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During exercise the increase in whol e body oxygen
consunption of 10-20 fold causes a severe di sturbance of
vari ous bi ochenical pathways. The oxygen flux in individual
nmuscle fibers is believed to increase by as nuch as 100-200
fold. This tremendous increase in oxygen consunption results
in an increased | eakage of electrons fromthe mtochondrial
respiratory chain, formng vari ous one-el ectron oxygen
i ntermedi ates, such as superoxi de ani on, hydrogen peroxi de and
hydroxyl radicals. These reactive oxygen species are capable
of triggering a chain of damaging reactions in the cell, such
as |ipid peroxidation, inactivation of certain enzynes,
alteration of cellular oxidoreductive status, and oxidative
damage to proteins and DNA

Reactive oxygen species are renoved constantly in the
cell by scavengers known as anti oxi dants. The nost i nportant
antioxidants are vitamn E (a-tocopherol), vitamn C (ascorbic
acid), b-carotene, and glutathione (GSH). In addition,
speci ali zed enzynes catal yze the netabolism of reactive oxygen

speci es preventing themfrom causing further danage. It is the



bal ance between the production of reactive oxygen species and
the | evels of antioxidants that determ nes the oxidative

stress induced by exerci se.

Bi ochem stry and Function of @ utathione

G utat hione (L-gglutanmyl-L-cysteinyl-glycine; GSH) is a
tripeptide found in virtually all animal cells. It has been
t he subject of nmuch research since its discovery by Rey-
Pai | hade in 1888. Rey-Pail hade naned the structure phil othione
(G eek for love and sulfur) because of its spontaneous
reaction to sulfur. Eventually it was found that the nol ecule
itself contained sulfur, and Hopkins named the structure
gl utat hi one. The elucidation of its structure was not resolved
until around 1930. Initially it was thought to be a dipeptide
contai ning glutamate and cysteine. The | ater el ucidated
tripeptide structure was hypothesized to be a reduci ng agent
that mai ntains enzynes in an active state, and was involved in
keepi ng various conpounds |i ke dehydroascorbate (vitam n C
and a-tocopherol (vitamn E) in the reduced state. The many
enzynmes involved in GSH netabolismand function were
di scovered in the follow ng years. Now the studies of GSH and
rel ated enzyne systens have becone an inportant area of
bi ochem stry, nutrition, and pharmacol ogy. Much of the work
regardi ng the function, metabolismand regulation of GSH have
been carried out in Cornell University by Professor Alton

Mei ster and his col | eagues.



Al though GSH is essential for normal cell function, nost
organs and tissues cannot synthesize GSH by thensel ves.
| nstead, GSH has to be taken up from extracellul ar source and
inported into the cell. This process enconpasses seven enzynes
and crosses the cell nenbrane. The nodern concept of GSH
nmet abolismis depicted in Figure 1. The synthesis and
degradation of GSH i nvol ve two separate pathways which form an
interrelated cycle to maintain intracellular GSH honeost asi s.
This cycle is referred to as the g dutanmyl Cycle. The
majority of the various am no acids needed for the
intracel lular synthesis of GSH are transported into the cell.
This first involves the degradation and transport of GSH at
the cell nenbrane. The first enzyne involved in the cross-
menbrane transport of GSH is g glutanyltranspepti dase (GGT).
This enzynme cleaves the extracellular GSH into a gl utamate
am no acid bound to either a cystine or other available am no
acid. The resulting peptide is then easily transported into
the cell. The remai ning cysteinylglycine (CysHG3y) of the GSH
nol ecul e is transported into the cell and further cleaved into
CysH and Ay. GGT is predom nately an external nenbrane-bound
enzynme but various isoenzynmes could exist inside the cell. The
transport of GSH is largely dependent on the availability of
GSH out side of the cell

The synthesis of GSH in the cell involves a series of
reactions requiring a total of 2 ATP. The two nmj or enzymes
responsi ble for this synthesis are g gl utanyl cysteine

synt hetase (GCS) and gl ut at hi one synt hetase (GS), the forner



being rate-limting. If the receptive amno acid is cystine,
the so-fornmed g glutanylcystine can bypass the GCS reaction
and derive GSH directily via the GS reaction. Qherw se the
inmported g Gu-AA is further netabolized to 5-oxoproline and
then glutamate, which along with cysteine is a substrate for
GCS. Feedback inhibition of GSH regul ates the activity of GCS
whi ch sel dom operates at maximal flux. Genetic deficiencies in
GSH synt hesi zing enzynes nay lead to life-threatening acidosis
because of the accunul ation of 5-oxyproline, a cytotoxic
conmpound, which is formed by 5-oxyprolinase reaction.

GSH has a broad spectrum of functions which include: (1)
det oxi ficati on of exogenous and endogenous conpounds, such as
reactive electrophiles and peroxides with glutathione S
transferase and gl utat hi one peroxi dase; (2) reducing disulfide
I i nkages of enzynes and proteins, thereby maintaining the
essential thiols at a reduced status; (3) functioning as a
nont oxi ¢ reservoir of cysteine and formng a vehicle for the
transport of cysteine to all organs; (4) being actively
i nvolved in | eukotriene and prostagl andin netabolism (5)
playing an inportant role in the reduction of ribonucleotides
t o deoxyri bonucl eoti des, and (6) serving as a scavenger of
certain free radicals. Figure 2 shows the maj or nechani sm by
whi ch GSH renoves hydr oper oxi des (i ncludi ng xenobi otic organic
peroxi de and |ipid hydroperoxide). By accepting an el ectron
fromthe peroxide (or donating a hydrogen ion), GSH is
oxidized to half of a disulfide (GSSG . This reaction is

catal yzed by the Se-containing enzynme GSH per oxi dase (GPX).



The GSSG fornmed fromthese oxidizing reactions can be reduced
back to GSH by the flavin-containing enzyne gl utat hi one
reductase (GR). This inportant intracellular step requires
NADPH whi ch is supplied by a reduction of NADP+, a relatively
abundant cel | ul ar reduci ng power, via the hexose nonophosphate
pat hway or an isocitrate dehydrogenase catal yzed reaction
Toget her, these reactions nmake GSH a "recycl abl e" anti oxi dant
inthe cell. Inthe liver, GSH S-transferase (GST) catal yzes
t he conjugation of GSH with a wi de variety of xenobiotic
toxins to form water-sol ubl e conpounds, thereby reducing

oxi dative stress inflicted by the netabolism of these

prooxi dants. When GPX activity is |low, such as under Se-
deficiency, the inportance of GST may rise due to its ability
to renove certain organic peroxides.

Recent evidence show that GSH is an efficient scavenger
of hydroxyl radicals and singlet oxygen. In addition, GSH may
be involved in the recycling of vitamn E radicals. Wen there
is an excessive production of free radicals or reactive oxygen
speci es under various physiol ogi cal and pat hol ogi cal
conditions, the concentration of GSH will fall whereas GSSG
will rise, resulting in a decreased GSH GSSG rati o. This

dynamic alteration is indicative of an oxidative stress.

Cel l ul ar Concentration of d utathione

GSH i s the nost abundant short-chain peptide and the nost

i mportant non-protein thiol source in the body. Its



concentration in the cell is in the mllinolar range for nost
ti ssues. However, there is a great variability in GSH content
in different body tissues depending on their function and

oxi dative capacity. The eye |lens has the highest GSH
concentration of approximately 10 nM anong all tissues,
probably due to its essential role to protect against
photoradiation in this tissue. The concentration of GSH in the
liver is between 5-7 MM It is mainly synthesized within the
hepat ocytes. Ki dney has about 3 mM and Heart about 2 ni
whereas the nuscle has about 1-2 nM dependi ng on fiber type.
Red oxidative tissue e g. red vastus lateralis has 2 fold

hi gher contents of glutathione (2 m\V) then the white vastus
|ateralis. Skeletal nuscles are highly heterogeneous in a
variety of netabolic properties, such as oxidative potential,
pattern of fuel utilization, and antioxi dant enzyne activity.
Therefore, the levels of GSH and GSSG as well as the ratio of
GSH GSSG, reflect these differences in netabolic
characteristics. Concentration of GSH in the red blood cell is
relatively high (~2 m\) conpared to that of bl ood plasm (<
0.05mVM). Since the red blood cell carries oxygen directly and
henogl obi n contains | arge anmount of iron, an inportant
catalyst for free radical formation, high levels of GSH in the
red blood cell is needed for adequate protection against
potential oxidative danage. Mst of the glutathione in the
cell is kept in the reduced state in vivo, giving a high

GSH/ GSSG rati o. Fluctuations occurs when the cell is under



oxi dative stress, making the GSH GSSG ratio a sensitive marker

of cellular redox status.

Transport of @ utathione

Al t hough a nunber of cells are capabl e of synthesizing
GSH, liver by far is the nost inportant organ for synthesize
and transport of GSH de novo. It is estimated that 90% of the
pl asma GSH conmes from hepatic origin, where the various am no
acids (Qu, Cys, dy) fromthe portal blood are synthesized to
GSH. The mpjority of the GSH synthesized is exported via
exocytosi s across the sinusoidal nenbrane into plasma whereas
the remaining is excreted into the bile. Danage to the |iver
like cirrhosis wll lead to a decreased efflux of GSH Use of
GSH by the liver is usually small but it's inmportance rises
when free radicals are produced in netabolizing xenobiotic
drugs. Furthernore, inport of GSHis rather limted because
of the low activity of GGI. Although human |iver contains
significantly higher ambunts of sinusoidal GGI conpared to
ot her species such as rat, the anount is still not sufficient
for significant inport of GSH The kidney on the other hand is
t he maj or consuner of plasma GSH. Anywhere from 70- 90%
cl earance fromthe plasma occurs during first-pass extraction
of GSH It is also a high capacity systemdue to a | arge
vol unme of rennin blood flow It has been denonstrated that
exogenously adm nistered GSH is rapidly cleared within a short

period of tinme, keeping plasma GSH within a narrow range. The



constituent am no acids are taken up by cells of the proxim
tubul e and used for resynthesis of GSH, or returned to the
liver and other organs. The lung and intestine al so
significantly contribute to plasma GSH turnover, because of
the recent finding that a high concentration of GGI is present
in the lung. Al though nuscle contains |ow activity of GGI as
wel | as synthesizing enzynes of GSH, its |arge nmass nmakes it
al so a potential consumer of circulating GSH, particularly
when the nuscle is under oxidative stress and extra

anti oxi dant protection is required. Thus uptake of GSH by
different organs and tissues is primarily dependent on the
activity of GGT in the cell menbrane. This is clearly
denonstrated by the finding that an inhibitor of GGI can | ead
to a marked increase in GSH in blood and eventually the urine
(glutathionuria). Humans with an inborn GGI deficiency also
experience glutathionuria. Thus, glutathione is subject to
constant turnover in the body, with the liver, kidney, |ungs,
heart, intestine, and nuscle being the main organs responsible
for GSH honeostasis (See Figure 3).

In addition to supplying GSH for interorgan transport,
the export of GSH through the nenbrane appears to al so protect
the cell nenbrane of the exporting tissues against oxidative
and ot her types of damage. This is acconplished by maintaining
thiols and ot her antioxidants (e.g. a-tocopherol) required for
menbrane integrity in the reduced state. The interorgan
transport of glutathione is primarily in its reduced form

(i.e. GSH) rather than GSSG However, tissues do export GSSG



when GSSG production is drastically increased and exceeds the
reduci ng capacity of GSSG reductase. For exanple, liver
excretes large anounts of GSSG into the bile duct when a | arge
dose of prooxidant xenobiotic drug is nmetabolized, thereby
alleviating the oxidative stress the liver is exposed to.

I ncreased | evel s of GSSG are del eterious and will disturb
intracel lular redox status and cause cross-1linkage of proteins
and nucl eotides to formm xed di sul fide. These alterations of
cell structure can result in functional inpairnment of the
cell, such as energy production and replication. In addition
to liver, several other tissues also exhibit such active
export of GSSG including erythrocytes, eye, and heart,
resulting in an increase in plasma GSSG Plasma GSSG and t he
rati o of GSH GSSG are therefore often used as an indicator of
total body oxidative stress. It is hypothesized that during

i nt ense exercise ATP pool is markedly decreased thereby
hanpering the export of GSSG and eventual |y causing an
increase of GSSGin the cell. This has been postulated as a

potential factor for nuscle fatigue.

D etary Requirenment and Absorption of GSH

It is known that GSH is an inportant anti-carci nogens and
antioxidant in the mammalian cells. It detoxifies a variety of
carci nogens and chemcal toxins in the gastrointestinal tract.
This makes GSH a |little-known but inportant nutrient in the

diet. Qutathione is present in many food sources |ike fresh



fruits, vegetables, and neats. It is estimated that a daily
human diet high in these food sources contain approxi mately
150 ng of GSH. At this tinme there is no dietary requirenent of
GSH in the US, but in Japan and sone other countries GSH is
nutritionally supplenmented to provide an additional protection
agai nst xenobiotics in the diet. The additional GSH al so
provi de an increased antioxidant level in the intestinal cells
and in the bl ood.

GSH absorption in the @ tract with GSH suppl enent ed
diets is studied quit extensively. Al though the results show
an increase in GSH in the blood after dietary suppl enentati on,
there is still sone debate on the extent of the absorption.
Scientists in the US have found significant increases in blood
pl asma concentration of GSH after oral GSH suppl enentati on
indicating that transepithelial transport of intact GSH occurs
in the small intestine, and that there m ght exist a
tripeptide transport channel in the intestinal nenbrane. It is
also well known that the bile excretes GSH into the snal
intestine to assist in detoxification. This process may all ow
dietary or billary derived GSH to be utilized directly by
various organs via circulating blood. Mreover, it has been
shown that oral adm nistration of GSH may be therapeutically
useful in instances of oxidative stress.

Al t hough GSH can be absorbed by the G track relatively
efficiently, the uptake of GSH by the cell is |limted by the
cross-nenbrane transport systenms and ultimately by the

activities of the various enzynmes invol ved. Thus, other
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possi bl e route of GSH suppl enentati on has been explored. It
has been denonstrated that GSH nonoethyl ester can be taken up
by many types of cells as well as organelles, such as
m tochondria, far nore efficiently than GSH Once absorbed,
GSH is deesterified and GSH | evel s are increased inside the
cell. This provide an efficient way to raise intracellular GSH
concentration in cells which are deprived of GSH or exposed to
an excessive oxidative stress.

GSH exhi bits a pronounced circadian rhythm GSH
synt hesi zi ng enzynes are highly active after a neal; the
hi ghest levels of GSH are reached 6 to 7 hours post
absorption. This enhancenent of GSH synthesis depends on the
nutritional conposition of the nmeal and the activity of the

enzynes invol ved.

@ ut at hi one as an Anti oxi dant during Exercise

In order to understand the role of GSH in protection
agai nst exercise-induced oxidative injury, we need first to
under stand why exerci se can cause an oxidative stress to the
body. There are a variety of nechani snms which may contribute
to tissue and cell damage during strenuous aerobic exercise
and intense physical training. Each of themlikely plays an
inportant role in the etiology of cell injury, but oxygen
derived free radicals seemto cross |link nost of the
mechani sns i nvol ved. The foll ow ng are the nost rel evant

processes occurring during and after an acute bout of
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strenuous exercise. (1) increased oxygen flux through the

m tochondrial electron transport chain causi ng excessive

| eakage of one-el ectron reductants of oxygen, such as
superoxi de radicals; (2) direct nechanical danage to muscle
protein and |iganent stinulating activation of the |ysosonal
system and attracting pol ynorpho neutrophils at the site of
damage, produci ng superoxi de and hydrogen peroxide. This may
contribute to the delayed injury and nuscl e soreness after
exercise; (3) disruption of calciumhoneostasis and activation
of Ca2t dependent proteases causing further tissue damage; (4)
i ncreased oxidation of intracellular thiols and gl utathione

| eading to altered redox status and possible inactivation of
certain enzynes; (5) certain types of exercise nay cause

redi stribution of blood flow and | ocal ischem c conditions
resenbling that of a heart ischem a-reperfusion induced
injury. At present there is no clear consensus as to whether
oxygen free radicals are the causes or results of the above-
nmenti oned epi sodes, however, it is not difficult to perceive
that a highly efficient antioxidant systemis critical in
protection agai nst the oxidative processes and stopping the

vi cious cycles occurring during and after heavy exerci se.

A major role of GSH in protecting tissues fromthe
exerci se-i nduced oxidative danage is to serve as a substrate
for the Se-containing enzyne GSH peroxi dase (GPX). It has been
shown that under Se deficiency wherein GPX activity in nuscle
and liver tissues are reduced to mninmum increased lipid

per oxi dati on occurs despite a normal |evel of GSH. The



bi ochem cal reactions involved in the GSH anti oxi dant function
are summarized in Figure 2. During noderate exercise, the
formation of GSSG as a result of the renobval of hydroperoxide
can be reversed by the GSSG reductase reaction, at the expense
of NADPH. Since nost cells have rel atively abundant sources of
reduci ng power (NADPH), accunul ation of GSSG does not occur
and the GSH GSSG ratio is nmaintained at a high |evel
(estimated to be 50-100). These nechani sns make GSH a
"rechargeabl e" anti oxi dant. However, the bal ance can be

di srupted if (1) hydroperoxide production is excessive, such
as during exhaustive exercise; (2) CRcatalyzed reaction is
inmpaired due to a lack of flavin protein (essential for GR
synthesis) or when GRis inhibited by GSSG or NADP*. In
addition to these enzymatically catalyzed functions, GSH is
also an efficient scavenger to "quench" superoxide (Op--) and
hydroxyl radical (-OH), which can be formed during exercise.

These processes are illustrated in the follow ng equations.

O + 2G5H ® 2GS + HOp
-OH + GSH ® G5 + HO

Finally, GSH is capabl e of scavengi ng singlet oxygen
(1CQ). Because of the significant role of GSH in cellul ar
protection agai nst reactive oxygen species (a termused to
i ncl ude oxygen radicals and other toxic oxygen internedi ates
not qualified to be called free radicals), nunerous studies

have been conducted to elucidate its response, regul ation and
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adaptive changes during acute and chronic exercise. For
pur poses of discussion, we will summarize these findings in
the follow ng categories: (1) an acute bout of exercise; (2)

chronic training; and (3) GSH depl eti on and suppl enent ati on.

An Acute Bout O Exercise

As early as 1985, GSH status (a termused to address the
concentrations of GSH and GSSG and the ratio of GSH GSSG) of
vari ous body tissues was neasured in rats follow ng an acute
bout of exhaustive exercise. It was found that GSSG was
significantly increased after exercise in skeletal nuscle,
liver, and plasma. The investigators proposed that GSSGis an
useful indicator of oxidative stress in the body. GSH was
slightly decreased in the liver and nuscle whereas it was
increased in plasma. The total glutathione |evels (GSH+GSSG)
in the blood was consistently higher after exercise. They
hypot hesi zed that the increase of blood GSH was due to an
increase in GSH efflux fromthe liver. It was further
suggested that GSH export fromthe liver could be stinulated
by vasopressin, a hornone released during physical exercise.
These authors | ater showed that during an acute bout of
exhaustive exercise in rats, running tinme correl ated
significantly (r=- 0.79) with the GSH content in the liver
and that depletion of hepatic GSH under these conditions was
approxi mately 20%

The findings in the above-nenti oned study have been

confirmed by a nunber of subsequent studies in principle,
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al t hough sone di screpanci es have al so been generated. These

controversies were primarily caused by the fact that different
exercise intensities and durations were used by various
i nvestigators, causing the tissue responses to be different.
It is now clear that, at l|least in skeletal nuscle, GSH
oxidation to GSSG is proportional to work | oad and there seens
to be a threshold beyond which significant accunul ati on of
GSSG in tissue can occur. This finding seens to be consi stent
with the scenario of GSH GSSG recycl e nechani sm and t he hi gher
tissue GSSG reflects the inability of the cycle to cope with
t he excessi ve anobunt of hydroperoxi de produced during
exerci se. Exercise duration seens to be an inportant factor in
determ ni ng whet her oxidative stress will take place. It was
denonstrated i n humans that maxi mal graded bicycle exercise
lasting 10-15 min did little to alter blood GSH st atus,
wher eas sub nmaxi mal exercise at ~65% VOpmax caused a
significant increase in blood GSSG and a decrease in GSH
These findings were confirned by experinents in rats.

Consi stent with the scenario that liver is exporting GSH
during prol onged exercise, the authors |aboratory has found
t hat skel etal nuscle content of GSH was increased along with a
significant increase in GSSG and that this increase in GSH
was proportional to exercise intensity. It was hypothesi zed
t hat exercising nmuscle takes up GSH fromcirculation to cope
with an increased oxidative stress in nuscle cells. To further
support this notion, the authors showed that the ingredient

amno acid of GSH, e.g. glutamate and cysteine, were al so
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significantly elevated in nuscle. GSH and GSSG responses to

exercise also seened to differ in various nuscle fiber type,
with the slowtwitch oxidative (type 1) nuscle being nore
resistant to oxidation than the fast-twitch oxidative (I1la)
fibers. This fiber-specific pattern may be related to the

hi gher intrinsic GSH concentration in the fornmer (~3 nV)
conpared to the latter (1-2 mM. Recruitnment pattern during
exercise may also play a role as the fast-twitch glycolytic
(I'l'b) does not show substantial alteration of GSH during
prol onged exercise despite its low GSH | evel (<1 nM.

In order to investigate the possible nechanisns invol ved
in the regulation of hepatic and bl ood GSH status, an
experiment was carried out in the authors' |aboratory wherein
human subj ects rode on a bicycle to exhaustion with or w thout
car bohydrate supplenmentation. It was found that subjects who
had repeated oral glucose ingestion had blunt bl ood GSH
response, whereas the controls denonstrated el evated GSH
during the two and a half hour ride. d ucose suppl enented
subj ects al so had hi gher bl ood anti oxi dant enzynme activity and
showed signs of greater oxidative stress. It was hypothesized
t hat carbohydrate suppl enmentati on probably altered the norna
hor nonal responses during prol onged exercise, such as an
i ncreased gl ucagon and decreased insulin |levels, thereby
di srupting hepatic export of GSH into the bl ood.

Al t hough these studies provided evidence that interorgan
GSH transport may occur during prol onged heavy exercise, two

crucial pieces of information remain to be identified: (1)
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there is an activation of nenbrane transport of GSH, e.g., an

i ncreased GGI activity or a decreased Kmfor GSH, or both,
during acute exercise; and (2) the elevated GSH in muscle
cells is indeed of hepatic origin. So far there is little data
to substantiate these hypothesis. It also has to be pointed
out that sonme investigators believe that nuscles export GSH
into the plasma, instead of inporting GSH fromthe plasna
during exercise to assist coping with the oxidative stress in
the body . This hypothesis was supported by the notion that
nmuscl e and |iver both have |ow GGT activity, and by their
findings that plasma GSH | evel s were sustai ned during

prol onged exercise in hepectom sed rats. G ven the |arge

vol une of muscle mass, this hypothesis seens to be attractive.
However, the nechanismto export GSH from nuscle cells has not
been postul ated and the signals stinulating nuscle GSH ef fl ux

remain to be identified in this scenario.

Chroni c Traini ng

The effect of chronic exercise training on tissue GSH
status and regul ati on has not been studied extensively and
data in this topic is rather Iimted. Al though the already
publ i shed research suggests that training nmay have a profound
i mpact on GSH status in various individual tissues and total
body GSH honeostasis, the conclusions drawn fromthese studies
wer e not consi stent.

Qur previous studies show that highly trained human

subj ects, both in nmales and femal es, do not denonstrate
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significant disturbance in blood GSH status during prol onged

exercise. This is in contrast with the results with |ess
trained or untrained individuals who had increased GSSG and
decreased GSH GSSG ratio. Simlar results have been found in
the rats wherein GSH |l evels in various mmjor organs were
better preserved in response to an acute bout of submaxim
treadm ||l running after 10 weeks of training. It seens
pl ausi bl e that training has i nduced sone nmechanisns in the
body whi ch can mai ntain GSH honeostasi s under acute oxidative
stress. Because trained individuals have a higher rate of
hepatic blood flow at a given work intensity conpared to
untrained individuals, a greater hepatic release of GSH is one
of the nost likely reason. An increase in GSH synthesis in the
liver and a decrease of GSH consunption by other organs have
al so been postul ated, but these explanations are |largely
specul ati ve.

Wth regard to skeletal nuscle GSH status, an early study
i ndi cates that GSH concentration is significantly increased as
aresult of training in the red but not in the white skeleta
nmuscle in rats. Recently, it has been reported that in Beagle
dogs GSH content increased substantial in several nuscle types
after a rigorous training program (55 weeks). Consistent with
t hese findings was an el evation of nuscle GGT activity, an
i ndi cati on of enhanced GSH transport, and an increase in GSH
synt hesi zi ng enzynes in the exercised skel etal nuscle.

The effect of training on nuscle GSH status has recently

been investigated in our |aboratory. Using young, adult and



old rats, we found GSH response to training was nuscle fiber
specific. The deep portions of the vastus lateralis nuscle
(type Ila) showed a significant adaptations of GPX and SOD
activities and had no change in GSH content or GSH GSSG rati o.
Sol eus nuscle, on the other hand, showed a significant
decrease of GSH content and the GSH GSSG ratio, associate with
a significant reduction of GGI activity with training. The

di screpanci es between our data and the others are not readily
expl ai nabl e, however, it points out the possibility that
nmuscl es involved in high intensity chronic exercise may have a
deficit of GSH and that supplenentation of GSH or anal ogs may

be advi sable in physically active individuals.

G ut at hi one Depl eti on And Suppl enent ati on

Because of the inportant role of GSH in the total body
anti oxi dant function, depletion of GSH woul d be expected to
exacer bate oxidative stress during prol onged exercise. Several
nmet hods are currently available to deplete the body GSH pool,
each involving a different nechanism The nost effective one
which has the | east side effect is to use buthionine
sul foxi m ne (BSO), developed initially by Dr. Meister. BSO
inhibits the rate-limting enzyme of GSH synthesis, i.e. ¢
gl ut anyl cyst ei ne synt hetase thereby dramatically decreasing
GSH output by the liver . In a recent study in our |aboratory,
mce were injected i.p. with BSO (2 mmol /kg body wt) for 12
days along with 20 MM BSO in their drinking water. These
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treatment were found to deplete GSH content in liver, kidney,

heart, and nuscle to 23, 15, 10, and 7% of the nornal val ues,
respectively. The GSH-depl eted m ce and GSH adequate m ce were
t hen subjected to an acute bout of swimmng to exhaustion. GSH
content in the GSH adequate m ce was decreased as a function
of time in all tissues studied except quadriceps nuscle which
showed a slight increase. In the GSH depl eted m ce, exercise
further lowered GSH levels in all tissues, acconpanied with a
hi gher MDA | evel than the GSH adequate m ce. Furthernore, GPX
activity was significantly elevated in the skeletal nuscle of
the GSH depleted m ce conpared to the controls, whereas GST
and GGTI activity were significantly decreased wi th gl utathione
depl etion. These alterations show that GSH depletion can
exacerbate the vulnerability of exercising nuscle to reactive
oxi dants, while adaptations occur in related anti oxi dant
systemto conpensate the | oss of GSH

Si nce exercise decreases the reduced thiol pool in the
body, including GSH, it m ght be beneficial to suppl enent
thiols during acute or chronic exercise. |Indeed, several
conpounds have been wi dely used in protecting ischem a-
reper fusi on caused myocardi al oxi dative danmage and hyperoxi a
nmedi ated |ung injury, anong these are N acetyl cystei ne (NAC),
GSH acetyl nonoester and free GSH. Acute GSH injection i.p. at
t he dosages of 250-1000 ng/ kg body wt has been reported to
i ncrease endurance tinme by 120-140%in swi nmng mce, although
the | evel of oxidative stress was not determined in the study.

NAC suppl enented orally to human subjects for two days (total
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dose 2.4 g) was found to decrease GSSG | evel s provoked by an

acute maxi mal exercise test. Regardless of the nechanisns in
t he nentioned studies, supplenmentation of exogenous thiol
source may have potential nmerit in reducing oxidative stress

during exerci se.

Concl usi ons

Al t hough the role of GSH in the biological systens has
been studied extensively, its significance in relation with
exerci se physiology and sport nedicine has not been fully
appreciated until recently. Fromthe avail abl e evi dence
accunul ated in the past decade, it is now known that GSH is an
i nportant anti oxi dant protecting the cell against reactive
oxygen speci es produced during aerobic exercise. The
ef fectiveness of protection depends on both the concentration
of tissue GSH and the capacity of the GSH GSSG redox cycle
under oxidative challenge. Wen there is an excessive
production of hydroperoxide or when GSH content is deprived in
the cell, GSH GSSG ratio wil| decrease markedly. This is
i ndicative of an oxidative stress often acconpanied with
increased |ipid peroxidation and di sturbance of anti oxi dant
enzyne systens.

GSH i s subject to constant turnover in the body. The
liver exports GSH into the plasnma whereas other organs and
ti ssues take up GSH fromthe circulation. This interorgan

transport facilitates the |local needs of GSH to cope with a
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potential oxidative stress. There is evidence that skeletal

nmuscl e and heart increases its utilization of GSH during acute
and chronic exercise, and that GSH efflux into plasma fromthe
liver is enhanced. These regul atory nechani sns, however, can
be interrupted by physiol ogi cal, pharmacol ogi cal, and
nutritional interventions. Therefore, supplenentation of GSH
at appropriate levels and with proper neans seens advisable in

physi cal |y active individuals.
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Fi gures Legends

Figure 1. The gd utanyl-Cycle. AA, am no acids; GGI, ¢
gl utanyl transpepti dase; GGC, ¢ gl utanyl cycl otransferase; 5-
OP, oxoprolinase; GCS, gglutanyl cysteine synthetase; GS,

gl ut at hi one synt het ase; GSHT, gl utathione transporter.

Figure 2. Antioxidant function of glutathione. SOD, superoxide
di snut ase; GPX, gl utathione peroxidase; GR gl utathione
reductase; |1CDH, isocitrate dehydrogenase; G6PDH, gl ucose-
6- phosphat e dehydrogenase; GST, gl utathione S-transferase;
GS-, glutathione thiyl radical; X conpounds that react

with GSH to form conjugates.

Figure 3. Postulated outline of interorgan transport of
glutathione. GS-, glutathione thiyl radical; ROCH hydrogen
per oxi de; ROH, al cohol; GGT ¢ gl utanyltranspepti dase.



