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Abstract
The main purpose of this study was to determine if differences in life spans of two different strains of mice are associated with the thiol
redox state of their tissues and mitochondria. A comparison, based on amounts of reduced and oxidized glutathione (GSH, GSSG) and
reactive protein thiols, was made between short-lived SAM (P8) mice and the longer-lived C57BL/6 mice at 13 months of age. The average
life span of the latter mouse strain is approximately 48% longer than the former strain. Analyses of plasma, tissue homogenates and
mitochondria of liver, kidney, heart, brain and skeletal muscle indicated that, in general, amounts of GSH and reactive protein sulfhydryls
and GSH:GSSG ratios were lower and concentrations of GSSG were higher in the SAM than the C57BL/6 mice. Differences in the redox
state between the two strains were more consistent and pronounced in skeletal muscle than in other tissues, and in mitochondria than in their
respective tissue homogenates. Overall, the results support the view that the shorter-lived SAM mice exhibit a relatively higher level of
oxidative stress than the longer-lived C57BL/6 mice, which is consistent with the predictions of the oxidative stress hypothesis of aging.
Intra-species comparisons may be useful for the identification of biochemical characteristics associated with the variations in life spans.
q 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Although the nature of the biochemical mechanisms
underlying the aging process is presently poorly understood,
free radicals and hydroperoxides, collectively termed
‘reactive oxygen species’ (ROS), have been widely postulated to play a causal role in the induction of senescent
alterations (Harman, 1956). There are presently two
different, but compatible, notions about the mechanisms by
which ROS may cause age-related attenuations in cellular
functions (Weindruch and Sohal, 1997). The classical view
is that age-associated losses in the efficiency of cellular
functions are primarily due to the accumulation of ROS
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inflicted oxidative damage to macromolecules, such as
proteins, nucleic acids and lipids (reviewed in Beckman and
Ames, 1998; Sohal et al., 2002). Indeed, a large body of
correlative data demonstrates the link between aging and the
increase of reaction products of ROS and cellular macromolecules in a variety of different species (Levine and
Stadtman, 2001). Such ROS-mediated damage, particularly
that to proteins, has been shown to deleteriously affect
cellular functions (Stadtman and Levine, 2000; Sohal, 2002).
The other, more recent, view is that besides the infliction of
molecular damage, ROS also cause a gradual prooxidizing
shift in the redox state of cells, which results in progressive
alterations in cellular signaling and gene expression, thereby
propelling the cells into increasingly advanced states of
cellular senescence (Droge, 2002; Finkel, 2003).
The mechanism by which ROS alter overall cellular
redox state is thought to initially involve oxidation of free
and protein-bound accessible thiols (Reed, 1986; Schafer
and Buettner, 2001; Giles et al., 2003). Although there are
several redox couples, which collectively establish
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the cellular redox state, reduced:oxidized glutathione
(GSH:GSSG) is the most abundant pair. Thus, the
GSH:GSSG ratio is considered to be a sensitive indicator
of the cellular redox state (Jones, 2002). Furthermore, loss
of protein sulfhydryl groups and glutathionylation or
thiolation can potentially regulate the functions of certain
proteins (Cotgreave and Gerdes, 1998; Klatt and Lamas,
2000; Thomas and Mallis, 2001).
Results of previous studies in mice have indicated that
during aging the glutathione redox state (GSH:GSSG ratio)
in tissues and mitochondria shifts progressively towards
oxidation (Rebrin et al., 2003, 2004). Concomitantly, there
is an elevation in mitochondrial superoxide anion radical
(OK
2 ) and hydrogen peroxide (H2O2) generation and an
increase in the amounts of molecular damage, indicated by
products such as protein carbonyls and 8-hydroxydeoxyguanosine (reviewed in Sohal and Weindruch, 1996;
Beckman and Ames, 1998). Reduction of caloric intake,
which extends the life span of mice, retards such ageassociated increases in rates of mitochondrial OK
2 /H2O2
generation and in the amounts of oxidatively modified
macromolecules, and attenuates the severity of the prooxidizing shift in the glutathione redox state (Sohal et al.,
1994; Rebrin et al., 2003). Thus, it seems that the
prooxidizing shift in the glutathione redox state of tissues
in the mouse is associated with aging and life expectancy.
Various strategies have been employed to identify ageassociated biochemical alterations that may play a causal
role in the aging process. One approach, to identify potential
longevity determinants, is to ascertain whether or not intraspecies differences in life span are indeed correlating with
suspected causal factors. The rationale is that if differences
in life spans reflect an underlying variation in the rate of
aging, it may be reasoned that at similar chronological ages,
the biochemical alterations associated with the aging
process should be at a more advanced stage in the shorterlived than in the longer-lived strain. The present study
examines whether the thiol redox state is a correlate of life
span of two different strains of mice, namely C57BL/6 and
SAM (senescence accelerated mice): the former has 48%
longer average life span than the latter.
Specifically, the present study reports a comparison of
GSH and GSSG content, GSH:GSSG ratios and amounts of
reactive protein sulfhydryls in homogenates and mitochondria of liver, brain, heart, skeletal muscle and kidney,
between the longer-lived C57BL/6 mouse and the shorterlived SAM (P8) mouse.

2. Materials and methods

sulfonic acid were acquired from EM Science (Gibbstown,
NJ). Deionized water was prepared using a Millipore
Milli-Q System. All other chemicals were HPLC grade or
of the highest purity available.
2.2. Animals
Male SAM and C57BL/6Nnia mice (13 months of age)
were obtained from the National Institute on Aging,
National Institutes of Health. SAM (P8) (senescence
accelerated-prone mice) mice were originally received
from the University of California, Berkley. Mice were fed
ad libitum and maintained under standard conditions.
2.3. Isolation of mitochondria
At 13 months of age, mice were killed by cervical
dislocation and their tissues (liver, kidney, brain, heart and
skeletal muscle) were quickly removed and placed in icecold anti-oxidant buffer (50 mM potassium phosphate
buffer, pH 7.4, containing 2 mM EDTA and 0.1 mM
butylated hydroxytoluene). Mice (two animals in each age
group) were usually dissected within 1 h, and all subsequent
procedures were performed at 4 8C. EDTA-containing
blood (50 ml of 100 mM EDTA solution for each ml of
blood) was centrifuged at 2000!g for 3 min to separate
plasma. Tissue homogenization procedures and buffers used
for isolation of mitochondria were identical to those
described previously (Rebrin et al., 2003). Briefly, pieces
of minced tissues were homogenized in 10 vol (w/v) of the
indicated isolation buffer: for liver tissue, 0.25 M sucrose,
3 mM EDTA, 10 mM Tris buffer, pH 7.4; for kidney,
0.22 M mannitol, 70 mM sucrose, 10 mM EGTA, 2 mM
Hepes, pH 7.4; for heart, 0.3 M sucrose, 0.03 M nicotinamide, 0.02 M EDTA, pH 7.4; for brain, 0.32 M sucrose,
1 mM EDTA, 10 mM Tris, pH 7.4; for skeletal muscle,
buffer 1, containing 0.12 M KCl, 2 mM MgCl2, 1 mM
EGTA, 0.5 mg/ml BSA, 20 mM Hepes, pH 7.4 and buffer 2,
containing 0.3 M sucrose, 0.1 mM EGTA, 2 mM Hepes,
pH 7.4. Low and high speed differential centrifugations for
mitochondrial isolation were, respectively, 1000 g for
10 min and 17,500 g for 10 min for liver; 600 g for 10 min
and 15,000 g for 10 min for kidney; 700 g for 10 min and
10,000 g for 10 min for heart; 1300 g for 3 min and 21,200 g
for 10 min for brain; 600 g for 12 min and 17,000 g for
12 min in buffer 1 and 1200 g for 12 min and 12,000 g for
12 min in buffer 2 for skeletal muscle. Mitochondria from
all tissues were isolated within 1–2 h after tissue dissection,
except those from brain, which required a longer isolation
time (up to 3 h) due to additional steps involving Percoll
gradient centrifugation (Sims, 1993).

2.1. Reagents
2.4. Sample preparation for glutathione analysis
Calibration standards (GSH, GSSG and cysteine) were
obtained from Sigma Chemical Co. (St Louis, MO).
Acetonitrile, meta-phosphoric acid (MPA) and 1-octane

Immediately after homogenization of the tissues,
200 ml aliquots of the crude homogenates were mixed
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with 200 ml of ice-cold 10% (w/v) MPA, incubated for
30 min on ice and centrifuged for 20 min at 14,000!g at
4 8C. Supernatants were transferred to autosample vials
and either injected immediately or stored at K80 8C
until analysis. Storage of deproteinized tissue samples in
5% (w/v) MPA at K80 8C for up to 6 months was
found to have no effect on the concentrations of GSH
and GSSG.
For measurements of mitochondrial glutathione content,
aliquots (150–200 ml) of fresh mitochondrial preparations
were washed once with a 100-fold excess of buffer and
pelleted by centrifugation. This washing step was found to
be critical in order to remove excess GSH and GSSG from
the cytosolic fraction. Mitochondria were then resuspended
in 200 ml of 5% (w/v) MPA. After 20 min of incubation on
ice, samples were centrifuged for 20 min at 18,000 g at 4 8C.
Supernatants were transferred into autosample vials and
used for injections immediately or stored at K80 8C until
analysis.
For the measurements of reactive protein sulfhydryls,
200 ml of homogenates were mixed with 50 ml of solution
containing 50 mM GSSG. After incubation of this mixture
for 2 h at 37 8C, 250 ml of ice-cold 10% MPA was added.
After 20 min of incubation on ice, samples were centrifuged
for 20 min at 18,000 g at 4 8C. Protein pellets from acid
precipitation were washed three times in 5% MPA to
remove the free (non-protein bound) glutathione. Proteinbound glutathione was subsequently released by incubation
of washed protein pellets with 0.5 M sodium borohydride
for 30 min at 37 8C.
The protein content of homogenates and mitochondria
was determined by the BCA protein assay, according to the
manufacturer’s instructions (Pierce, Rockford, IL).
2.5. HPLC-Coulometric EC detection
Samples were separated by HPLC, equipped with a
Shimadzu Class VP solvent delivery system, using a
reverse phase C18 Luna (II) column (3 m; 4.6!150 mm),
obtained from Phenomenex (Torrance, CA, USA). 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, 2% (v/v) acetonitrile, pH 2.7,
adjusted with 85% phosphoric acid. The flow rate was
0.7 ml/min. Under these conditions, the separation of
aminothiols was completed in 35 min; cysteine was the
first and GSSG was the last eluting peak, with retention
times of 5 and 30 min, respectively. Deproteinated samples
were injected directly onto the column using a Shimadzu
autosampler. Calibration standards were prepared by
dilution of 2 mM stock solutions of cysteine, GSH and
GSSG in 5% (w/v) meta-phosphoric acid, and were
injected at regular intervals to ensure uniform standardization. Each sample was injected twice, and the average of
the peak areas was used for calculations of the aminothiol
concentrations. Following HPLC separation, aminothiols
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were detected with a model 5600 CoulArrayw electrochemical detector (ESA, Inc., Chelmsford, MA, USA),
equipped with a four-channel analytical cell. Increasing
potentials of C400, C600, C750 and C875 mV were
applied on channels 1–4, respectively. Cysteine and GSH
were detected on channel 3 (C750 mV), whereas
GSSG was detected on channel 4 (C875 mV). The low
potentials on channels 1 (C400 mV) and 2 (C600 mV)
were used as an oxidative screen to eliminate interfering
compounds that oxidize at a lower voltage than the GSH
and GSSG.
2.6. Statistics
Statistical significance was determined by unpaired
Student’s t-tests. P!0.05 was considered to be significant.

3. Results
3.1. Life spans
Survivorship curves of male C57BL/6 and SAM (P8)
mice are presented in Fig. 1. The average life span of the
SAM mice was 17.8G4.3 months and the age at which 90%
mortality had occurred was 23 months (nZ18), whereas the
average life span and age of 90% mortality of male C57BL/
6 mice were 26.4G4.0 and 31.3 months (nZ22), respectively, as reported previously (Forster et al., 2003).
Biochemical comparisons were made at 13 months of age,
which precedes the onset of dying phase. This should avoid
the complications associated with pathologies that occur
during this period.

Fig. 1. Survivorship of C57BL/6 (nZ22) and SAM (P8) (nZ18) mice as a
function of age. Mortality data for C57BL/6 mice were taken from a
previous study (Forster et al., 2003).
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Fig. 2. Percent differences in concentrations of GSH, GSSG and cysteine
and GSH:GSSG ratio in blood serum between 13-month-old SAM (nZ5)
and C57BL/6 (nZ6) mice. The absolute concentrations of GSH, GSSG and
cysteine in blood serum of the C57BL/6 mouse were 1.76G0.15, 0.038G
0.008 and 6.58G0.67 mM, respectively, and the GSH:GSSG ratio was
47G9. All values are meanGs.d.; the *indicates a significant difference
(P!0.005) based on unpaired t-test.

3.2. Comparison of GSH, GSSG and cysteine content
in blood serum between the two strains of mice
At 13 months of age, the concentrations of GSH and
cysteine were, respectively, 29 and 69% lower, whereas
GSSG content was 2.5-fold greater in the SAM mice, as
compared to the C57BL/6 mice (Fig. 2). Consequently, the
GSH:GSSG ratio was 70% lower in SAM than in C57BL/6
mice.
3.3. Comparison of GSH, GSSG and reactive protein
sulfhydryl content in tissue homogenates
There were considerable variations in GSH content
(up to 17-fold) among homogenates of different tissues

(Table 1). In both strains of mice, the rank order of GSH
concentration was liverObrainOheartOskeletal muscleO
kidney. In C57BL/6 mice, in comparison to the liver, the
relative amounts of GSH were 10% in kidney, 39% in heart,
51% in brain and 11% in the hindlimb skeletal muscle.
GSSG concentration also varied several fold in different
tissues. Compared to the level in the liver, the GSSG
concentration was 83% in brain, 30% in heart, 25% in
skeletal muscle and 133% in the kidney.
The GSH content of homogenates was similar in liver
and brain, but was significantly lower in kidney, heart and
skeletal muscle of SAM than C57BL/6 mice. For instance,
compared to C57BL/6 mice, the GSH content of SAM mice
was 52% in kidney, 60% in heart and 87% in skeletal
muscle. The GSSG content of homogenates was similar in
the two strains in all the tissues except skeletal muscle
where it was relatively higher in the SAM mice.
The GSH:GSSG ratios varied in homogenates from 17:1
in the kidney to 128:1 in the brain of C57BL/6 mice (Fig. 3).
Ratios of GSH:GSSG were significantly higher in
homogenates of kidney and skeletal muscle of C57BL/6
than SAM mice, but were similar in liver, heart and brain.
The amounts of reactive protein sulfhydryls were higher
in C57BL/6 mice than in SAM mice in all the tissues
examined, except the brain, where there was no significant
difference (Fig. 4).
3.4. Comparison of mitochondrial GSH and GSSG content
In both strains of mice, the GSH content of the
mitochondrial fraction was considerably lower than in the
corresponding tissue homogenate, except in the kidney of
SAM mice, where it was similar (Table 1). In C57BL/6
mice, compared to the homogenates, mitochondrial GSH
concentration was 35% in liver, 71% in kidney, 50% in

Table 1
Concentrations of reduced glutathione (GSH) and glutathione disulfide (GSSG) in homogenates and mitochondria of different tissues of SAM (nZ5), and
C57BL/6 (nZ6) mice at 13 months of age
Tissues

Liver
SAM
C57BL
Brain
SAM
C57BL
Heart
SAM
C57BL
Skeletal muscle
SAM
C57BL
Kidney
SAM
C57BL
#

Homogenate

Mitochondria

GSH (nmol/mgprotein)

GSSG (nmol/mgprotein)

GSH (nmol/mgprotein)

25.2GG2.1
26.3G1.9

0.18G0.06
0.12G0.02

7.17G0.48#
9.41G1.06

0.18G0.02#
0.11G0.01

12.6G2.2
13.5G0.9

0.10G0.02
0.10G0.01

4.22G0.25#
6.31G0.43

0.030G0.005
0.025G0.002

6.3G0.4#
10.3G0.5

0.28G0.09
0.36G0.06

4.54G0.33
5.10G0.37

0.30G0.04
0.21G0.02

2.6G0.2#
3.0G0.2

0.08G0.01#
0.03G0.01

1.12G0.09#
1.37G0.11

0.102G0.012#
0.048G0.004

1.4G0.2#
2.8G0.2

0.18G0.02
0.16G0.01

1.79G0.15
1.99G0.26

0.0080G0.0002#
0.0101G0.0008

Denotes significant statistical difference (P!0.05) compared to C57BL/6 mice.

GSSG (nmol/mgprotein)
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heart, 47% in brain and 45% in skeletal muscle. In general,
mitochondrial GSSG concentration was lower than in the
respective homogenate.
Mitochondrial GSH content also varied greatly among
different tissues. In C57BL/6 mice, compared to the level in
the liver mitochondria, GSH concentration was 67% in
brain, 54% in heart, 15% in skeletal muscle and 21%
in kidney. Similarly, mitochondrial GSSG concentration
varied up to 21-fold among different tissues.
Compared to the SAM mice, amounts of GSH in
mitochondria from liver, brain and skeletal muscle were,
respectively, 32, 50 and 21% higher in the C57BL/6 mice,
whereas there were no significant differences in the kidney
or heart. In contrast, the GSSG content in mitochondria
from the liver and skeletal muscle was significantly higher
in SAM than in C57BL/6 mice, although in kidney it was
significantly lower (Table 1). The mitochondrial
GSH:GSSG ratios were also higher in C57BL/6 mice than
in SAM mice in all tissues, except the kidney (Fig. 3). The
difference in mitochondrial GSH:GSSG ratio between the
two strains was most notable in the brain.

4. Discussion

Fig. 3. GSH:GSSG ratios in homogenates (top panel) and mitochondria
(bottom panel) of liver (L), kidney (K), heart (H), brain (B) and skeletal
muscle (SM) of 13-month-old SAM (nZ5) and C57BL/6 (nZ6) mice. All
values are nmol/mg proteinGs.d.; *indicates a significant difference (P!
0.005) based on unpaired t-test.

Fig. 4. Amounts of reactive protein sulfhydryls in homogenates of liver (L),
kidney (K), heart (H), brain (B) and skeletal muscle (SM) of SAM (nZ5)
and C57BL/6 (nZ6) mice at 13 months of age. All values are nmol/mg
proteinGs.d.; *indicates a significant difference (P!0.005) based on
unpaired t-test.

The main findings of this study are that, in both the SAM
and C57BL/6 strains of mice, the redox state differs among
different tissues and between mitochondria and their
corresponding tissue homogenates. Most of the tissues of
the shorter-lived SAM mouse exhibit a lower ratio of
GSH:GSSG as well as lower amounts of reactive protein
thiols than corresponding tissues of the longer-lived
C57BL/6 mouse.
The redox status of tissue is primarily dependent upon
the amount of GSH and the ratio between GSH and GSSG
(Schafer and Buettner, 2001). Present results indicate the
existence of large differences in amounts of GSH and GSSG
and GSH:GSSG ratios among homogenates and mitochondria from different tissues of the same mouse. Significant
differences in these parameters also exist between tissue
homogenates and their respective mitochondria. For
instance, up to 17- and 10-fold variations in the amounts
of GSH were encountered in different tissue homogenates of
SAM and C57BL/6 mice, respectively. The relative
concentrations of GSH present in mitochondria as compared
to their respective tissue homogenates varied from 35 to
71%. Similarly, the GSH:GSSG ratios in tissue homogenates ranged from 17:1 in the kidney to 128:1 in the brain of
C57BL/6 mice. Mitochondrial GSH:GSSG ratios varied not
only among different tissues, but also in comparison with
their respective tissue homogenates. In contrast, there was
considerably less variation in reactive protein sulfhydryl
content among different tissues. Altogether, these data
suggest that different redox environments exist in different
cellular compartments and tissues. The rank order of
reducing conditions was liverObrainOheartOskeletal
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muscleOkidney. The inter-tissue variability also emphasizes that studies on oxidative stress and aging should be
conducted on several different tissues and not restricted to a
single organ.
The GSH and GSSG contents of tissues are dependent
upon a number of factors related to the biosynthesis of GSH
and its catabolism by oxidation and degradation (Reed,
1986; Griffith, 1999; Bharath et al., 2002). Concentrations
of GSH precursor molecules, such as cysteine, and activities
of enzymes such as glutamate cysteine ligase, the rate
limiting enzyme in GSH biosynthesis, and GSSG reductase,
are thought to be critical factors in the augmentation of
GSH. Under aerobic conditions, GSH is catabolised in a
variety of reductive reactions, including the reduction of
H2O2 by glutathione peroxidase, elimination of xenobiotics
by glutathione-S-transferases, reduction of oxidized forms
of thioredoxin, dethiolation of proteins, and direct reactions
with H2O2 and various other ROS. Thus, lower oxidant load
and higher biosynthetic activity would be associated with
relatively high level of GSH. Indeed, caloric restriction in
mice and rats, a regimen that attenuates rates of mitochondrial OK
2 /H2O2 generation (Sohal et al., 1994; Barja, 2002)
and elevates amounts of coenzyme Q and vitamin E
(Kamzalov and Sohal, 2004), as well as catalase in some
tissues (Yu, 1996), results in an increase in GSH levels,
particularly in mitochondria (Rebrin et al., 2003). A
comparison of GSH concentrations in homogenates of
different tissues and mitochondria between the SAM and
C57BL/6 mice indicates that in three out of five tissues
examined the GSH concentration is higher in the latter strain
than in the former, which suggests that reductive capacity
tends to be greater in the longer-lived strain.
Steady-state concentrations of GSSG and ratios of GSH
to GSSG are widely recognized to be sensitive indicators of
oxidative stress in tissues (Schafer and Buettner, 2001;
Jones, 2002; Droge, 2002). While GSSG concentrations
reflect the gap between the rates of GSSG formation and its
reconversion to GSH or extrusion from cells, the
GSH:GSSG ratio is indicative of the overall redox state.
Comparisons of GSSG content together with GSH:GSSG
ratios between the two strains of mice, studied here, indicate
that except kidney mitochondria, all the tissue homogenates
and mitochondria in SAM mice exhibit either a higher
amount of GSSG content and/or a lower ratio of GSH:GSSG
than the C57BL/6 mice, thereby strongly suggesting that
tissues of the former mouse strain exhibit a relatively more
oxidizing state than those of the latter strain. This inference
is consistent with previous findings made in the SAM mice.
As summarized by Hosokava (2002), at comparable ages
SAM mice contain relatively higher concentrations of lipid
peroxides, protein carbonyls and 8-hydroxy-deoxyguanosine than the longer-lived control mice.
The main question that arises from this study is whether
the more oxidizing redox state of SAM mice, compared to
the C57BL/6 mice, could be at least partially responsible for
the differences in their life spans. Obviously, the correlative

nature of the present study cannot establish a cause and
effect relationship. Nevertheless, a pro-oxidizing shift in
redox state and particularly the thiolation of proteins can
induce a multiplicity of alterations in cellular functions.
Amounts of reactive protein sulfhydryls, which were lower
in SAM than in C57BL/6 mice, have been found previously
to decrease in mouse tissues as function of age (Dubey et al.,
1996). Loss of protein sulfhydryls is often associated with
reversible thiolation of proteins. Protein thiolation is
apparently induced by different mechanisms that involve
thiol/disulfide exchange or one or two electron oxidations of
cysteinyl residues (Costa et al., 2003; Giles et al., 2003).
Protein thiolation is potentially reversible by disulfide/thiol
exchange or via the mediation of glutaredoxin and
thioredoxin. Protein thiolation/dethiolation is considered
to be physiologically relevant as proteins falling within
diverse functional categories such as signal transduction,
transcription factors, and metabolic enzymes have been
shown to be regulated by this mechanism (Droge, 2002).
In conclusion, the main contribution of the present
study is the demonstration that, at the same chronological
age, the shorter-lived SAM mouse strain is at a relatively
more advanced state of oxidative stress, as reflected by
the thiol redox state, than the longer-lived C57BL/6
mouse strain. This finding, along with the previously
reported data that amounts of macromolecular oxidative
damage are also relatively higher in the shorter-lived
SAM mouse, supports the main prediction of the
oxidative stress hypothesis of aging, namely, that the
rate of aging is dependent upon the level of oxidative
stress. Furthermore, it seems that intra-species comparisons may be useful in the identification of biochemical
characteristics associated with variations in the rate of
aging.
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