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Abstract

Enzymatic activity was analyzed in the soleus, gastrocnemius (redand ~ Key words

white) and plantaris muscles of acutely exercised rats after long-term  « Panax ginseng
« Exercise

administration of Panax ginseng extract in order to evaluate the
protective role of ginseng against skeletal muscle oxidation. Ginseng
extract (3, 10, 100, or 500 mg/kg) was administered orally for three
months to male Wistar rats weighing 200 + 50 g before exercise and to
non-exercised rats (N = 8/group). The results showed a membrane
stabilizing capacity of the extract since mitochondrial function meas-
ured on the basis of citrate synthase and 3-hydroxyacyl-CoA dehydro-
genase activities was reduced, on average, by 20% (P < 0.05) after
exercise but the activities remained unchanged in animals treated with
a ginseng dose of 100 mg/kg. Glutathione status did not show signifi-
cant changes after exercise or treatment. Lipid peroxidation, measured
on the basis of malondialdehyde levels, was significantly higher in all
muscles after exercise, and again was reduced by about 74% (P < 0.05)
by the use of ginseng extract. The administration of ginseng extract
was able to protect muscle from exercise-induced oxidative stress
irrespective of fiber type.

« Free radicals

- Lipid peroxidation
« Glutathione status
« Mitochondria

Introduction

Panax ginseng roots have been used in
traditional Chinese medicine for their impor-
tant therapeutic qualities. The pharmacolo-
gical effects of ginseng have been demon-
strated in the cardiovascular, immune, endo-
crine, and nervous systems (1). Until re-
cently, the use of ginseng has been primarily
empirical, but current systematic research
has provided evidence for the antineoplastic

and antioxidant activity of the plant (2,3).
Most pharmacological actions of ginseng are
attributed to ginsenosides, which are able to
act on a wide range of tissues. Among all
ginsenosides, Rb; and Rg; are the most ef-
fective compounds (4,5). In addition, the
non-ginsenoside constituents of ginseng also
exert pharmacological effects (6). Ginseno-
sides are amphiphilic in nature and have the
ability to become intercalated in the mem-
brane environment (1,7).
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There is evidence that the medicinal effi-
cacy of ginseng is closely linked to its pro-
tective properties against free radical attack
(8-10). P. ginseng administration to rats pre-
vented myocardial ischemia-reperfusion
damage induced by hyperbaric oxygen (9).
Protective effects of P. ginseng against he-
patic oxidative stress induced by exhaustive
exercise (11) and against muscle injury and
inflammation after eccentric exercise (12)
have been reported. Ginseng extract has also
been reported to scavenge superoxide radi-
cals (13), toinhibit lipid peroxidation through
transition metal chelation (7), and to reduce
the oxidative DNA damage caused by the
Fenton reagent (14).

Free radicals play an important role as
mediators of skeletal muscle damage and
inflammation after strenuous exercise and in
the presence of muscle disease (15). It has
been postulated that the generation of oxy-
gen free radicals is increased during exercise
as a result of increase in mitochondrial oxy-
gen consumption and electron transport flux,
inducing lipid peroxidation (16,17). The ad-
aptation of antioxidant enzymes is one of the
main changes of skeletal muscle in response
to exercise, much the same as mitochondrial
oxidative enzyme adaptations (18,19). The
production of mitochondrial free radicals is
also indirectly supported by the training ad-
aptation of mitochondrial antioxidant en-
zymes, such as manganese-superoxide dis-
mutase and glutathione (GSH) peroxidase
(20).

Antioxidants are substances that help re-
duce the severity of oxidative stress either by
forming aless active radical or by quenching
the reaction. The literature suggests that di-
etary antioxidants may prevent muscle dam-
age because they are able to detoxify some
peroxides by scavenging reactive oxygen
species produced during exercise (21). In
fact, ingestion of antioxidant vitamins does
result in lower resting and post-exercise lev-
els of lipid peroxidation but does not prevent
the exercise-induced oxidative stress (22).
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Ginseng extract scavenges hydroxyl radi-
cals and protects unsaturated fatty acids from
oxidation, effects which may contribute to
stabilizing the structure of the lipid mem-
brane perturbed by free radical attack (7). So
far the mechanism of action of ginseng is not
clear because of the complex composition of
ginseng extract (23).

The purpose of the present research was to
determine the influence of long-term P. gin-
seng extract administration on the antioxidant
response of muscle to exhaustive exercise in
the rat. We evaluated GSH status and lipid
peroxidation in terms of malondialdehyde
(MDA) and mitochondrial citrate synthase
(CS) and 3-hydroxyacyl-CoA dehydrogen-
ase (HADH) activities. We observed that
ginseng administration preserved mitochon-
drial function and decreased oxidative stress
in muscle after exhaustive exercise.

Material and Methods

Animals and treatments

Male Wistar rats weighing on average
200+ 50 g, supplied by Iffa Credo (Barcelona,
Spain), were used. The animals were main-
tained 2 or 4 to a cage under controlled
conditions of temperature (20 + 3°C), and
humidity (45-65%) with a 12-h light-dark
cycle (lights on 6:00 h). The feed consisted
of a standard diet marketed by Panlab S.A.
(Barcelona, Spain). Drinking water and food
were provided ad libitum throughout the
study. The standardized ginseng extract pro-
duced from P. ginseng C.A. Meyer roots,
(G115 extract) was provided by Pharmaton
S.A. (Lugano, Switzerland; Batch 1254/531).
This ginseng extract contains 4% ginseno-
sides, as determined by HPLC (12) The
roots of P. ginseng C.A. Meyer contain other
compounds such as polysaccharides, pep-
tides, polyacetylenic alcohols, fatty acids,
and minerals.

Ginseng extract was administered daily
for 3 months at the doses of 3, 10, 100, and
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500 mg/kg. Doses of 10 and 100 mg/kg are
within the recommended range, but 3 and
500 mg/kg doses are outside to normal limits
(of traditional oriental medicine prescrip-
tions; 24). The extract was administered with
an intragastric tube daily at 9:00 am. Since
there was no reference compound or posi-
tive control available, two groups received
only physiological saline solution, which was
also the solution used to dissolve the extract,
and were used as controls. At the end of the
3-month study period, the animals were sub-
divided into acutely exercised and non-exer-
cised groups.

The animals were handled according to
the principles of Council Directive 86/609
of the Ethics Committee concerning the Pro-
tection of Animals used for Experimental
and other Scientific Purposes.

Exercise protocol

The rats ran on a treadmill at a speed of
20 m/min with a gradient of 0% for a period
of approximately 80 min per day. One week
before the test, the rats were accustomed to
treadmill running for 15 min a day, during
the course of which the speed was gradually
increased from 10 to 20 m/min (25). The rats
were divided into 8 animals per group as
follows:

Resting. Control: no ginseng supplement,
no exercise; 3 mg/kg ginseng, no exercise;
10 mg/kg ginseng, no exercise; 100 mg/kg
ginseng, no exercise; 500 mg/kg ginseng, no
exercise.

Acute exercise. Control: no ginseng sup-
plement, exercise; 3 mg/kg ginseng, exer-
cise; 10 mg/kg ginseng, exercise; 100 mg/kg
ginseng, exercise; 500 mg/kg ginseng, exer-
cise.

Muscle analysis
Under anesthesia with ip urethane (1.5 g/

kg body weight), the soleus, plantaris and
gastrocnemius (red and white) muscles were

extracted and frozen in liquid nitrogen for
storage at -80°C until analysis. The time
elapsed from the end of treadmill exercise to
anesthesia and muscle excision was 5-7 min.
Soleus and red gastrocnemius are consid-
ered to be oxidative muscles since they are
composed of type I and Ila fibers, whereas
white gastrocnemius is a glycolytic muscle
mainly composed of type IIb fibers, and
plantaris is considered to be a mixed muscle
composed of type I, Ila and IIb fibers.

Determination of enzyme activity,
glutathione status and lipid peroxidation

Strenuous or exhaustive physical exer-
cise increases free radical production; how-
ever, because of the difficulties in measuring
free radicals by direct and reliable methods,
it is necessary to use indirect methods such
as MDA levels, GSH status and some enzy-
matic activities. Muscle from the right hind
limb was weighed and homogenized in 0.1
M sodium phosphate buffer, pH 7.4, after a
1:10 dilution (w/v). The tissue was homog-
enized and immersed in ice-cold water at
0°C with a Polytron (B Braun-Melsungen
AG, Germany) and then centrifuged at 750 g
to separate the cell membranes. The medium
was frozen at -80°C until analysis. Spectro-
photometric assays were performed on a
Hitachi U-2000 spectrophotometer (Tokyo,
Japan) in 1-ml cuvettes, with a 1-cm light
path. Reaction rates were proportional to
protein concentrations. One unit of enzy-
matic activity is defined as the amount of
enzyme that catalyzes the reaction of 1 umol
of substrate per minute. CS (EC 4.1.3.7)
activity, a marker of the tricarboxylic acid
cycle, was measured at 37°C by the method
of Srere et al. (26). HADH (EC 1.1.1.35)
activity, a marker of 3-oxidation, was deter-
mined at 30°C according to the procedures
described by Bradshaw and Noyes (27). All
enzyme data are reported as umol g wet
muscle! min.

GSH and oxidized glutathione disulfide
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(GSSG) were determined by HPLC at room
temperature by the method of Reed et al.
(28). Muscle samples (0.150 to 0.250 g)
were first transferred to a solution contain-
ing 2 mM phenanthrolene and 7% perchloric
acid to avoid GSH oxidation. After homog-
enization, the samples were incubated at
room temperature and 2,4 dinitrofluoroben-
zene was added to attach a chromophore to
the amino groups. Peroxidative damage to
cell lipid constituents was determined by
measuring MDA concentration in muscle
homogenates by the method of Buege and
Aust (29). Briefly, an aliquot of the homog-
enate and 1 ml of 2-thiobarbituric acid-
trichloroacetic acid-HCl reagent were added
to the centrifuge tubes and the mixture was
kept at 100°C for 1 h. After centrifugation at
3000 g for 10 min, the absorbance of the
supernatant was measured at 535 nm. MDA
concentration was calculated using 5 uM
tetramethoxypropane as standard.

Statistical analysis

Data are reported as means = SD. Two-
way analysis of variance was performed on
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all variables. The significance of the differ-
ence between the means obtained was deter-
mined by the Newman-Keuls test. The level
of significance was set at P < 0.05.

Results

The CS and HADH activities are shown
in Table 1. Resting groups showed a signifi-
cant increase in CS activity in soleus muscle
(P<0.05) from 32.9 +£3.3t039.8 £ 3.7 and
from 39.3 + 3.3 umol g muscle! min™! after
10 and 100 mg/kg doses of ginseng extract.
HADH was significantly increased (P < 0.05)
in soleus and red gastrocnemius muscles
after the 100 mg/kg dose (20.1 +2.55,15.6 =
0.8 vs 124 + 0.4 and 12.8 + 0.6 umol g
muscle™! min-!, respectively). Both activities
were significantly decreased in practically
all muscles studied in acutely exercised con-
trols and in the group treated with 10 mg/kg
ginseng. However, these activities were un-
changed compared to the resting control
group after acute exercise and administra-
tion of the 100-mg/kg dose of ginseng ex-
tract, with values of CS activity of 37.5+4.7,
43.5+5.1 wmol g muscle™! min! and HADH

Table 1. Oxidative enzyme activities of citrate synthase and 3-hydroxyacyl-CoA dehydrogenase in skeletal muscle of rats treated with ginseng

extract.
Resting Acutely exercised
Control Ginseng Ginseng Control Ginseng Ginseng
(10 mg/kg) (100 mg/kg) (10 mg/kg) (100 mg/kg)
CS (umol g muscle™ min-1)
Soleus 2.9 = 8.3 39.8 + 3.7* 39.3 + 3.3* 29.7 + 0.9 22.6 + 1.2%TF 37.5 + 4.71
Red gastrocnemius 419+ 42 519+52 395 + 85 17.9 = 1.6*%  12.6 = 0.9*F 435 + 517
Plantaris 377 +71 436 +50 41.7 + 3.8 35.2 + 3.9 202 + 1.4%™ 377 + 36
White gastrocnemius 12.2 + 2.0 18.2 + 1.8* 171 1.7 141 + 1.3 12.7 + 1.0* 179 + 3.3*
HADH (umol g muscle™ min™)
Soleus 12.4 + 0.4 12.0 £ 0.6 20.1 £ 2.5*% 89 + 0.7 10.9 £ 0.4 18.3 + 2.2*F
Red gastrocnemius 128 + 0.6 138 + 1.4 15.6 = 1.8* 7.7 £ 1.4% 7.9 £ 1.2%% 19.5 + 1.0%51
Plantaris 8.8 + 0.7 85+ 0.8 8.8 + 0.5 6.9 £ 0.3* 6.8 + 0.8*F 8.6 = 0.8"
White gastrocnemius 3.0+ 0.3 3.7 = 0.1% 3.0 +03 29 + 0.2 3.0 = 0.5% 28 + 0.3

Rats received 10 or 100 mg/kg ginseng extract by gavage. Data are reported as means + SD for muscle obtained from 8 rats. CS = citrate
synthase; HADH = 3-hydroxyacyl-CoA dehydrogenase. *P < 0.05 compared to control resting group; TP < 0.05 compared to control exercised
group; ¥P < 0.05 between resting and exercise in ginseng (10 mg/kg). $P < 0.05 between resting and exercise in ginseng (100 mg/kg; Newman-
Keuls test).
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activity of 18.3 = 2.2, 19.5 = 1.0 umol g
muscle! min"! in soleus and red gastrocne-
mius.

The effectiveness of protection against
lipid peroxidation depends on the tissue con-
centration of GSH and the reducing capacity
of the GSH-GSSG cycle. The results pre-
sented in Table 2 show that ginseng adminis-
tration did not increase basal GSH levels in
resting rats, but a lower GSH content (P <
0.05) in soleus, gastrocnemius and plantaris
was detected in the groups treated with the
ginseng dose of 100 mg/kg after exercise.
GSSG levels varied, without any clear ten-
dency to a change caused by the effect of
treatment and exercise.

Lipid peroxidation (measured on the ba-
sis of MDA levels) was higher in all muscles
after acute exercise; however, ginseng ex-
tract had an important antioxidant effect af-
ter exhaustive exercise, as shown by the
lower MDA levels (Figure 1). Acute exer-
cise increased MDA levels (P < 0.05) from
0.045 £ 0.002 to 0.132 + 0.02 wmol/g in the
control group (soleus). Lower levels were
detected in soleus muscle after administra-
tion of 100 mg/kg ginseng, ranging from

0.021 = 0.001 to 0.034 + 0.001 umol/g.
Lower MDA levels (P < 0.05) were detected
after acute exercise in the muscles of ani-
mals treated with the 10- and 100-mg/kg
doses of ginseng extract.

Discussion

The purpose of this research was to study
the effects of oxidative stress induced by
exhaustive exercise on muscle mitochon-
drial function and antioxidant response after
long-term administration of the standardized
ginseng extract. The most important finding
of this in vivo study was that ginseng admin-
istration decreased the free radical genera-
tion in skeletal muscles after exhaustive ex-
ercise. In vitro studies (7,8,14) have long
reported that ginseng is a scavenger of free
radicals and the present study showed this
effect in rat tissues obtained in vivo.

Free radical damage in muscle is associ-
ated with multiple pathophysiological pro-
cesses occurring in muscle diseases and with
aging. Different types of skeletal muscles
possess distinct morphological, physiologi-
cal and biochemical properties. Mixed

Table 2. Glutathione content of rat soleus, gastrocnemius (red and white) and plantaris skeletal muscles.

1867

Soleus Red gastrocnemius Plantaris White gastrocnemius
GSH GSSG GSH/ GSH GSSG GSH/ GSH GSSG GSH/ GSSG GSH/
GSSG GSSG GSSG GSSG

RESTING
Control 3.6+0.5 0.13+0.03 30+11 2.2+0.4 0.05+0.01 4111 1.8+0.4 0.07+0.02 29+10 1.4+0.2 0.06+0.01 20+0.1
Ginseng
10 mg/kg 3.4+0.5 0.08+£0.01 41+10 1.9+0.2 0.03+0.01 67+12 1.5+0.3 0.02+0.01* 74+16 +0.3 0.02+0.01* 49+13
100 mg/kg 3.8+0.5 0.06+0.03* 75+29 2.0+0.7 0.03+0.01* 77+26  2.0+£0.2 0.03+0.01* 87+52* +0.3 0.03+0.01* 53+18
ACUTE EXERCISE
Control 3504 0.08+0.02 45+14 2.6+0.6 0.03+0.01 100+35* 1.7+0.2 0.03+0.01* 54x10 1.3+0.3 0.04+0.01* 33+13
Ginseng
10 mg/kg 3.8+0.7 0.06+0.03* 56+14 2.2+0.5 0.04+0.01 56+8 1.7+0.1 0.05+0.02* 26+25 1.3+0.2 0.04+0.005* 23+227

100 mg/kg 1.6+0.4*# 0.08+0.02% 20+8*

1.1£0.3*#* 0.05+0.01

23+10% 0.7+0.3*#* 0.03+0.01% 24x4*

0.8+0.2 0.04+0.005* 21+4*

Data are reported as means + SD for muscle obtained from 8 rats. GSH and GSSG levels are reported as pmol/g muscle. GSH = glutathione;
GSSG = oxidized glutathione (disulfide). *P < 0.05 compared to control resting group. #*P < 0.05 compared to control exercised group. TP < 0.05
between resting and exercise in ginseng (10 mg/kg). P < 0.05 between resting and ginseng (100 mg/kg; Newman-Keuls test).
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muscles (rich in IIa fibers) seem to be more
susceptible to exercise-induced oxidative
stress (1,18). P. ginseng extract is known to
increase capillary density and the oxidative
capacity of muscles with greater aerobic po-
tential (30). Acute pre-treatment of mice
with crude extract increased their endurance
in the swimming and running tests, but the
reason for this increase was linked to the
availability of muscle substrates and their
utilization (31). In fact, in our previous ex-
periments (11), running time after treatment
with ginseng extract was significantly in-
creased from 55 + 11 min in the control
group to 102 + 20 min after the administra-
tion of ginseng extract at the 10- and 100-
mg/kg doses.

Lee et al. (10) reported that long-term
administration of ginseng protected the liver
cytosolic SOD, catalase and GSH peroxi-
dase from age-related deterioration and anti-
oxidant properties have been reported in
ischemia-reperfusion injury in the rat brain
(32). Long-term administration of ginseng
extract inhibited decomposition of unsatur-
ated fatty acid caused by iron- and hydrogen
peroxide-induced lipid peroxidation. The
antioxidant effect of ginseng extract may
occur not only at the initiation of the radical

Resting 0.16

0.12 A

MDA (pmol/g muscle)

0.04 -

%+
0.08 - ;
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chain reaction but also at the propagation
stage (7). Ginseng administration significant-
ly increased CS and HADH activities in
oxidative muscles such as soleus and red
gastrocnemius (Table 1). These activities
are focused on mitochondria as the major
site of free radical generation. Ferrando et al.
(30) showed that ginseng extract increased
mitochondrial density in rat oxidative muscles
after a 50-mg/kg dose for three months. On
the other hand, down-regulation in CS activ-
ity has been reported in muscle and liver
measured by GSH depletion and mitochon-
drial oxidative damage (33). In the present
study, a decrease in CS and HADH enzy-
matic activities was detected in control ani-
mals (no ginseng supplement) and in acutely
exercised animals treated with ginseng ex-
tract (10 mg/kg) but the values for rats treated
with 100 mg/kg ginseng extract remained
unchanged after exercise. Fu and Ji (34)
showed that a high dose (2.5 g/kg) of ginseng
(P. quinquefolium) was more effective in
promoting antioxidant enzymes and in re-
ducing reactive oxygen species production
than a low dose (0.5 g/kg) in heart, liver and
muscle, although a precise dose-response
effect could not be determined.

GSH is an important cytosolic compo-

Soleus

1 Control

Red Plantaris
gastrocnemius

White
gastrocnemius

77713 mg extract 110 mg extract

Acutely exercised
*
| .
*
x T l EINE:
+
+ i
v
+
T + T
+
+
+
+
Soleus Red Plantaris White

gastrocnemius gastrocnemius

[/ 100 mg extract I 500 mg extract

Figure 1. Lipid peroxidation content indirectly measured by the production of malondialdehyde (MDA) in hindlimb muscles from resting and exercised
animals supplemented with 3, 10, 100, and 500 mg/kg ginseng extract by gavage. Data are reported as means + SD pmol MDA/g muscle for muscle
from 8 rats. *P < 0.05 compared to resting control group. *P < 0.05 compared to exercised control group (Newman-Keuls test).
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nent that protects against damage by oxida-
tive stress. GSH levels have been reported to
decrease during physical exercise, especially
in the liver (35). Strenuous exercise can
promote GSH oxidation to GSSG in blood,
liver and skeletal muscle. In agreement with
Lee et al. (10), in the present study ginseng
extract administration did not increase total
GSH levels. However, after exhaustive exer-
cise the animals treated with ginseng extract
showed lower GSH levels. Both the work-
load involved and the duration of exercise
may be important in eliciting disturbances in
muscle GSH levels (25,33). Ourresults agree
with those obtained by Fu and Ji (34) who
reported significant alterations in muscle
GSH status after exhausting exercise per-
formed for 120 min, in rats treated with 10
and 100 mg/kg ginseng. A concomitant in-
crease in GSSG was not observed.

Cells are capable of exporting GSSG to
maintain the GSH:GSSG ratio and to allevi-
ate the potential toxic effect of GSSG. This
has been demonstrated in skeletal muscle,
liver, heart, and erythrocytes (18). Our pre-
vious results showed that the GSH/GSSG
ratio increased significantly in liver only
after administration of the extract at the dose
of 100 mg/kg (11).

Exhaustive exercises increase the con-
centration of lipid peroxides in skeletal
muscle and plasma (16). The effect of acute
exercise on MDA levels seems to be similar
in both human and rat models and in the
present study MDA levels were significantly
increased in all muscles studied after ex-
haustive exercise, in agreement with other
reports (17,36). Concerning membrane in-
tegrity and damage induced by free radicals,
ginseng may stabilize the lipid structure of
the membrane perturbed by the attack of free
radicals. This stabilizing effect was reflected
by the decreased MDA levels after acute
exercise obtained with the administration of
the 10- and 100-mg/kg doses in all muscles
studied. The muscles showing the highest
protection through decreases in MDA levels

were the soleus and the red gastrocnemius.
These muscles are mainly composed of type
I and Ila fibers and show the highest antioxi-
dant capacity (35).

Long-term administration of ginseng ex-
tract exhibited antioxidant capacity. Since
free radicals have a very short half-life, we
measured antioxidant capacity indirectly by
determining MDA levels. According to Jiang
et al. (37), the degree of antioxidant action
shown by the main saponins is Rb;>Rb,>Rb;.
In contrast, in a study of Vietnamese gin-
seng, Huong et al. (6) concluded that the
minor components contained in this species,
and not the main saponin, are responsible for
the inhibition of MDA formation (brain and
liver).

A possible mechanism that could be in-
voked to explain the suppression of lipid
peroxidation is through the inhibition of en-
zymes such as lipoxygenase involved in the
metabolism of unsaturated fatty acids such
as arachidonic acid to prostaglandins. Gin-
seng has well-known anti-inflammatory ac-
tions (12,38), an effect probably caused by a
decrease in phospholipase A, activity (39)
and by the reinforcement of muscle fiber
membranes, as also observed for prednisone,
another anti-inflammatory agent (40).

Attele et al. (1) reported the ability of
ginsenosides to target the cell membrane and
to freely cross it, modifying its physical prop-
erties, interacting directly with membrane
proteins, and even becoming incorporated
into membranes.

Mei et al. (41) showed that ginsenosides
exert a protective effect on endothelial cell
damage generated by the xanthine-xanthine
oxidase reaction measured by the reduced
concentration of MDA. Our results showed
that the damage-preventing effect is not dose
related and did not occur at the dose of 500
mg/kg.

The long-term administration of ginseng
extract was able to protect muscle from exer-
cise-induced oxidative stress independent of
fiber type but the mechanism of the antioxi-
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dant activity of ginseng extract is still un-
clear. In the present investigation, we stud-
ied the overall effects of a standardized gin-
seng extract. The antioxidant action of gin-
seng is complex since ginsenosides and other
constituents of ginseng may show many kinds
of biological activity. In fact, ginseng extract
contains several groups of compounds other
than ginsenosides, such as phenolic sub-
stances (maltol, salicylic acid, vanillic acid),
with direct and indirect consequences in terms
of antioxidant activity (6,24). Therefore, the
exact mechanism of action of ginseng re-
mains unclear because of the complex com-
position of the extract.

Actually it is important to study the role
of compounds of nutritional or pharmacolo-
gical relevance by focusing on the potentia-
tion of cellular antioxidant defense against

J. Voces et al.

toxins and various diseases. The model es-
tablished in the present study to induce oxi-
dative stress and muscle tissue damage was
exhaustive exercise. The muscle antioxidant
response after acute exercise is controversial
since transcriptional activation, protein con-
tent and enzyme activities are strongly influ-
enced by the intracellular environment.
Strenuous exercise promotes the production
of free radicals in muscle and long-term
ginseng administration seems to stabilize
membranes and to protect mitochondrial
function in skeletal muscle.
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