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SEN, CHANDAN K., EINE MARIN, MICHAEL KRETZSCHMAR,
AND OsM0 HANNINEN. Skeletal muscle and liver glutathione ho-
meostasis in response to training, exercise, and immobilization. J.
Appl. Physiol. 73(4): 1265-1272, 1992.—Female beagle dogs
were treadmill trained 40 km/day at 5.5-6.8 km/h, 15% up-
grade, 5 days/wk for 55 wk. With training, hepatic and red gas-
trocnemius (RG) total glutathione increased, glutathione per-
oxidase (GPX) and glutathione reductase (GRD) increased in
all the leg muscles studied, and hepatic glutathione S-transfer-
ase (GST) activity increased. Joint immobilization (11 wk) did
not affect GPX, GRD, and GST of RG, but total glutathione
decreased. Male Han Wistar rats were treadmill trained 2 h/
day at 2.1 km/h, 5 days/wk for 8 wk. With training, hepatic
total glutathione and leg muscle GPX increased but GRD of
RG decreased, perhaps because of an increased muscle flavo-
protein breakdown during exhaustive training. y-Glutamyl
transpeptidase was higher in the trained leg muscles. Exhaus-
tive exercise decreased muscle y-glutamyl transpeptidase of
only control leg muscle, depleted muscle (lesser extent in
trained rats) and liver total glutathione of both groups, de-
creased GRD only in untrained RG, and increased hepatic
GST. Endurance training elevated the antioxidant and detoxi-
cant status of muscle and liver, respectively.
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ENDURANCE EXERCISE may contribute to a two- to three-
fold increase in free radical concentrations of the muscle
and liver (9), which may result in a considerable amount
of histological disintegration. Such high concentration of
reactive metabolites may contribute to oxidative skeletal
muscle fatigue (4). Glutathione (L-vy-glutamyl-L-cystein-
ylglycine) is well established as being important in the
circumvention of cellular oxidative stress (30). Glutathi-
one peroxidase (GPX, EC 1.11.1.9) is specific for its hy-
drogen donor reduced glutathione (GSH) but may use a
wide range of substrates extending from H,0, to organic
hydroperoxides. GSH is a major cellular electrophile
conjugator as well. Glutathione S-transferases (GST, EC
2.5.1.18) catalyze the reaction between the -SH group of
GSH and potential alkylating agents, thereby neutraliz-
ing their electrophilic sites and rendering them more
water soluble. Synthesis of GSH is a two-step process;
both reactions are ATP dependent. v-Glutamyl cysteine
synthase (GCS, EC 6.3.2.2) catalyzes the formation of
the dipeptide y-glutamyl cysteine, and subsequently the
addition of glycine is catalyzed by glutathione synthase
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(GSHS, EC 6.3.2.3). Substrates for such synthesis are
provided both by direct amino acid transport and by
v-glutamyl transpeptidase (GGT, EC 2.3.2.2), which cou-
ples the y-glutamyl moiety to a suitable amino acid ac-
ceptor for transport into the cell. GSH is also generated
intracellularly from its oxidized form glutathione disul-
fide (GSSG, produced as a by-product of GPX reaction)
by glutathione reductase (GRD, EC 1.6.2.4) activity,
which is coupled to a series of interrelated reactions.
Thus GSH, GCS, GSHS, GPX, GRD, GST, and GGT are
collectively the critical determinants of the glutathione
homeostasis of an organ.

Endurance training and exercise-dependent alteration
of certain aspects of glutathione metabolism in skeletal
muscles and liver have been investigated in rats (15-17,
21-23, 28, 34). Lew et al. (22) reported that exhaustive
exercise decreases both liver and muscle glutathione
consistently. In a later report (28), they suggested the
possibility of a far more severe hepatic GSH depletion
after exhaustive exercise but observed no significant fall
in skeletal muscle total glutathione content. The fact
that the rats used were of the same strain and of very
close age groups invites further clarification of those in-
teresting findings. Recently, they reported the effect of
endurance training and subsequent exercise on not only
GSH and GSSG but also on the GPX-GRD cycle (23).
Interestingly, endurance training not only augmented
GPX and GRD activities but also decreased the severity
of total glutathione depletion in skeletal muscles caused
by a single bout of exercise. A similar increase in GPX
activity after training was also observed by Laughlin et
al. (21). They suggested a dependence of skeletal muscle
GPX activity on oxidative fiber population. Ji et al. (16)
observed a significant increase of skeletal muscle GPX
on training and also subsequent to a single bout of exer-
cise, the latter effect being more pronounced in un-
trained rats. However, no significant effect of a single
bout of exercise was observed on hepatic GPX of seden-
tary rats (20). Thus there is a definite indication that
endurance training and exercise have a profound influ-
ence on skeletal muscle and hepatic glutathione redox
cycle. Any effect of training or an acute bout of exercise
on hepatic or muscle GST could not be observed by Ji et
al. (17). However, Vani et al. (34) reported a significant
increase in hepatic GST activity subsequent to swim-
ming training. A tendency of the hepatic GST to increase
after a single bout of swimming exercise was also ob-
served; however, the change was not significant (34). We
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were interested in a simultaneous study of the responses
of GSH, GCS, GSHS, GPX, GRD, GST, and GGT to
endurance training and exhaustive exercise because this
could provide a better understanding of the response of
skeletal muscle and liver GSH homeostasis as a whole.
This approach was of particular interest in view of the
wide array of implications of cellular glutathione (26).
Unlike the response in the rat muscles (pilot study), both
the synthesizing enzymes were observed to be active in
the skeletal muscles of beagle dogs (unpublished obser-
vation). Because no relevant dog study has yet been re-
ported, we decided to study the effect of training on he-
patic and skeletal muscle glutathione homeostasis in
dogs and rats. Skeletal muscle citrate synthase (CS, EC
4.1.3.7) activity was used as a metabolic marker of effec-
tive aerobic training. We have also studied the influence
of a single bout of exhaustive exercise in the rat experi-
ment. The effect of joint immobilization on the red gas-
trocnemius muscle of a second group of dogs was studied
to determine whether skeletal muscle glutathione status
is affected by long-term physical inactivity. This muscle
was chosen because it has a high oxidative fiber popula-
tion. With exercise, the oxygen uptake of the dog gas-
trocnemius muscle has been shown to increase 5- to 10-
fold with a 2- to 4.5-fold increase in blood flow and a 4- to
6-fold increase in glucose uptake (10).

MATERIALS AND METHODS

Animals, exercise, and immobilization. For the training
experiment with dogs, 22 female beagle dogs (Shamrock,
England; National Laboratory Animal Center, Kuopio),
15 wk old, were divided into two groups: trained (TR, n =
10) and untrained (UT, n = 12). The UT group was com-
prised of age-matched sisters of each runner. For the first
10 wk, the TR group was accustomed to running on a
10-track treadmill for dogs (University of Kuopio, Fin-
land) at a speed of 0.5-4.0 km/h at 15% uphill grade.
During the next 30 wk (5 days/wk), the running distance
was linearly increased to 40 km/day at 5.5-6.8 km/h, 156%
uphill grade. This work intensity was maintained for the
subsequent 15 wk. The UT group did not participate in
the treadmill-training program and was used as controls.
For the immobilization experiment, 14 female beagle
dogs (Marshall Farms), 29 wk old, were used. The right
pelvic limb was immobilized for 11 wk in a light fiberglass
cast that immobilized the knee and ankle joints. The
limb was tied to the trunk with the knee in 90° flexion
and the paw in dorsi flexion at the ankle joint. The gas-
trocnemius muscle was in a state of moderate tension to
delay overall atrophy of the muscle (5). The use of light
fiberglass cast just over the knee and ankle joints allowed
the lower hindlimb muscles to have considerably more
freedom of activity than during external fixation or even
heavy plaster cast immobilization. This was done be-
cause we were interested in studying consequences of
long-term physical inactivity rather than of overall mus-
cular atrophy, such as during rigid immobilization. The
left leg was used as the paired control. All the dogs were
housed in individual stainless steel cages (floor 0.9 X 1.2
m, height 0.8 m) and maintained at 20 + 2°C room tem-
perature with 10:14-h dark-light cycle and 50-70% hu-
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midity. They were fed with commercial dog food (Hank-
kija, Kolppi, Finland) in portions determined on the
basis of a weekly control (TR vs. UT) of weight gain. Tap
water was given ad libitum.

For the experiment with rats, 44 male Han Wistar rats,
10 wk old, body weight 275-300 g, were randomly divided
into two groups: trained (T, n = 20) and untrained (U,
n = 24). The U group was again randomly subdivided
into two equal subgroups: untrained rats to be killed at
rest (UR) and untrained rats to be killed immediately
after exhaustive exercise (UE). During the first 2 wk, the
T group was accustomed to treadmill (for small animals)
running. The training intensity was linearly increased
such that by the beginning of the 3rd wk, the rats ran at a
speed of 2.1 km/h, 2 h/day, 5 days/wk. Training at such a
work intensity continued until the end of the 8th wk.
During the 8th wk, the UE subgroup was also accus-
tomed to treadmill running 1.0-1.2 km/h, 0.5 h/day, for 3
days. This regimen was used to ensure that the rats could
run at the assigned work intensity in later experiments
but had a minimum training effect.

Tissue collection. In the training experiment with dogs,
all dogs were killed at the resting state when they were 70
wk old. TR dogs trained for the final time on the day
preceding the day they were to be killed. They were anes-
thetized (thiopentone sodium; Hypnostan, Leiras, Fin-
land) and subsequently exsanguinated through the vena
jugularis externa. Portions of the red gastrocnemius
muscle (RG), extensor carpi radialis muscle (ER), triceps
muscle (TP), splenius muscle (SP), and liver were ex-
cised immediately, quickly cut into small pieces, and sub-
merged in liquid nitrogen. Before being frozen, the skele-
tal muscles were freed from visible adipose and connec-
tive tissues. In DI, all dogs (aged 40 wk) were killed as
described above. RG was collected from both legs as
above. All rats were killed by decapitation and exsangui-
nated. The RG, mixed vastus lateralis muscle (MV), lon-
gissimus dorsi muscle (LD), liver, lung, heart, and kidney
were quickly excised and collected in liquid nitrogen as
described above. The T group was subdivided into two
equal subgroups: T rats to be killed at rest (TO) and T
rats to be killed immediately after the regular exhaustive
exercise (TE). Rats of the TO and UR subgroups were
killed at rest. Rats of the TO group were trained for the
final time on the day preceding the day they were to be
killed. Animals of the TE subgroup were killed immedi-
ately after the completion of their usual 2-h running pro-
gram at 2.1 km/h, whereas those of UE subgroup were
killed immediately after an exhaustive exercise at 1.2-1.4
km/h. Exhaustion due to exercise was identified by the
loss of righting reflex of rats on being turned on their
back. To eliminate diurnal effects, the killing of U and T
animals was pair matched for time and all animals were
in the fed state. To minimize the influence of age, all
animals were killed in the same week.

Tissue preparation and assays. For the determination
of total glutathione (GSH + GSSG), tissues were homog-
enized on ice in brief bursts by a Ultra-Turrax homoge-
nizer (Janke and Kunkel, FRG) in a 1:4 (wt/vol) dilution
of ice-cold 0.5 N perchloric acid. Homogenization times
for liver and skeletal muscles were 50 and 100 s, respec-
tively. Resultant homogenates were centrifuged at 10,000
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g for 15 min (2°C), and the supernatant was stored at
0-4°C. On the day of measurement, the supernatant was
diluted with distilled water and total glutathione was es-
timated spectrophotometrically by the method of Tietze
(33) with use of the reaction mixture as suggested by
Adams et al. (1). The rate of change in absorbance at 412
nm was monitored, and tissue concentrations were esti-
mated by linear regressions from the standard curve. For
the assays of GPX, GRD, and GST, frozen tissues were
crushed in liquid nitrogen and homogenized as above in
ice-cold 0.25 M sucrose. The homogenate was centri-
fuged at 12,000 g (4°C) for 10 min. The supernatant was
again centrifuged at 105,000 g (4°C) for 60 min and the
postmicrosomal supernatant stored at —80°C. Activity of
total GPX was assayed with cumene hydroperoxide as
substrate (32). GRD activity was assayed according to
Carlberg and Mannervik (7) with use of 10 mM potas-
sium-N-2-hydroxyethylpiperazine- N'-2-ethanesulfonic
acid buffer in the 1-ml reaction mixture. The dilution of
the postmicrosomal supernatant was done in potassium
phosphate buffer, pH 7. GST was assayed (12) with 1,2-
dichloro-4-nitrobenzene as substrate. Activity of skeletal
muscle CS was assayed spectrophotometrically (29). For
the assay of GGT, tissues were homogenized in 1:19 (wt/
vol) dilution of ice-cold 0.1 M tris(hydroxymethyl)amino-
methane (Tris) - HCI, pH 8.0, and the homogenate was
stored at —80°C. The enzyme activity was assayed (14)
with L-y-glutamyl-p-nitroanilide as substrate. The stan-
dard assay mixture contained (in mM) 4.4 substrate, 40
glycylglycine, 100 Tris - HCI, and 9.6 MgClL, pH 8.0, in a
final volume of 1.3 ml (19). The reaction was initiated by
the addition of protein (~1 mg/assay), and after incuba-
tion for 30 (for liver and lung), 60 (for heart and skeletal
muscles), or 2 (for kidney) min at 37°C, the reaction was
stopped by 1 ml of 20% trichloroacetic acid. The precipi-
tated protein was removed by centrifugation at 3,000 g
for 5 min. Absorbance of the supernatant was then mea-
sured at 407 nm against blanks to which trichloroacetic
acid was added before incubation. Protein was deter-
mined by the method of Lowry et al. (24). GRD (type III),
GSSG (grade III), GSH (free acid), 3-NADPH (tetraso-
dium salt, type III), and 5,5-dithio-bis(2-nitrobenzoic
acid) were purchased from Sigma Chemical (St. Louis,
MO). All other chemicals were of highest analytic grade.
A Shimadzu UV-240 double-beam spectrophotometer or
the Perkin-Elmer Lambda 2 UV/VIS spectrophotometer
was used.

Statistical analysis. The SPSS/PC+ (SPSS, Chicago,
IL) software was used. Significance of changes in parame-
ters on training and during exhaustive exercise was
tested with one-way analysis of variance. Subsequently,
the location of significance was determined by Scheffé’s
test. The Student’s ¢ test and paired ¢ test were used to
compare group means. Normality and homogeneity of
distribution were estimated by Kolmogorov-Smirnov
goodness of fit test and Bartlett-Box F test, respectively.
Results are expressed as means + SD.

RESULTS

Endurance training of dogs. Activity of skeletal muscle
CS was significantly higher in the leg muscles (RG, ER,
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FIG. 1. Dog skeletal muscle citrate synthase activity in untrained
and trained groups. Values are means + SD. Training program signifi-
cantly increased enzyme activity in all 3 leg muscles studied: * P <

0.001.

and TR) of the trained dogs than those of the untrained
group (Fig. 1). Such an effect was most pronounced (60%
increase) in the RG but could not be observed in the SP
(Fig. 1). Exercise training increased total glutathione
content of the RG as well as that of the liver (Table 1).
Higher activities of GPX were observed in the leg mus-
cles (RG, ER, and TP) of the trained dogs; such a re-
sponse to exercise training is quite similar to reports
from rat studies (21, 23) (Table 2). The effect was more
pronounced (45-55% increase) in the lower hindlimb (Ta-
ble 1). Activity of GRD was increased on training in all
the studied leg muscles; however, the increase was statis-
tically significant only in ER and TP. Skeletal muscle
GST activity was not influenced significantly, but unlike
reports from rat studies (17) (Table 2), hepatic GST ac-
tivity was significantly increased by the training program
(Table 1).

Changes in response to immobilization. Differences in
the control values of the skeletal muscle and hepatic to-
tal glutathione content and activities of related enzymes
between the dogs of the training (Table 1) and immobi-
lized experiments (Fig. 2) might be because of the 30-wk
age difference between the two sets of animals. No signifi-
cant difference between the tissue protein concentra-
tions (mg protein/g wet wt of RG) of the free and immo-
bilized legs was observed (result not shown). We may
therefore expect that the results obtained from this ex-
periment are consequences of long-term physical inactiv-
ity and not just that of overall muscular atrophy due to
the immobilization. GPX, GRD, and GST activities in
dog RG remained unaffected (Fig. 2). There was, how-
ever, a significant decrease in the total glutathione con-
tent per unit wet weight of the muscle because of the
physical inactivity (Fig. 2).

Endurance training and exercise of rats. The resting CS
activity of the leg muscles (RG and MV) was significantly
higher in the trained animals than in the untrained group
(Fig. 3). In the UE group, a single bout of exhaustive
exercise decreased CS activity of both leg muscles. A simi-
lar decrease in CS activity was also observed in the TE
group, but the observation was statistically significant
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TABLE 1. Influence of training on hepatic and skeletal muscle GPX, GRD, and GST activities

and total glutathione content in dogs

Liver RG ER Triceps Splenius
umol/g wet wt
TGSH
UT 6.00+0.43 1.56+0.19 1.57£0.24 1.51+0.21 1.46+0.13
TR 6.46+0.62% 2.22+0.24* 1.61+0.29 1.57+0.22 1.44+0.17
nmol - min™! - mg protein™!
GPX
UuT 225+23 21.13+2.31 14.92+1.50 13.64+1.56 13.62+1.52
TR 240+26 30.00+2.42* 21.57+2.03* 16.86+1.89* 13.78+2.35
GRD
UuT 55.90+9.90 9.55+1.58 8.39+0.88 6.21+0.60 4.46+0.91
TR 51.68+6.08 11.53+2.04 10.86+1.36* 6.90+0.72t 5.05+0.85
GST
uT 1,105£93 88.2+13.2 99.9+12.2 81.9+14.1 81.3+14.2
TR 1,404+100* 91.1+£13.2 106.1+10.7 88.6+11.9 79.7+12.8

Values are means =+ SD. RG, red gastrocnemius; ER, extensor carpi radialis; TGSH, total glutathione; GPX, glutathione peroxidase; GRD,
glutathione reductase; GST, glutathione S-transferase; UT, untrained; TR, trained. Difference on training: * P < 0.001; T P < 0.05; £ P = 0.056.

only in MV (Fig. 3). Any effect of training or exhaustive
exercise on the LD of either the T or U rats could not be
observed (Fig. 3). Table 2 shows that the training pro-
gram used in the study resulted in a higher increase in
hepatic total glutathione content in the rats than in the
dogs (Table 1); however, skeletal muscles remained un-
affected. GPX was increased in both the muscles of the
leg (RG and MV), but it remained unchanged in the LD
and liver. Contrary to results obtained from the dogs (Ta-
ble 1), GRD activity was significantly decreased on train-
ing in rat RG. Activity of GRD in the other muscles and
liver was unaltered (Table 2). A single bout of exhaustive

TABLE 2. Influence of training and exercise on hepatic
and skeletal muscle GPX, GRD, and GST activities and
total glutathione content in rats

Liver RG MV LD
umol/g wet wt
TGSH
UR 3.27+0.28 0.85+0.04 0.75+0.09 0.2940.02
UE 2.32+0.26* 0.57+0.05* 0.50+0.05* 0.28+0.02
TO 3.96+0.32% 0.86+0.03 0.73+0.09 0.28+0.02
TE 2.25+0.38* 0.75+0.11* 0.60+0.127 0.28%0.02
nmol - min~!- mg protein™*
GPX
UR 652+99 50.96+4.18 23.41+1.58 42.98+7.54
UE 640+108 50.77+6.61 23.98+2.29 43.85+6.82
TO 634+110 58.75+3.85% 27.65+2.14% 45.28+8.28
TE 615+106 57.27+3.64 25.71+2.22 45.70+8.34
GRD
UR 72.59+11.18 12.24+1.19 7.45+0.90 8.36+1.58
UE 69.87+11.48 10.87+1.21% 7.00£0.82 8.00+1.00
TO 71.72+14.34 10.43+0.91F 7.20+0.97 8.80+0.99
TE 72.36+11.86  10.25+0.78 7.15+0.79 8.18+1.56
GST
UR 783+96 47.34+7.11 37.63+5.10 41.02+9.52
UE 1,100+169* 49.18+7.68 34.95+3.74 40.74%+9.78
TO 841+103 48.62+5.19 40.23+5.44 39.58+10.18
TE 1,192+155* 49.28+5.48 46.22+2.80t1 41.86+11.50

Values are means + SD. MV, mixed vastus lateralis muscle; LD,
longissimus dorsi muscle; UR, untrained (at rest); UE, untrained (after
exhaustive exercise); TO, trained (at rest); TE, trained (after exercise).
Differences due to a single bout of exercise: * P < 0.01; ¥ P < 0.05.
Differences due to training: £ P < 0.01.

exercise decreased total glutathione content of RG and
MV of untrained animals by 30-35%, whereas the de-
crease in the trained group was only 10-20%, despite the
fact that the untrained animals ran for a shorter dura-
tion at ~55-60% of the speed compared with their
trained counterparts. LD was unaffected in all such
cases. The fall in hepatic total glutathione content be-
cause of exhaustive exercise was slightly more in the
trained group (43%) than in the untrained group (Table
2). Both skeletal muscle and hepatic GPX activities re-
mained unchanged after a single bout of exhaustive exer-
cise. In all the muscles studied and liver, GRD exhibited a
tendency to decrease on exhaustive exercise, but the de-
crease was only significant in RG of U. In both the
trained and untrained groups, hepatic GST activity was
increased by ~40% after exhaustive exercise. A 15% in-
crease was also seen only in the MV of the trained group.
Table 3 illustrates the response of GGT to training and
exercise in the rat study. A comparative account of

-1 -1 -1
umol.g wet weight nmol.min .mg protein100

B Free leg immobilized leg

.. B
Glutathione Glutathione Glutathione
peroxidase reductase S-transferase

Total glutathione

FIG. 2. Glutathione and its related enzymes in red gastrocnemius
skeletal muscle of free and 11-wk joint-immobilized legs of the same
dog. Values are means + SD (n = 14). A significant lowering of total
glutathione content was observed on immobilization: * P < 0.001. Activ-
ities of glutathione peroxidase, glutathione reductase, and glutathione
S-transferase were not affected.
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FIG. 3. Rat skeletal muscle citrate synthase activity in various
groups. UR, untrained (at rest); UE, untrained (after exhaustive exer-
cise); TO, trained (at rest); TE, trained (after exercise). Values are
means = SD. Resting activities of enzyme were significantly higher in
leg muscles of trained rats: ** P < 0.001. This effect was not observed in
longissimus dorsi muscle of neck and trunk region. Enzyme activity
decreased significantly after exercise in both leg muscles of untrained
group and mixed vastus lateralis muscle of trained group but not in red
gastrocnemius muscle of trained group: * P < 0.05.

various organs is consistent with previous reports (2, 3)
that GGT is exceptionally active in the kidney. Among
other organs, GGT activity was considerably higher in
the lung, liver, and skeletal muscles than in the heart.
Comparison of GGT activity of RG with MV and LD
showed that RG had ~50 and 150% higher activities in
the untrained and trained groups, respectively (Table 3).
In the RG, there was a 100% increase in GGT activity on
training. GGT activity of the other leg muscle, MV, was
also significantly increased on training. No such effect
was observed in LD or any other organ studied (Table 3).
In the untrained group, a single bout of exhaustive exer-
cise decreased GGT activities of all the skeletal muscles
studied, but there was no decrease in any other organ.
This decrease could not be seen in the leg muscles of the
trained animals. This adaptive effect of training was not
seen in LD. Exercise training rendered the liver suscepti-
ble to a decrease in GGT activity in response to exhaus-
tive exercise (Table 3).

DISCUSSION

Effects of exercise training of dogs. In most of the pre-
vious studies concerning the response of skeletal muscle
and liver glutathione redox cycle to endurance training
and exercise, the rat was used as the experimental ani-
mal. Beagle dogs possess a well-developed musculoskele-
tal system apparently suited for running and have been
quite commonly used as a laboratory animal for exercise
physiology studies. In view of the lack of data from ca-
nines, the dog was also used as an experimental subject in
this study. Groups of skeletal muscle studied were RG,
ER, TP, and SP. Activity of the oxidative enzyme CS was
significantly higher in all the leg muscles of the trained
dogs (Fig. 1). No significant difference in CS activity of
SP was observed between the trained and untrained
groups. SP belongs to the neck region and may have
therefore remained unaffected by the treadmill running
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program. No effect of training could be seen in the gluta-
thione system of SP as well (Table 1). RG, which is pre-
dominantly oxidative (10) (Fig. 1), was the most affected,
followed by ER and TP of the lower and upper hindlimbs,
respectively (Table 1). Exercise training resulted in a sig-
nificant increase of the total glutathione pools of both
RG and the liver at rest. The increase (42%) observed in
RG was the highest (Table 1). GCS and GSHS were ob-
served to be very active in all the skeletal muscles studied
in dogs. In RG, MV, and ER, activities of both the en-
zymes, especially GSHS, were significantly enhanced on
treadmill training (unpublished observation). This could
provide an explanation for the increase in total GSH pool
of the RG. In the rat study, we observed that the training
program led to a 100% increase in GGT activity of RG
(Table 3). Such an increase in GGT activity facilitates
the availability of y-glutamyl amino acids and cystein-
ylglycine to the activated GSH-synthesizing apparatus
within the cell. In the trained dogs, GPX was substan-
tially higher in all the leg muscles studied but not in SP
or the liver (Table 1). The observation that skeletal mus-
cle GPX activity increased on exercise training is in good
agreement with previous reports (21, 23, 34). The train-
ing-induced increase in muscle GPX activity was highest
(~50%) in the RG. At rest, the activity of GPX was also
considerably higher in the RG than in other muscle
groups studied. RG has a high oxidative capacity with a
high at-exercise blood flow (10). This group of skeletal
muscle may therefore be expected to produce a high con-
centration of reactive oxygen metabolites when exercis-
ing. The high antioxidant status of the skeletal muscle
might be crucial in encountering such a stress caused by
oxygen-derived radicals. The chronic intermittent in-
crease in its substrate concentration, such as during regu-
lar treadmill running, might have caused the increase of
GPX activity in the RG. A similar exposure to substrates,
though perhaps of a lesser intensity, might have also oc-
curred in the other exercising muscles of the leg, produc-
ing an increase in GPX activity as well. Glucose-6-phos-
phate dehydrogenase activity in the skeletal muscles has
been reported to increase by ~74% on exercise training;

TABLE 3. Activity of GGT in response to training
and exercise in rats

Untrained Trained
After After
At rest exercise At rest exercise
pmol - min~! - mg protein™
Red gastrocnemius 210+53 142+32*  428+113% 383+130
Mixed vastus
lateralis 133+37 88+421  173+49§ 168+36
Longissimus dorsi  145+65 52+10*%  164+24 75+30*
Lung 866+335 806+293  781+213 891+201
Liver 325+200 3194161 535+179 286+150*
Heart 2016 19+7 18+7 19+6
nmol - min~! - mg protein™!
Kidney 762.3+129.3 659.7+94.2 793.5+156.6 656.1+153.4

Values are means = SD. GGT, y-glutamyl transpeptidase. Differ-
ences due to a single bout of exercise: * P < 0.01; t P < 0.05. Differences
due to training: £ P < 0.01; § P < 0.05.
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however, the effect was far less pronounced in the liver
(23). This ensures a better availability of NADPH in the
trained muscle, facilitating GRD activity. We observed
an increase in leg muscle GRD on training; however, the
finding was significant only in ER and TP. This increase
in GRD might also be partly due to the increased ability
of the lightly trained muscle to retain riboflavin (13). The
above findings tend to explain the stabilization of the
glutathione redox ratio of the trained skeletal muscle ob-
served after a single bout of exhaustive exercise.
Chasseaud (8) suggested that liver glutathione is primar-
ily a detoxicant. It was observed that the training-me-
diated increase in the hepatic GSH pool was associated
with a significant increase in hepatic GST activity. A
somewhat similar response has also been observed in
swim training of rats (34). Such an observation indicates
that liver of the trained animal may have a higher detoxi-
cant status. A training-dependent increase in activity of
other drug biotransformation enzymes of rat liver micro-
some has also been reported (25). High activity of GST
was observed in all the skeletal muscles; however, no ef-
fect of training could be observed (Table 1). It is possible
that, in dogs, skeletal muscle GSH is not only an antioxi-
dant but also a potent detoxicant.

Effects of one leg immobilization. There were no
changes in GPX, GRD, or GST, indicating that resting
levels of their activities are hardly dependent on long-
term physical inactivity (Fig. 2). However, there was a
significant decrease in the total glutathione content of
RG. Long-term physical inactivity thus appeared to be a
crucial factor in lowering the resting glutathione status
of oxidative skeletal muscles. Such a decrease is expected
to be physiologically significant in limiting the antioxi-
dant and detoxicant status of the organ as determined by
the glutathione pool. Thus regular physical activity ap-
pears to be critical in the maintenance of an elevated
resting glutathione status of the oxidative skeletal mus-
cles. Such a notion is supported by results of our training
experiment with dogs (Table 1) as well.

Effect of exercise training and a single bout of exhaustive
exercise in rats. The training program for the rats was
chosen to be exhaustive to test the effect of training in-
tensity by comparing the outcome with other reports in-
volving more moderate protocols (15-17, 22, 23, 28, 34).
The highest intensity of exercise at which the UE group
ran without requiring any physical methods to compel
them was chosen for their exhaustive exercise experi-
ment. The intensity (1.2-1.4 km/h) was lower than the
intensity of regular exercise of the trained group. Be-
cause exercising at an intensity lower than the regular
level might not have produced a clear picture of exercise-
induced changes in the TE group, the regular exercise
intensity was chosen. Moreover, on an average, the UE
group could run for a considerably shorter duration than
the TE. Thus the exercise-induced effects seen in the T
group (Table 2, Fig. 3) are perhaps consequences of ex-
posure to a far higher concentration of exercise-gener-
ated oxygen radical than the U group.

Groups of muscle studied were RG, MV, and LD. Com-
pared with the U group, CS activity was significantly
higher in both the studied leg muscles of the T group
(Fig. 3). This indicates that the training program was
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tal muscles. Consequent to a single bout of exhaustive
exercise, CS activity decreased significantly. This was
observed in both the leg muscles of the untrained ani-
mals and in the MV of the trained group. Though the
effect could be seen, it was not significant in the RG of
the T group (Fig. 3). Exercise-induced downregulation of
skeletal muscle CS activity was also observed previously
and has been expected to be caused by an increased mus-
cular proteolysis (16). In that study, although the down-
regulation was statistically significant only in the skele-
tal muscle of the U group, a considerable effect could also
be seen in the T group (16). In our experiment, no effect
of either training or exhaustive exercise could be seen in
LD (Fig. 3, Table 2). LD is of the neck and trunk region,
and therefore it might have remained unaffected by the
treadmill-training program.

Exercise training increased hepatic total glutathione
of the rats; this was also observed in our dog experiment.
No such increase could be observed in the skeletal mus-
cles studied (Table 2). The GPX activity in leg muscles of
the T group was significantly higher than in those mus-
cles of the U group. These data are consistent with our
dog results (Table 1) and also with reports of other inves-
tigators (16, 21, 23). Ji et al. (15) reported a significant
exercise-induced increase in skeletal muscle GPX activ-
ity in 4-mo-old untrained rats that was not observed in
the present study. We observed a significant increase of
leg muscle GRD activity on submaximal training of dogs
(Table 1). Lew and Quintanilla (23) observed no signifi-
cant change in either skeletal muscle or heart GRD activ-
ity on training. In contrast, Kihlstrom et al. (18) reported
a decrease in myocardial GRD after training. A signifi-
cant lowering of GRD activity was observed (Table 2) in
RG subsequent to training. Such a response that goes
against the maintenance of a favorable glutathione redox
cycle in the RG at exercise might have been due to the
intensive training program that may have increased fla-
voprotein turnover and breakdown in the muscle (6, 27).
Observed values of muscle GST were considerably higher
than those reported by Ji et al. (17). Such a difference
might be strain and also age dependent (15). Hepatic
GST did not respond to training; this is unlike our find-
ing in the dog study in which a 55-wk-long submaximal
training period was used. Training did not affect muscle
GST as well. These observations are in good agreement
with those of Ji et al. (17).

The intensity of training does not seem to affect re-
sponses of GPX or GST but is perhaps a critical determi-
nant of muscle GRD response. Hepatic GST of both
trained and untrained animals increased significantly
after exercise (Table 2). These results are in contrast to
those of Ji et al. (17). In the U group, a similar increase,
though not significant, was observed after a 30-min
swimming exercise (34). Increase in hepatic GST caused
by exhaustive exercise was accompanied by a consider-
able lowering of total glutathione content (Table 2).
Thus the notion that a single bout of exhaustive exercise
elevates the hepatic detoxicant status requires further
investigation. After exhaustive exercise, the U group had
a more severe depletion of the skeletal muscle glutathi-
one pool; the depletion was considerably less yet signifi-
cant in the T group (Table 2). However, the failure to
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cle (23) in this case may be attributed to the decrease in
GRD activity. Hepatic GSH pool was almost equally de-
pleted on exhaustive exercise in both groups. Hepatic
efflux of GSH has been shown to be promoted by several
hormones, such as vasopressin (31), which are also re-
leased in excess during exhaustive exercise. Additional
GSH is thus made available to the peripheral tissues
under need. This concept is consistent with the notion
that during exercise there is a net shuttle of glutathione
from liver to skeletal muscles. The trained liver, possess-
ing a bigger resting GSH pool (Table 2), is thus more
capable of catering to such protective needs.

GGT is an important component of the glutathione
cycle in cells (2, 3). Maintenance of cellular GSH pool is
chiefly dependent on the regeneration of GSH from
GSSG by GRD and synthesis of the tripeptide by GCS
and GSHS. GSH, as well as other y-glutamyl-containing
compounds, including GSSG and «y-glutamyl glutathi-
one, reacts with GGT at the outer cell surface. The y-glu-
tamyl moiety is transferred to a suitable amino acid ac-
ceptor, and both the y-glutamyl amino acid and cystein-
ylglycine are transported into the cell and reused for
GSH generation. Thus GGT supplies substrates for the
GCS-GSHS and GRD reactions to elevate cellular gluta-
thione level. Training was observed to enhance GGT ac-
tivities of both the leg muscles studied (Table 3). The
effect was more profound (104%) in the RG. A single
bout of exhaustive exercise decreased GGT activities of
all the studied skeletal muscles of the untrained group.
Such a tendency of exhaustive exercise-induced decrease
of GGT activity was not found in the trained leg muscles.
This may be an adaptive response of the trained muscles.
Activated GGT of the trained muscle facilitates the im-
port of substrates required for GSH generation. Further-
more it prevents the excretion of y-glutamyl cysteine
moieties (11). These are crucial in stabilizing the skeletal
muscle glutathione redox cycle during exercise. At exer-
cise, when hepatic efflux of GSH is accelerated, the
trained muscle enjoys a greater ability to enrich its gluta-
thione-dependent antioxidant and detoxicant status. Re-
sponses of GGT to training were not seen in LD (rela-
tively passive during treadmill training; Fig. 3), lung,
liver, heart, or kidney (Table 3). However, GGT activity
of the trained liver decreased (by ~47%) after exhaus-
tive exercise. This response might ensure that fewer
v-glutamyl compounds are retrapped in the liver from
the circulation when the needs of the peripheral tissues
are acute. However, because resting hepatic GGT activ-
ity is quite low (Table 3), its role in affecting the level of
y-glutamyl compounds in circulation might not be of re-
markable physiological significance.

In summary, the study presents the first evidence re-
garding how 1) exercise training affects the major
aspects of the glutathione cycle in the skeletal muscle
and liver of dogs, 2) GGT of skeletal muscles, liver, kid-
ney, lung, and heart responds to treadmill training and a
single bout of exhaustive exercise, and 3) long-term phys-
ical inactivity might lower the glutathione-dependent
antioxidant and detoxicant status of oxidative skeletal
muscles. Furthermore the possibility of oxidative muscle
GRD activity being lowered on exhaustive training was
evident. Long-term submaximal exercise training led to a
favorable adaptation of the glutathione redox cycle of the
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tus of the liver was not affected by the 8-wk exercise
training of rats, but it was significantly elevated by the
55-wk aerobic training of dogs.
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