 12.6 £0.3
Glutathione-S-transferase 72 £ 10 97 £22
Glutathione reductase 16.0 £ 0.2 16.1 £0.2
Cu/Zn-SOD (cytosolic) 2323+ 11.6 169.9 £ 8.5 <0.01
Cu/Zn-SOD (membrane-bound) 2235t 1.12 22.16 £ 1.11
Mn-SOD (membrane-bound) 3.53 £0.80 0.10 £ 0.05 <0.01
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Table 3. Content of excitotoxic compounds in brain and blood plasma of SAM animals

Compound SAMRI1 SAMP1 p

Brain (nmole/mg protein)

Aspartate 322+25 424+ 3.6 <0.05

Asparagine 0.1 +0.02 44+0.3 <0.01

Glutamate 464+ 4.7 60.5+3.9 <0.05

a-Alanine 85+33 10.7 £3.5

GABA 145 £ 0.6 253+0.2 <0.01
Blood plasma (nmole/ml)

Aspartate 14.6 £3.3 22.1£53

Asparagine 27.1 £ 3.5 25.1£3.5

Glutamate 272127 48.8 £ 8.9 <0.01

Glycine 161.4 £20.1 228.6 £ 22.8 <0.01

Taurine 228.4 +33.9 377.2 £ 47.7 <0.01

It is important to note that decrease in efficiency of
the antioxidant system in SAMP1 brain appeared simul-
taneously with increased amount of excitotoxic amino
acids—aspartate, glutamate, asparagine, and y-aminobu-
tyrate (GABA) (Table 3). These mediators performing
both excitation (glutamate, aspartate) and suppression
(GABA) functions, under over-loading conditions, can
stimulate ROS production [28, 29], inducing conditions
for oxidative stress in neurons (thus, they are usually
named excitotoxic mediators). Oxidative stress, in turn,
can result in increased activity of NMDA receptors and
activation of such ROS producing enzymes as
monoamine oxidase B, which, in fact, was characteristic
of aged brain of SAMP1 animals [4, 5].

Increased basal level of several excitotoxic com-
pounds was detected also in blood plasma of SAMP1 ani-

mals (Table 3). It is unlikely that this is a cause of their
release from brain into the blood stream because of both
the existence of the blood—brain barrier for these com-
pounds and different ratios for them in brain and blood.
It is more probable to suggest that increased level of
aspartate, glutamate, glycine, and taurine in SAMPI1
blood reflects the specificity of their tissue metabolism
being among multiple reasons characterizing specificity
of metabolic pathway of mice with accelerated aging
under intensifying ROS production.

In subsequent experiments the activity of several
antioxidant defense enzymes was measured in liver,
heart, and erythrocytes. In these tissues similar features
of antioxidant deficit were demonstrated. Thus, in
SAMP1 liver significantly (nearly twofold) lower cata-
lase activity was found—88.4 + 4.4 versus 137.7 £ 6.9

Table 4. Activity of glutathione-dependent enzymes in tissues of mice studied (in the case of liver and heart activity is
expressed as units/mg protein, in the case of blood as units/mg Hb)

Source of tissue Glutathione peroxidase
Liver, SAMR1 0.59+0.11
Liver, SAMPI 0.65%0.10
Heart, SAMRI1 0.10 £ 0.02
Heart, SAMP1 0.11 £0.02
Erythrocytes, SAMR1 45.0=x 1.0
Erythrocytes, SAMP1 49.0 £ 0.6

Glutathione-S-transferase Glutathione reductase
0.44 £ 0.02 0.16 £ 0.02
0.43 £ 0.07 0.12 £0.02
0.25+0.02 0.065 = 0.01
0.19 £ 0.07 0.064 = 0.01
3.7£0.1 20=£0.1
4.0%0.1 25%£0.5
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Table 5. Activity of cytosolic Cu/Zn-SOD in tissues of SAM studied
Parameter SAMRI1 SAMP1 p
Liver Cu/Zn-SOD, units/mg protein 298.0+ 12.4 312.0 £ 15.1
Erythrocyte Cu/Zn-SOD, units/mg Hb 1380 + 26 924 + 30 >0.05

units/mg protein, while activity of all the three GSH
dependent enzymes (Table 4) and cytosolic Cu/Zn-
SOD (Table 5) did not change. No change in the activi-
ties of GSH-dependent enzymes in heart was found
between SAMP1 and SAMRI (Table 4). In SAMP1 ery-
throcytes, however, glutathione peroxidase was some-
what higher than that in SAMRI1, whereas glutathione-
S-transferase and glutathione reductase did not differ. In
contrast, erythrocyte Cu/Zn-SOD was significantly
suppressed in SAMP1 versus SAMRI. Thus, disordering
of the functioning of the antioxidant defense system in
other tissues of SAMP1 is again indicated in the pres-
ence of serious changes in oxidative metabolism on the
whole similar to that found in brain. However, the
molecular mechanisms of the development of oxidative
stress can be different in different tissues. In neuronal
tissue, this process can be related to metabolism of exci-
totoxic compounds regulating ROS production within
the neurons as well as with the shift in the functional
activity of a number of proteins (for example, with acti-
vation of NMDA or monoamine oxidase B) and
decreased defense provided by enzymatic and nonenzy-
matic antioxidants. The reasons for dysfunction of the
antioxidant defense in other tissues are studied much
less well. From the common point of view, it seems that
primary changes in antioxidant enzymes activity are
programmed genetically or induced by ROS attack [30].
Actually, deficit of mitochondrial Cu/Zn-SOD [31]
appears on the base of pronounced mitochondrial dys-
function conceivably induced by increased level of
intracellular ROS, though this parameter has not been
measured until now [4]. Under these conditions, howev-
er, decrease in SOD activity was found to be related
rather to processing of the protein resulting in its desta-
bilization, than to decrease in the level of its mRNA [31,
32].

In all the cases, the most important enzyme respon-
sible for cell tolerance toward oxidative damage is SOD
and disordering of its synthesis or processing in a cell can
be an immediate reason for very early changes in ROS
balance resulting in systemic shift in SAMP1 tissues and
in accelerated accumulation of senescent features.
Nevertheless, it is important to stress that this process is
induced by many reasons. Among them decreased level of
carnosine, accumulation of excitotoxic mediators, and
oxidative modification of a number of cellular proteins
are especially important for excitable tissues.

This work was supported by the Russian Foundation
for Basic Research (grants No. 99-04-49420 and No. 00-
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