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Abstract
The hypothesis that the life-extending effect of caloric restriction (CR) is associated with an
attenuation of the age-related pro-oxidant shift in the thiol redox state was tested employing a
novel experimental design. Amounts of GSH, GSSG and protein mixed disulfides (Pr-SSG) in the
skeletal muscle and liver were compared between two strains of mice, which have similar life
spans when fed ad libitum (AL), however, under the standard CR regimen, life span of only one
strain, C57BL/6, is extended, whereas it remains unaffected in the other strain, DBA/2. Mice were
fed AL or 40% less food starting at 4 months and compared at 6 and 24 months of age. The
amounts of GSSG and Pr-SSG increased and the GSH:GSSG ratios decreased with age in both
strains of AL-fed mice. CR prevented these age-related changes in the C57BL/6, whose life span
is extended by CR, but not in the DBA/2 mice, in which it remains unaffected. CR enhanced the
activity of glutamate cysteine ligase in the C57BL/6, but not in the DBA/2 mice. Results suggest
that longevity extension by CR may be associated with the attenuation of age-related pro-
oxidizing shifts in the thiol redox state.
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A long-held generalization in gerontology is that a reduction in the amount of dietary energy
intake, also referred to as caloric restriction (CR), extends the life span and diminishes the
incidence of a variety of age-related pathological disorders in laboratory rodents and
arguably in most other phylogenetic groups. Accordingly, numerous comparisons have been
made between the ad libitum-fed (AL) and the respective calorically restricted animals for
the identification of alterations that may be responsible for the life span-prolongation effect
of CR. However, results of such studies have, in general, indicated that CR impedes the
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progression of most of the age-associated changes, which occur in the AL-fed animals [1,2],
whereby the nature of the alterations that may be responsible for the extension of life span
by CR has remained elusive. The main limitation of this conventional experimental design,
solely based on comparisons between AL and CR animals, is that the effects of CR
emanating from a decrease in the amount of energy intake, that are essentially adaptive,
cannot be discerned from those that may be causally or specifically linked to the
mechanisms by which CR extends longevity.

An alternative experimental model for understanding the mechanisms of CR was recently
suggested by Sohal et al. [3], which advocated the inclusion of a “negative” control, i.e. a
genetic strain whose life span is not extended by CR. The rationale was that comparisons
between genotypes, whose life span is extended by CR with those where it remains
unaffected, could reveal the specific effects of CR that are associated with the prolongation
of life span. Contrary to the historical view, recent studies have demonstrated that the effects
of CR on life span are genotype-specific rather than being universal. Members of the same
species may respond differently to CR. For instance, Forster et al. [4] reported that under the
AL regimen, the C57BL/6 and DBA/2 mice consumed the same amount of food throughout
life and had a similar life span; however, under the 40% CR regimen, life span of C57BL/6
mice was lengthened by 25-30%, but there was no effect on the longevity in the DBA/2
mice. More recently, Liao et al. [5] found that among 41 recombinant inbred strains of mice,
CR shortened the life span of more strains than those where it was extended.

In this context, the main objective of the present study was to test the hypothesis that life
span extension by CR depends on its ability to lower the age-associated increase in oxidative
stress [6]. Our previous studies have shown that the thiol redox state of the tissues, indicated
by the amounts of GSH, GSSG and mixed protein disulfides, becomes more pro-oxidizing
with age and CR attenuates the magnitude of these changes [7,8]. Furthermore, the thiol
redox state is deemed to be a relatively more sensitive and functionally relevant measure of
oxidative stress than the macromolecular structural damage [9]. Accordingly, comparisons
of the amounts of glutathione (GSH), glutathione disulfide (GSSG) and protein mixed
disulfides (Pr-SSG) were made in the homogenates of hind-leg skeletal muscles and liver of
6- and 24- month-old C57BL/6 and DBA/2 mice that had been fed ad libitum or maintained
on a regimen of 40% CR since the age of 4 months. The rationale for the selection of skeltal
muscle was that CR has been demonstrated to modulate the age-related mitochondrial
changes in this tissue [10]. Liver was chosen because it is the main site for GSH synthesis
and supply to other tissues via the vascular system [11]. It was provisionally reasoned that if
attenuation of oxidative stress were indeed implicated in the extension of life span, the
effects of CR on the thiol redox state would be much more pronounced in the C57BL/6 than
in the DBA/2 mice.

Materials and methods
Materials

GSH and GSSG were obtained from Sigma Chemical Co. (St Louis, MO) and used as
calibration standards. Acetonitrile, meta-phosphoric acid, THP
(Tris(hydroxypropyl)phosphine) and 1-octane sulfonic acid were from EM Science
(Gibbstown, NJ). Deionized water was prepared using a Millipore Milli-Q System (Milli-Q
Corp., Bedford, MA, USA). All other chemicals were HPLC grade or of the highest purity
available.
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Animals
All experiments were conducted in accordance with the Guidelines for the Care and Use of
Laboratory Animals issued by National Institutes of Health and the approval of the
University of Southern California (USC) and University of North Texas Health Science
Center (UNTHSC) Institutional Animal Care and Use Committees. The effects of long- and
short-term CR were conducted in two separate groups of mice. For the long-term study,
thirty-nine male DBA/2J and 27 C57BL/6J male mice were obtained from The Jackson
Laboratory (Bar Harbor, ME) at 8-9 weeks of age and housed one mouse per cage in
polycarbonate cages with mesh tops, under a 12- h light/dark cycle, with the light phase
beginning at 0600 h. Mice were fed the NIH-31 diet ad libitum (AL) until 14 weeks of age,
whereupon approximately one-half of the mice from each strain were placed gradually under
a CR regimen: i.e. a 10% reduction in the amount of food consumed by the AL fed mice
during the first week, followed by 20% in the second, and 40% in the third week and
thereafter. The CR mice were fed a vitamin-fortified NIH-31 diet [12], designed to equalize
per mouse the amount of essential nutrients ingested by the AL mice. The amount of food
consumed by the AL mice was monitored throughout the duration of the study in order to
maintain the level of food intake by the CR mice at 60% of the AL group. Mice were
euthanized at 6 or 24 months of age, i.e., after 3 or 21 months on the 40% CR regimen, and
the hind limb skeletal muscles and liver were processed for biochemical studies.

For the short-term study, sixteen male DBA/2JNia and 22 C57BL/6JNia mice were procured
from the National Institute on Aging and housed under identical conditions. CR was also
implemented gradually, starting at 17 months of age and maintained for 7 weeks, prior to
euthanasia and the collection of blood.

Sample preparation
Mice were euthanized by cervical dislocation and decapitation, and the hind limb skeletal
muscles and liver were removed and placed in ice-cold antioxidant buffer (150 mM
potassium phosphate, 2 mM EDTA, pH 7.4, 100 μM BHT). Tissues were rinsed and finely
chopped in the antioxidant buffer and homogenized (5% w/v) in the appropriate isolation
buffer (liver: 0.25 M sucrose, 3 mM EDTA, 10 mM Tris buffer, pH 7.4; skeletal muscle:
120 mM KCl, 20 mM HEPES, 2 mM MgCl2, 0.5% (w/v) BSA, 1 mM EGTA, pH 7.4) with
a Polytron (PT 1200) (skeletal muscles) and a teflon/glass (liver) homogenizer. Blood was
collected from the heart cavity and mixed with 50 μL of 100 mM EDTA/ml blood and
centrifuged at 2000g for 3 min to separate serum from the erythrocytes. The pelleted
erythrocytes were lysed in 1 ml of ice-cold water for 5 min.

Aliquots (300 μl) of the crude homogenate or red blood cell lysates were mixed with 100 μl
of ice-cold 20% (w/v) meta-phosphoric acid, incubated for 30 min in cold and centrifuged
for 20 min at 14,000 g at 4°C. Supernatants were transferred to auto-sample vials and
injected either immediately or stored at -80°C. For the measurement of the amount of
protein-glutathione mixed disulfides (Pr-SSG), the protein pellet from the initial
precipitation of homogenates was resuspended and subjected to extensive washing to
remove the free (non protein-bound) GSH and GSSG. Washing consisted of three cycles of
resuspension of the precipitate in 1.5 ml of 5% (w/v) MPA containing 0.5 mmol/L EDTA,
and a 15 s sonication on ice. After each wash, precipitated protein was recovered by
centrifugation at 18,000 × g for 20 min at 4°C, and the supernatant was discarded. Protein-
bound GSH was released by resuspention/incubation of protein pellets in 300 μl of 10 mM
phosphate buffer, pH 8.0, containing 1 mM EDTA and 0.1 mM
Tris(hydroxypropyl)phosphine for 1 h at 37°C. Released GSH was analyzed after
precipitation of proteins with 100 μl of ice-cold 20% (w/v) meta-phosphoric acid, as
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described above. The protein content of the homogenates was determined by the BCA
protein assay, according to the manufacturer's instructions (Pierce, Rockford, IL).

HPLC-coulometric EC detection of GSH, GSSG and Pr-SSG
The procedure for detection and quantification of GSH and GSSG used here included the
previously described precautionary measures to minimize spontaneous GSH oxidation to
GSSG [7,8]. Briefly, GSH and GSSG were separated by HPLC, fitted with a Shimadzu
Class VP solvent delivery system, using a reverse phase C18 Luna (II) column (3μ; 4.6 ×
150 mm), obtained from Phenomenex (Torrance, CA). The mobile phase for isocratic
elution consisted of 25 mM monobasic sodium phosphate, 0.5 mM of the ion-pairing agent
1-octane sulfonic acid, 1% (v/v) acetonitrile, pH 2.7, adjusted with 85% phosphoric acid.
The flow rate was 0.7 ml/min. Under these conditions, the separation was completed in 35
min; GSSG was the last eluting peak, with a retention time of approximately 25 min.
Calibration standards were prepared in 5% (w/v) MPA. GSH and GSSG were detected with
a model 5600 CoulArray® electrochemical detector (ESA Inc., Chelmsford, MA), equipped
with eight-channel analytical cells, employing potentials from +100 mV to +800 mV (100
mV increment). GSH was monitored at +600 mV and GSSG at +700 mV. Each sample was
injected twice, and the average of the peak areas was used for quantification.

Activities of hepatic enzymes
Total glutathione peroxidase activity was measured according to Beutler [13]. Briefly,
sonicated homogenate (10 μl) was added to a 1 ml cuvette containing 100 μl of 1 M
potassium phoshate buffer, pH 7.0, 10 μl GSH, 20 μl of 0.2 M EDTA, 100 μl of 10 U/ml of
glutathione reductase, 10 μl of 0.4 M sodium azide, and 100 μl of 2 mM NADPH, and
brought to a final volume of 1 ml with water. After incubation for 10 min at 25 C, 10 μl of
10 mM hydrogen peroxide was added and the reaction followed at 340 nm. Glutathione
reductase (GR) activity was determined according to the method described by Carlberg and
Mannervik [14]. Ten μl of sonicated homogenate was added to a cuvette containing 50 μl of
2 mM NADPH, 500μl of 0.2 M potassium phosphate buffer containing 2 mM EDTA ( pH
7.0), 50μl of 20 mM GSSG, and water to a final volume of 1 ml. The decrease in absorbance
at 340 nm was followed at 25 C. GCL catalytic activity was measured using an HPLC-based
assay, as described previously [15].

Statistical analysis of data
Data are presented as the mean ± SE for each tissue for separate groups of mice of each
strain/diet condition. To determine the effects of age, mouse strain and dietary regimen on
content of GSH, GSSG and Pr-SSG, and GSH:GSSG ratios, data were considered in 3-way
analyses of variance, with Age, Strain and Diet as between groups factors. Planned
individual comparisons at each of the ages, to assess the effect of diet within each strain,
were performed using single degree-of-freedom F tests. Activities of hepatic enzymes as
well as concentrations of GSH, GSSG and the GSH:GSSG ratios in erythrocytes were
considered in 2-way analyses of variance, with Strain and Diet as between groups factors.
For these variables, the effect of age in AL-fed groups of each strain was determined using
single degree-of-freedom F tests within a 1-way ANOVA including all six groups within
each experiment. Statistical significance was defined as p < 0.05.
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Results
Effects of age and caloric restriction on amounts of GSH, GSSG and Pr-SSG in skeletal
muscle

Mice were fed ad libitum (AL) or gradually put under a regimen of CR, where the amount of
food offered after the age of 4 months was 40% less than the amount consumed by the
corresponding AL-fed mice. Comparisons between the AL and CR mice of the two different
strains were made at 6 and 24 months of age, that is, after the mice had been put under the
40% CR regimen for 2 and 21 months, respectively.

A comparison between 6- and 24-month-old AL fed mice indicated that GSH concentration
was 22% lower in the older than the younger C57BL/6 mice, however, there was no age-
related difference in the DBA/2 mice (Figure 1A). The GSH content in the latter was 9%
lower than in the C57BL/6 mice at 6 months, but 14% higher at 24 months of age. CR
attenuated the magnitude of the age-related decrease in the GSH amount in the C57BL/6
mice, but had no effect in the DBA/2 mice. ANOVA on GSH amount indicated a significant
main effect of Age as well as an Age × Strain interaction (ps < 0.001), but did not suggest
any effect of Diet (ps > 0.137).

The GSSG amounts in skeletal muscle of AL-fed groups increased during 6 to 24 months of
age in both C57BL/6 (75%) and the DBA/2 (118%) mice (Fig. 1B). Notably, CR fully
prevented this age-related elevation in GSSG amount in C57BL/6, but had no discernable
effect in the DBA/2 mice. Curiously, at 6 months of age, that is 2 months after the
imposition of 40% CR, the DBA/2 mice on the CR regimen had 16% higher GSSG content
than their AL-fed counterparts; however, CR tended to decrease the GSSG level in the
C57BL/6 mice at this age. ANOVA indicated a significant interaction of Age, Strain and
Diet on GSSG content (p = 0.004). Thus, the main finding was that CR attenuated the age-
related elevation in GSSG concentration in the C57BL/6 mice, whose longevity is extended
by CR, but not in the DBA/2 mice, whose life span is not affected by CR.

The GSH:GSSG ratios in the AL-fed mice of both strains of mice decreased 54-55% during
6 to 24 months of age. Again, this decline was prevented by the CR regimen in the C57BL/
6, but not in the DBA/2 mice (Fig.1C). At 6 months of age, CR caused a 21% decrease in
GSH:GSSG ratio in DBA/2 mice, but had an opposite effect in the C57BL/6 mice. ANOVA
of GSH:GSSG ratios indicated a significant Strain × Diet interaction (p<0.001) as well as a
nearly significant 3-way interaction (p < 0.08).

The effects of strain, age, and diet on protein mixed disulfide (Pr-SSG) content paralleled
those observed for the GSSG levels and GSH:GSSG ratios (Fig. 1D). There was an increase
in Pr-SSG content in the AL-fed mice of both strains between 6 and 24 months of age, albeit
the increase was greater in C57BL/6 (115%) than in DBA/2 (66%). Long-term CR
attenuated the age-related elevation in Pr-SSG in the C57BL/6 mice, but had little effect in
the DBA/2. Analysis of the alterations in Pr-SSG content indicated a significant Age ×
Strain × Diet interaction (p<0.001).

Effects of age and caloric restriction on GSH, GSSG and Pr-SSG in liver
Compared to the skeletal muscle, the amounts of GSH and GSSG in homogenates of 6-
month-old AL-fed mice were ~ 5- to 20-fold higher in the liver, which was reflected in
relatively lower GSH:GSSG ratios. Furthermore, unlike the skeletal muscle, the GSH
amount in liver homogenates of AL fed mice of both strains showed no significant loss
during 6 to 24 months of age (Fig. 2A). GSH levels in the liver homogenates of AL-fed
DBA/2 mice were 32% and 17% lower than in the AL-fed C57BL/6 mice at the age of 6 and
24 months, respectively. CR caused a 37% increase in GSH content in DBA/2 mice at 6
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months of age, but had no effect in the C57BL/6 mice; whereas at 24 months of age, GSH
levels were higher under CR in both C57BL/6 (18%) and the DBA/2 (56%) mice. Thus, CR
tended to elevate GSH levels in the liver by a greater magnitude in the DBA/2 than in
C57BL/6 mice. Analysis of the GSH data indicated significant main effects of Age, Diet,
and Strain, as well as a Strain × Diet interaction (ps < 0.001).

The age-, diet- and strain-related variations in the amounts of GSSG and Pr-SSG in the liver
homogenates (Figs. 2B, 2D) paralleled those observed in the skeletal muscle (Fig. 1). In the
AL fed mice, the amounts of GSSG were lower in the DBA/2 than in C57BL/6 mice at both
6 and 24 months of age (by 41% and 13%, respectively). The amount of GSSG increased
with age in both strains of AL fed mice (79% in C57BL/6; 163% in DBA/2). CR caused a
26% decrease in the level of GSSG in C57BL/6 mice at 6 months of age, whereas it
increased GSSG amount by 33% in the DBA/2 mice. Importantly, at 24 months, CR
completely prevented the age-related rise in GSSG concentration in C57BL/6 mice, but it
had no effect in the DBA/2 mice. Analysis of the GSSG data for the liver homogenates
indicated a significant Age × Strain × Diet interaction (p = 0.005).

Under the AL regimen, the GSH:GSSG ratios declined during 6 to 24 months of age by 48%
in C57BL/6 and 55% in the DBA/2 mice (Fig. 2C). In the C57BL/6 mice, CR elevated
GSH:GSSG ratio by 40% at 6 months and completely prevented the age-related decline
observed at 24 months of age. In contrast, in DBA/2 mice, CR had no effect on GSH:GSSG
ratio at 6 months of age and failed to prevent the age-related decline at 24 months.
Compared to their corresponding 6-month-old AL fed group, CR elevated the GSH:GSSG
ratio by 44% in C57BL/6 mice at 24 months of age whereas there was a decrease of 31% in
the DBA/2 mice. ANOVA on the GSH:GSSG ratios in the liver yielded significant main
effects and 2-way interactions of all factors (ps < 0.001) as well as a 3-way interaction that
neared significance (p < 0.07).

The amounts of Pr-SSG in the liver (Fig. 2D) increased during 6 to 24 months of age in the
AL-fed mice of both strains, albeit the increase was greater in C57BL/6 (61%) than in DBA/
2 mice (44%). CR attenuated the age-related increase in Pr-SSG content in the C57BL/6, but
had no effect in the DBA/2 mice. Analysis of the Pr-SSG data showed a significant Age ×
Strain × Diet interaction (p = 0.008).

Effect of short-term CR on GSH and GSSG in erythrocytes
In this experiment, the short-term effects of CR on the thiol redox state were determined in
the erythrocytes of the two strains of mice, maintained on AL or CR dietary regimen for 7
weeks, beginning at 17 months of age. In addition, 3-month-old AL-fed mice were used for
the determination of age-related effects. The amount of GSH in the erythrocytes (Fig. 3A)
did not vary as a function of Age, Strain or Diet (ps > 0.262). However, GSSG and the
GSH:GSSG ratios showed significant pro-oxidizing shifts as a function of age (Fig. 3B, C).
The 19-month-old AL-fed C57BL/6 mice had a 72% higher GSSG content and a 41% lower
GSH:GSSG ratio than the 3-month-old. Strikingly, 40% CR for 7 weeks fully prevented
these pro-oxidizing changes in the C57BL/6 mice. In contrast, while the DBA/2 mice
showed a 46% increase in GSSG amount and a 33% decrease in GSH:GSSG ratio during 3
to 19 months of age under the AL regimen, CR for 7 weeks had no effect on GSSG content
or GSH:GSSG ratio in this strain. It is also worth noting that under the AL regimen, DBA/2
mice had significantly higher GSSG level and a lower GSH:GSSG ratio than the C57BL/6
mice at 3 months of age, however, these inter-strain differences were absent in the 19-
month-old mice. Analyses of variance on GSSG content and GSH:GSSG ratios revealed a
significant interaction of Strain and Diet (p < 0.015), which conforms with the observed
differential effect of CR in the C57BL/6 and the DBA/2 mice.
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Activities of hepatic enzymes associated with glutathione metabolism
The studies on the skeletal muscle, liver and erythrocytes, described above, suggested that
the glutathione redox state is differentially affected by CR in the two strains of mice. To
gain an understanding of the possible underlying mechanisms, activities of selected enzymes
involved in glutathione metabolism were examined in the liver because it is the main site of
the trans-sulfuration pathway [16] and the de novo synthesis of GSH, which is then released
into the plasma for translocation to other tissues [17]. Alterations in hepatic GSH
metabolism can have a generalized impact on the redox state of extra-hepatic tissues [11].
Accordingly, activities of glutathione peroxidase (GPX), glutathione reductase (GR) and
glutamyl cysteine ligase (GCL), which play a direct role in glutathione biosynthesis or
oxidation/reduction, were compared between the two strains of mice at 6-months of age
under the AL conditions and at 24-months in mice kept under the AL regimen or 40% CR
regimen initiated at 4 months of age (Fig. 4). GPx activity utilizes the reductive capacity of
GSH to convert hydrogen peroxide to water while simultaneously generating GSSG. There
were no notable differences in GPx activity between the two strains at 6- or 24- months of
age under the AL regimen; however, the activity was 22-38% higher in the 24-month-old
CR mice of both strains than in their age-matched AL counterparts, with C57/BL6 mice
showing a 73% greater CR-related increase than the DBA/2 mice. GR activity converts
GSSG to GSH using reducing equivalents supplied by NADPH. It was found to increase
with age as well as in response to CR in both strains; the activity was 30% higher in the
DBA/2 than in C57/BL6 mice at both ages under the AL regimen, and 36% higher than
C57BL/6 under the CR regimen.

GCL is the rate-limiting enzyme in de novo GSH biosynthesis. Its activity exhibited a
notable pattern of variations with respect to strain, age, and dietary intake. Under the AL
regimen, GCL activity was 70% higher in C57/BL6 than in DBA/2 mice at 6- and 24-
months of age. During this period, the activity of GCL increased ~ 2-fold in both strains.
Notably, a comparison between the 24-month-old mice, kept under AL or CR regimens,
indicated that CR resulted in a 32% increase in GCL activity in C57/BL6 mice, whose life
span is extended by CR, but there was no discernable effect in the DBA/2 mice, in which
CR has no impact on longevity. Analyses of variance on the data for activity of each of the
enzymes indicated a significant main effect of both Strain and Diet (all p<0.031).

Discussion
Results of this study indicated that: (i) in the skeletal muscle and liver of AL-fed mice of
both strains, the steady-state amounts of GSSG and Pr-SSG increased and the GSH:GSSG
ratios declined as a function of age, suggesting an age-related pro-oxidizing shift in the thiol
redox state; (ii) long-term (19 months) CR prevented the age-related increases in the
amounts of GSSG and Pr-SSG and the decline in GSH:GSSG ratio in C57BL/6 mice, whose
life span is extended by CR, but not in the DBA/2 mice, in which CR has no effect on
longevity; and (iii) even relatively short-term (7 weeks) CR also reversed the age-related
shift in the glutathione redox state in the erythrocytes in C57BL/6, but not the DBA/2 mice.
Furthermore, CR was found to elevate the hepatic GCL activity in the former and not the
latter strain

The reason why CR affects the longevity of one particular genotype and not the other is
presently unknown, albeit, it has been widely postulated that life span extension by CR may
be due to the attenuation of oxidative stress [6]. Although the biochemical manifestations of
oxidative stress remain to be clearly defined, one view is that disturbance in the thiol redox
homeostasis and the consequent disarray in the signaling networks, rather than the amount
of structural damage, is a more relevant indicator of oxidative stress [18-20]. Broadly, the
ostensible mechanism is that under physiological conditions, molecules such as H2O2 may
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react with protein thiolate anions at the active site of certain proteins [21-24], to form
cysteinyl sulfenic acid and cause inactivation of the protein activity (reaction 1) [25-26].
Sulfenic acid may react with GSH or a protein sulfhydryl (Pr-SH) generating a mixed
disulfide with glutathione (Pr-SSG) or a disulfide bridge (reactions 2, 3), respectively
[27-29]. Under conditions of oxidative stress, protein thiols may be progressively hyper-
oxidized, forming sulfenic- (-SOH), sulfinic- (-SO2H) and sulfonic acids (-SO3H); the latter
two products are deemed to be irreversible [30-31]. The severity of protein cysteinyl thiolate
oxidation depends upon the strength (concentration) and the duration of exposure to ROS
(H2O2) [32]. Increased H2O2 production may also lead to an elevation in the level of GSSG
partly due to the oxidation of GSH during H2O2 reduction by glutathione peroxidase. In
turn, GSSG can react with cysteinyl thiolate residues to form Pr-SSG (reaction 4).

(reaction 1)

(reaction 2)

(reaction 3)

(reaction 4)

Thus, elevations in the steady-state amounts of GSSG and mixed disulfides of proteins with
glutathione may be considered to be important indicators of oxidative stress, emanating from
increases in the mitochondrial production of H2O2.

Results of the present study indicated that GSH levels in the skeletal muscle and liver of
AL-fed aged mice of both strains remained relatively unaltered as a function of age, whereas
GSSG and Pr-SSG amounts increased markedly, resulting in the age-related declines in
GSH:GSSG ratios. However, the effect of CR on GSSG and Pr-SSG amounts differed in the
two strains of mice. While CR decreased the GSSG and Pr-SSG levels in both tissues of the
C57BL/6, it had no effect in the DBA/2 mice. Thus, the ability of the CR regimen to retard
or prevent the accumulation of GSSG and Pr-SSG was encountered in the mouse genotype,
C57BL6, whose life span is extendable by CR and not in the genotype, DBA/2, where it is
not.

A major difference in the response of skeletal muscle and liver to CR was that CR had no
effect on the amount of GSH in the skeletal muscle of either mouse strain, while it enhanced
GSH level in the liver; albeit this effect was observed only at 24 months of age and the
magnitude of the increase was greater in the DBA/2 than C57BL/6 mice. Because CR
elevated GSH level in the DBA/2 and this increase was even higher than in the C57BL/6
mice and because CR extends the life span of the latter and not the former genotype, it can
be inferred that CR-related increase in GSH amounts is not associated with an extension of
life span. Thus, the results demonstrate that the life span prolongation effect of CR, observed
in the C57BL/6 but not DBA/2 mice, is associated with the ability of CR to counteract the
accumulation of GSSG and Pr-SSG, which can potentially affect the redox-sensitive
functional activities of the proteins [20,33,34]. Nevertheless, such correlations are
insufficient to establish a cause-and effect relationship between redox state and life span
extension by CR.
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Though genetically quite dissimilar, the two strains of mice examined here were relatively
matched in terms of their median life span under ad libitum conditions (C57BL/6, 26.3 mo;
DBA/2, 25.1 mo) [4]. The body weights of the two strains were also similar at 4 months
when CR was implemented. In spite of these similarities, the strains exhibit a number of
physiological differences that may directly or indirectly have an impact on the redox state.
For instance, the amounts of GSH in the heart, liver and skeletal muscle, as well as catalase
activity in heart and skeletal muscles, were significantly higher in C57BL/6 than DBA/2
mice [35], suggesting that the former may be relatively more efficient in the elimination of
H2O2. The resting rate of oxygen consumption was also lower in the C57BL/6 than DBA/2
mice [3,36]. Another notable difference was that while the two strains consumed the same
amount of food throughout adult life, the C57BL/6 gained 20% more body weight and had
160% greater body fat by 24 months of age than the DBA/2, which showed no net gain in
body weight or fat during the same period [3,36]. Increases in body weight and adiposity
have been shown to elevate the rate of mitochondrial production of H2O2 as well as the level
of pro-inflammatory cytokines that are known to exacerbate oxidative stress [37]. Thus, it
seems that the attenuation of pro-oxidant changes resulting from CR are observed in the
mouse genotype (C57BL/6) that has a relatively low metabolic rate and a propensity to gain
body weight when fed ad libitum.

It is widely recognized that the mechanisms involved in the maintenance of the redox state
are highly complex, entailing an inter-play between diverse arrays of pro-oxidants and anti-
oxidants. The possible involvement of enzymes associated with glutathione metabolism and
redox state was explored in the present study. In the DBA/2 mice, CR enhanced the
activities of GPx and GR, but not of GCL, whereas in the C57BL/6 mice, it elevated GPx
and GCL activities. Thus, elevation of GCL activity by CR occurred in the strain whose life
span is also prolonged under the CR regimen. While a cause-and-effect relationship can not
be established on the basis of such correlative data, our previous studies on transgenic
Drosophila melanogaster have shown that among the various antioxidant enzymes, such as
Cu, Zn-SOD, Mn-SOD [38,39], catalase [39,40], intramitochondrial ectopic catalase [41],
thioredoxin reductase [39], peroxiredoxins 3 and 5 [42,43] and glucose-6-phosphate
dehydrogenase [44], the over-expression of GCL resulted in the most robust extension of
life span of these flies [45]. Similarly, it has been experimentally demonstrated that survival
under oxidative stress depends more strongly on GCL activity than the steady-state levels of
GSH [46,47]. It is well recognized that GCL activity is usually elevated by conditions that
increase the level of oxidative stress [48,49]. It is thus intriguing that CR, a regimen known
to attenuate oxidative stress, was found here to elevate the activity of GCL. Studies by
Langston et al. [50] suggest the existence of a mechanism in which, under conditions of low
glucose concentration, a stimulated increase in the insulin levels results in the upregulation
of GCL via Nrf2. Recently, Hempenstall et al. [51] reported that CR markedly increases the
fasting glucose level in DBA/2, but decreases it in the C57BL/6. It is possible that these
opposing effects of CR on glucose levels may play a role in the presence or absence of GCL
upregulation observed here.

It should be noted that the C57BL/6 mice used in the current study carry a loss-of–function
mutation in the nicotinamide nucleotide transhydrogenase gene (Nnt) that confers a
moderate impairment in glucose homeostasis in vivo and an increase in glucose-stimulated
production of ROS [52]. It is thus conceivable that the biochemical responses to CR of
C57BL/6J mice in these studies could be affected by the mutant Nnt, and will need to be
confirmed in C57BL/6 that carry the wild-type allele. Nevertheless, based upon a literature
survey of studies in C57BL/6 mice that did or did not carry mutant Nnt, there are no reports
suggesting any effect on the ability of CR to increase longevity [53,54] or to elicit a
lowering of oxidative stress in various tissues [10,55].
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To conclude, results of this study suggest that the life span extension effect of CR may be
associated with the attenuation of age-related pro-oxidant shift in the thiol redox state,
indicated by the levels of GSSG and Pr-SSG, albeit the nature of the underlying mechanism
remains to be elucidated.
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Fig. 1.
Effects of age and caloric restriction (CR) on amounts of GSH (A), GSSG (B), the
GSH:GSSG ratio (C) and amounts of Pr-SSG (D) in homogenates of hind leg skeletal
muscles in C57BL/6 and DBA/2 mice. Mice were fed ad libitum (AL) or gradually put on
40% CR at 4 months of age. Data represent the mean ± SE of 3-10 mice. (* p < 0.05 for
planned comparisons of CR with AL of matching age and strain; † for comparison of
C57BL/6 to DBA/2 of matching diet and age).
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Fig. 2.
Effects of CR on amounts of GSH (A) and GSSG (B), the GSH:GSSG ratio (C), and
amounts of Pr-SSG (D) in liver homogenates of C57BL/6 and DBA/2 mice at 6 and 24
months of age. Data represent the mean ± SE of 4-8 mice. (* p < 0.05 for planned
comparisons of CR with AL of matching age and strain; † for comparison of C57BL/6 to
DBA/2 of matching diet and age).
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Fig. 3.
Effect of age and short-term CR on GSH (A), GSSG (B), or GSH:GSSG ratio (C) in
erythrocytes of C57BL/6 and DBA/2 mice. Mice were placed on 40% CR for 7 weeks at 15
months of age. Data represent the mean ± SE of 4-10 mice (* p < 0.05 for planned
comparisons of CR with AL of matching age and strain; † for comparison of C57BL/6 to
DBA/2 of matching diet and age).
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Fig. 4.
Effects of age and CR on activity of the enzymes GPX (total) (A), GR (B), and GCL (C) in
liver homogenates of C57BL/6 and DBA/2 mice. Data represent the mean ± SE of 3-4 mice.
(* p < 0.05 for planned comparisons of CR with AL of the same strain; † for comparison of
C57BL/6 to DBA/2 of matching diet and age).
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