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Lands, L. C.,, V. L. Grey, and A. A. Smountas. Effect of
supplementation with a cysteine donor on muscular perfor-
mance. J. Appl. Physiol. 87(4): 1381-1385, 1999.—Oxidative
stress contributes to muscular fatigue. GSH is the major
intracellular antioxidant, the biosynthesis of which is depen-
dent on cysteine availability. We hypothesized that supplemen-
tation with a whey-based cysteine donor [Immunocal
(HMS90)] designed to augment intracellular GSH would
enhance performance. Twenty healthy young adults (10 men,
10 women) were studied presupplementation and 3 mo
postsupplementation with either Immunocal (20 g/day) or
casein placebo. Muscular performance was assessed by whole
leg isokinetic cycle testing, measuring peak power and 30-s
work capacity. Lymphocyte GSH was used as a marker of
tissue GSH. There were no baseline differences (age, ht, wt,
%ideal wt, peak power, 30-s work capacity). Follow-up data on
18 subjects (9 Immunocal, 9 placebo) were analyzed. Both
peak power [13 = 3.5 (SE) %, P< 0.02] and 30-s work capacity
(13 + 3.7%, P < 0.03) increased significantly in the Immuno-
cal group, with no change (2 * 9.0 and 1 * 9.3%) in the
placebo group. Lymphocyte GSH also increased significantly
in the Immunocal group (35.5 = 11.04%, P < 0.02), with no
change in the placebo group (—0.9 * 9.6%). This is the first
study to demonstrate that prolonged supplementation with a
product designed to augment antioxidant defenses resulted in
improved volitional performance.
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OXIDATIVE STRESS contributes to the development of
muscular fatigue (27). GSH is a major intracellular
antioxidant, the biosynthesis of which depends on the
intracellular availability of cysteine (1). Previous work
has shown that supplementation with N-acetylcysteine
can slow the onset of muscular fatigue (26). However,
there are significant adverse effects with such treat-
ment (18, 26), possibly related to elevations in extracel-
lular cysteine (1, 24). Cysteine, in the form of glutamylcys-
tine moieties, more readily enters into cells. Immunocal, a
whey-based oral supplement with a relative abundance of
glutamylcystine, has been shown to augment intracellular
GSH concentrations in vitro (5). We hypothesized that if
this would occur in vivo, then supplementation with Immu-
nocal would improve muscular performance.

MATERIALS AND METHODS

Twenty healthy young adults (10 men, 10 women) were
enrolled in the trial. After signing informed consent, subjects
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were randomly assigned to take either Immunocal (10 g/dose
twice daily) or an equivalent amount of casein placebo for 3
mo (5 men and 5 women in each group; both Immunocal and
casein placebo were provided by Immunotec Research,
Vaudreuil, PQ). Subjects were supplied with a canister con-
taining a 30-day supply. Subjects returned each month for a
refill of their treatment. The change in weight of the canister
was used as an indicator of compliance. Both subjects and
principal investigators were blinded as to which supplement
was given until the subject completed the trial.

Subjects were studied in the morning, 3-4 h after a
standardized breakfast (1 glass of low-fat milk, 2 slices of
unbuttered toast with jam, and 1 glass of juice). Subjects
underwent the same measures at the beginning and end of
the trial.

Subjects in stockinged feet had their height measured on a
stadiometer, and their weight was recorded while they were
lightly clothed and standing on an electronic balance. Weight
was also expressed as a percentage of ideal weight for height
and age (14). Triceps and subscapular skinfold thicknesses
were used to assess their percentage of body fat (19).

Subjects had 10 ml of blood drawn from an antecubital vein
into a heparinized syringe for analysis of lymphocyte GSH
concentration on four occasions before each exercise session:
twice, separated by 2—-3 h 2 days before the study, and twice,
separated by 2-3 h on the day of the study. The mean of the
four measurements was used for pre- and postsupplementa-
tion comparison. Subjects also completed an activity question-
naire, which asked them to recall their activity on a typical
day in the past week (3). Briefly, the questionnaire breaks the
day into segments between meals. The time spent in moder-
ate (e.g., walking) and vigorous (e.g., running, cycling) activ-
ity was calculated for each time period as well as the
percentage of awake time spent being active.

Muscular ability was assessed during isokinetic cycling
(20, 23). Although a 30-s isokinetic sprint is primarily glyco-
lytic (25, 35), the total work performed during the sprint
correlates strongly with aerobic capacity, as measured during
progressive cycle ergometry testing (20, 23). The combination
of sprint work capacity with lung function allows for the
prediction of maximal progressive work capacity, whereas the
short nature of the test allows for the evaluation of the
independent contribution of peripheral skeletal muscle func-
tion to exercise limitation in both health and disease (20, 22,
23). A 30-s isokinetic sprint results in electrolyte flux, lactate
generation, and increased oxygen consumption (25), condi-
tions that should give rise to reactive oxygen species.

On a custom-designed cycle, which has been previously
described (21), the subject made an all-out effort during 30 s
of cycling at 60 rpm. During cycling, the strain on the flywheel
axle strut is continuously monitored at 200 Hz. These data
are subsequently analyzed to give the maximal power achieved
(W) and the total work achieved (kJ). Both values were
expressed as a percentage of predicted, using gender-specific
equations on the basis of age and height (23).

Lymphocyte preparation. Blood was diluted in an equal
amount of RPMI-1640 medium, and the resultant mixture
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was placed in a tube containing 4 ml of Ficoll-Hypaque and
centrifuged at 400 g (1,400 rpm, IEC-7) for 30 min. The cells
at the interface (90% lymphocytes) were removed by pipette
and resuspended in 10 ml of 4°C RPMI-1640 and kept on ice.
The suspension was then centrifuged at 450 g (1,800 rpm) in a
4°C centrifuge (IEC-PR6) for 10 min. After removal of the
supernatant, the pellet was washed again in cold RPMI-1640.
The pellet was resuspended in 4 ml of 1X PBS (pH 7.40), and
a 0.2-ml aliquot was removed for automated cell counting
(Coulter S-plus JR). The cell count was used to calculate the
suspension volume required for a 1 X 108 lymphocyte aliquot.

Aliquots of appropriate volume were then centrifuged in
prechilled tubes at 500 g (800 rpm, Eppendorf 5402) for 10
min at 4°C. The supernatant was removed, and the pellet was
resuspended in 970 pl of cold, distilled water. To this, 30 pl of
30% 5-sulfosalicylic acid (SSA) were added to make a final
concentration of 0.9% SSA, and the solution was incubated for
15 min on ice. The solution was then centrifuged at 5,000 g
(8,000 rpm, Eppendorf 5402) for 10 min at 4°C. The superna-
tant was removed and stored at —70°C for later analysis of
GSH.

GSH analysis. Total GSH in the 0.9% SSA extract was
determined by the glutathione reductase recycling method of
Tietze (33) adapted for the Cobas Mira spectrophotometer
(Roche Diagnostics) (9). Briefly, the Cobas Mira pipettes 210
HI NADPH (0.3 mmol/l), 30 ul DTNB (6.0 mmol/]), and 95 pl of
sample, standard, or 0.9% SSA into cuvettes. After a 4-min
incubation at 37°C, 15 ul glutathione reductase (1.0 U/100 pl)
are added, and the reaction is monitored every 24 s for 12
min. Under these conditions, the method is linear for GSH
concentrations between 0.5 and 5 pmol/l. The instrument
constructs a calibration curve by assaying known GSH stan-
dards, and from this the GSH concentration of the unknown
is evaluated. Reproducibility for GSH at these concentrations
is <2% (intra-assay coefficient of variation). Laboratory con-
trol mean value (n = 7) is 1.31 pmol/10° lymphocytes, with a
range of 0.69-2.18 pmol/10° lymphocytes.

Data analysis. Statistical analysis was performed by using
Statistica 5.1 for Windows (Statsoft). Data were expressed as
means * SE. The groups’ baseline data were compared by
unpaired #testing. Changes from baseline within each group
were assessed by paired #testing, and the changes between
the groups by unpaired ttesting. A P value <0.05 was
considered as significant.

RESULTS

At baseline, there were no significant differences in
age, height, weight, percent ideal body weight, or
percent body fat (Table 1). Leg peak power and 30-s
work were not significantly different at baseline, nor
were lymphocyte GSH levels and the percentage of
awake time spent being active (Table 2).

Table 1. Subject characteristics

Supplemented Control
Age, yr 23.7+1.20 23.7%x1.24
Height, cm 164.7x2.75 169.0+2.80
Weight, kg 69.1 27.02 65.1+2.66
Percent ideal body weight, % 106.0+7.03 101.9+3.03
Percent body fat, % 21.9x2.13 18.6+2.08

Values are means = SE; n = 9 subjects/group. Supplemented and
control groups were administered Immunocal (20 g/day) or casein
placebo, respectively.
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Table 2. Baseline parameters

Supplemented Control
Peak power, %predicted 96.4+6.73 91.4x2.64
30-s Work, %predicted 81.3+6.22 79.0x3.27
GSH, pmol/106 lymphocytes 1.19+0.10 1.45*0.15
Time spent in activity, %awake time = 49.7+2.68 62.3*+5.78

Values are means = SE; 17 = 9 subjects/group.

One subject on placebo withdrew from the trial,
citing headaches within the first few weeks. One sub-
ject on Immunocal had follow-up exercise results that
were technically unacceptable. Results on follow-up
data are reported for the remaining 18 subjects. The
supplemented group showed significant increases in
both measurements of muscle performance and lympho-
cyte GSH levels. No such differences were seen in the
control group, and the differences between groups were
all significant (Table 3, Fig. 1). The supplemented
group also spent more time in activity, whereas there
was no change in the control group. Although body
weight did not change significantly in either group, the
supplemented group had a decrease in their percent
body fat. Both groups ingested ~90% of their supple-
ment (Immunocal: 91.9 + 5.8%,; placebo: 90.6 = 11.65%).

DISCUSSION

We demonstrated that ingestion of Immunocal, at a
dose of 20 g/day, resulted in a 35.5% increase in
circulating lymphocyte GSH concentrations. At the
same time, supplemented subjects were able to gener-
ate more power to perform more work during a 30-s
maximal effort. y-Glutamyl amino acids can be trans-
ported into cells. In the case of glutamylcystine, this
can effectively increase cellular GSH concentrations
(2).

Immunocal is a bovine whey protein concentrate
produced by a proprietary lenient technique involving
microfiltration and low-temperature pasteurization of
milk. Whey protein consists of several compounds,
including albumin, lactoferrin, and a-lactalbumin,
which are rich in cystine (the oxidized form of cysteine)
residues. Albumin and lactoferrin are also rich in
glutamylcystine, which is easily transported into cells,
making it a more readily available substrate for GSH
biesynthesis (4, 5). Immunocal contains 2.5% cystine,
compared with 0.3% for casein.

Table 3. Percent change from baseline

Supplemented Control
Weight -1.0+0.57 0.2+0.94
Percent body fat —4.8%1.96*1 5.1%+3.26
Peak power 13.3+3.48*1 1.6£3.00
30-s Work 12.7+3.66*t 0.9+%3.10
Lymphocyte GSH 35.5+11.04*t -0.9+9.64
Time spent in activity 13.7+£5.59* 4.7+13.86

*Significantly different from baseline: percent body fat, P < 0.05;
peak power, P< 0.01; 30-s work, P< 0.02; lymphocyte GSH, P< 0.01;
time spent very active P < 0.01; time spent in activity, P < 0.04.
1 Significantly different from control: percent body fat, P< 0.02; peak
power, P < 0.02; 30-s work, P< 0.02 lymphocyte GSH, P < 0.02.
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p<0.02

Fig. 1. Percent change from baseline in lym-
phocyte GSH levels (left) and predicted 30-s
leg work capacity (right) in Immunocal (open
bars) and control group (filled bars). Error
bars, SE. Immunocal group was significantly
different from baseline (£ < 0.01) and from
control group (P < 0.02) for lymphocyte GSH
levels. Immunocal group was significantly dif-
ferent from baseline (P < 0.02) and from
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We utilized lymphocyte GSH concentrations as a
marker of tissue GSH levels, as evidence from animal
studies has suggested that this could track tissue
levels, in response to both L-2-oxothiazolidine-4-carbox-
ylic acid, a cysteine precursor, and buthionine sulfoxi-
mine, an inhibitor of the first, rate-limiting step in GSH
synthesis, y-glutamylcysteine synthase. Although a
small trial of L-2-oxothiazolidine-4-carboxylic acid raised
lymphocyte GSH levels, it also resulted in elevations in
plasma cysteine and adverse effects (24). Although
some patients did complain of bloating and occasional
queasiness while on Immunocal, no other complaints
were noted. This study, then, is the first demonstration
of a well-tolerated oral supplement that could effec-
tively raise tissue GSH concentrations.

Of more import are the functional findings. Subjects
on Immunocal were able to generate greater power and
increased the amount of work they could achieve
during an all-out 30-s sprint. We have previously
demonstrated that leg muscle 30-s isokinetic work
output is a significant factor contributing to progres-
sive exercise performance in patients with cystic fibro-
sis (20) and patients after lung transplant (22), indepen-
dent of the effect of pulmonary impairment. Similar
results have also been demonstrated in healthy adults
(23). The ability to perform exercise has a significant
impact on quality of life (10). Our results suggest then
that the improvements in volitional performance that
we measured in the laboratory can have a direct impact
on functional ability. In this regard, it is intriguing that
the subjects on Immunocal increased the percentage of
time they spent being active.

Oxidative stress is associated with strenuous muscu-
lar contraction, leading to fatigue (8, 13, 15, 16, 28, 31).
However, as pointed out by both Reid and colleagues
(26) and Sen (27), although biochemical parameters of
oxidative stress can be altered by supplementation, it
has been difficult to demonstrate improvement in mus-
cular performance. Animal models of muscular fatigue
have demonstrated a beneficial effect of pretreatment
with N-acetylcysteine (29, 32). Reid and co-workers
were the first to demonstrate that pretreatment with
intravenous N-acetylcysteine could increase force out-
put of the tibilais anterior in humans when electrically
stimulated to fatigue at low frequencies. A recent study

1 control group (P < 0.02) for 30-s work.

reported that the time to voluntary task failure (inabil-
ity to maintain 80% of maximal transdiaphragmatic
pressure while breathing against a resistive load) in
healthy humans could be increased by the use of
intravenous N-acetylcysteine (34).

N-acetylcysteine can serve to maintain adequate
stores of GSH through several mechanisms, includ-
ing supplying cysteine for GSH biosynthesis and di-
rectly scavenging reactive oxygen species. Because
N-acetylcysteine does not cross the sarcolemma or
increase blood total GSH concentrations but does re-
duce blood GSH oxidation after exercise (28), it is likely
that the results of Reid and co-workers (26) were due to
N-acetylcysteine's free radical scavenging effects. The
prevention of free radical-induced muscular dysfunc-
tion by free radical scavenging most likely explains the
results of recent animal studies of diaphragm fatigue
(32). However, other potential effects, such as improved
blood flow or increased central nervous system respira-
tory drive, could also contribute (12). Unfortunately,
N-acetlycysteine is associated with a number of ad-
verse effects that detract from its utility as an ergogenic
aid. These include blurred vision, dysphoria, and gastro-
intestinal discomfort. In the study by Travaline and
co-workers (34), four subjects were premedicated with
diphenhydramine and ranitidine to prevent the devel-
opment of adverse effects.

The exact mechanism(s) of how Immunocal improved
muscular performance is unclear. The most obvious
mechanism would be an increase in intracellular gluta-
thione levels, leading to a decrease in oxidant-induced
muscular dysfunction. Our patients increased the per-
centage of time spent in moderate-to-vigorous activity,
so that a central effect leading to increased activity and
improved neural regulation of muscular function can-
not be excluded. Many of the subjects reported a sense
of feeling more energetic. This feeling could relate to
central mechansims but could also relate to a decrease
in muscular damage from antioxidant protection, as
muscle soreness and sarcolemma permeability have
been linked to oxidative stress (30). Our activity ques-
tionnaire provides us with time spent in activity but
does not describe how that time was spent. However,
this enhanced activity could have led to a training
effect.
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Subjects on Immunocal had a decrease in their
percentage of body fat while maintaining their weight.
Although this result sounds almost too good to be true,
in healthy subjects plasma concentrations of cysteine
and glutamine have been prognostic of subsequent
changes in lean body mass (17). In patients with
wasting disorders, such as cancer and human immuno-
deficiency virus infections, these values are reduced
early on, preceding overt cachexia (7, 11).

The biochemical changes seen in wasting disorders
have led to the concept of a low cyst(e)ine-glutamine
syndrome. In this model, hepatic catabolism of cyst(e)-
ine to sulfate leads to the generation of hydrogen ions,
which remove bicarbonate through buffering. Bicarbon-
ate is required for the first rate-limiting step in the
conversion of ammonium to urea. Removal of bicarbon-
ate promotes ammonia's conversion to glutamine, thus
conserving nitrogen in the amino acid pool. Our results
are consistent with this model of cysteine metabolism.
The change in redox state resulting from augmentation
of glutathione stores could also alter gene expression to
promote muscle growth (6). This suggests that supple-
mentation with a cysteine donor may favorably influ-
ence body composition toward increased muscle mass.
We do not believe that the changes we saw in body
composition and muscle function were simply due to
augmented protein intake, as the casein-supplemented
group did not demonstrate these changes.

In conclusion, supplementation of healthy young
adults with a whey-based oral supplement augmented
lymphocyte GSH concentrations, while increasing mus-
cular performance in these subjects. Aside from its
potential as an ergogenic aid, such supplementation
may have particular benefit in patients with persistent
inflammatory conditions.

This research was supported in part by the Canadian Cystic
Fibrosis Foundation and Immunotec Research, Inc. L. C. Lands is a
clinical investigator with the Fonds de la Recherche en Santé du
Québec.

Address for reprint requests and other correspondence: L. C.
Lands, Respiratory Medicine, Montreal Children’s, Hospital, Rm.
D-380, 2300 Tupper St.. Montreal, Quebec, Canada H3H 1P3 (E-mail:
larry.lands@muhc.megill.ca).

Received 28 October 1998; accepted in final form 7 June 1999.

REFERENCES

1. Anderson, M. E. Glutathione and glutathione delivery com-
pounds. Adv. Pharmacol. 38: 65-78, 1997.

2. Anderson, M. E., and A. Meister. Transport and direct utiliza-
tion of gamma-glutamylcyst(e)ine for glutathione synthesis. Proc.
Natl. Acad. Sci. USA 80: 707-711, 1983.

3. Boucher, G. P, L. C. Lands, J. A. Hay, and L. Hornby.
Activity levels and the relationship to lung function and nutri-
tional status in children with cystic fibrosis. Am. J. Phys. Med.
Rehab. 76: 311-315, 1997.

4. Bounous, G., G. Batist, and P. Gold. Immunoenhancing
property of dietary whey protein in mice: role of glutathione.
Clin. Invest. Med. 12: 154-161, 1989.

5. Bounous, G., and P. Gold. The biological activity of undena-
tured dietary whey proteins: role of glutathione. Clin. Invest.
Med. 14: 296-309, 1991.

6. Burdon, R. H. Superoxide and hydrogen peroxide in relation to
mammalian cell proliferation. Free Radic. Biol. Med. 18: 775-
794, 1995.

CYSTEINE DONOR SUPPLEMENTATION

7. Droge, W.,, and E. Holm. Role of cysteine and glutathione in
HIV infection and other diseases associated with muscle wasting
and immunological dysfunction. FASEB J. 11: 1077-1089, 1997.

8. Gohill, K., C. Viguie, W. C. Stanley, G. A. Brooks, and L.
Packer. Blood glutathione oxidation during human exercise. J.
Appl. Physiol. 64: 115-119, 1988.

9. Grey, V.L,, V. G. Kramer, and L. C. Lands. The determination
of oxidised and reduced glutathione in circulating lymphocytes
using the Cobas Mira S (Abstract). Clin. Biochem. 31: 301, 1998.

10. Guyatt, G. H., L. B. Berman, M. Townsend, S. O. Pugsley,
and L. W. Chambers. A measure of quality of life for clinical
trials in chronic lung disease. Thorax42: 773-778, 1987.

11. Hack, V., D. Schmid, R. Breitkreutz, C. Stahl-Henning, P.
Drings, R. Kinscherf, F. Taut, E. Holm, and W. Droge.
Cystine levels, cystine flux, and protein catabolism in cancer
cachexia, HIV/SIV infection, and senescence. FASEB J. 11:
84-92, 1997.

12. Harrison, P. M., J. A. Wendon, A. E. Gimson, G. J. Alex-
ander, and R. Williams. Improvement by acetylcysteine of
hemodynamics and oxygen transport in fulminant hepatic fail-
ure. N. Engl. J. Med. 324: 1852-1857, 1991.

13. Jackson, M. J., R. H. T. Edwards, and M. C. H. Symons.
Electron spin-resonance studies of intact mammalian skeletal
muscle. Biochim. Biophys. Acta 847: 185-190, 1985.

14. Jetté, M., S. Hendricks, D. Kroetsch, H. Nielsen, P. Soucy,
and P. Verdier. Guide for Anthropometric Meaurements of
Canadian Adults. Ottawa, ON: Health-Welfare Canada, 1992.

15. Ji, L. L., A. Katz, R, Fu, M. Griffiths, and M. Spencer. Blood
glutathione status during exercise: effect of carbohydrate supple-
mentation. J. Appl. Physiol. T4: 788-792, 1993.

16. Kanter, M. M., L. A. Nolte, and J. O. Holloszy. Effects of an
antioxidant vitamin mixture on lipid peroxidation at rest and
postexercise. J. Appl. Physiol. T4: 965-969, 1993.

17. Kinscherf, R., V. Hack, T. Fischbach, B. Friedmann, C.
Weiss, L. Edler, P. Bartsch, and W. Droge. Low plasma
glutamine in combination with high glutamate levels indicate
risk for loss of body cell mass in healthy individuals: the effect of
N-acetyl-cysteine. J. Mol Med. 74: 393-400, 1996.

18. Koch, S. M., A, A, Leis, D. S. Stokic, F. A. Khawli, and M. B.
Reid. Side effects of intravenous N-acetylcysteine (Abstract).
Am. J. Respir: Crit. Care Med. 149: A321, 1994.

19. Lands, L. C., C. Gordon, O. Bar-Or, C. J. Blimkie, R. M.
Hanning, N. L. Jones, L. A. Moss, C. E. Webber, W. M.
Wilson, and G. J. Heigenhauser. Comparison of three tech-
niques for body composition analysis in cystic fibrosis. .J. Appl.
Physiol. 75: 162-166, 1993.

20. Lands, L. C., G. J. Heigenhauser, and N. L. Jones. Analysis
of factors limiting maximal exercise performance in cystic fibro-
sis. Clin. Sci. 83: 391-397, 1992.

21. Lands, L. C., L. Hornby, G. Desrochers, T. Iler, and G. J.
Heigenhauser. A simple isokinetic cycle for measurement of leg
muscle function. J. Appl. Physiol. 77: 25062510, 1994.

22. Lands, L. C,, A. A. Smountas, G. Messiano, L. Brosseau, H.
Shennib, M. Charbonneau, and R. Gauthier. Maximal exer-
cise capacity and peripheral skeletal muscle function following
Jung transplantation. J. Heart Lung. Transplant. 18: 113-120,
1999.

23. Makrdies, L., G. J. Heigenhauser, N. McCartney, and N, L.
Jones. Maximal short term exercise capacity in healthy subjects
aged 15-70 years. Clin. Sci. Lond. 69: 197-205, 1996.

24. Porta, P.,, S. Aebi, K. Summer, and B. H. Lauterburg.
L-2-oxothiazolidine-4-carboxylic acid, a cysteine prodrug: pharma-
cokinetics and effects on thiols in plasma and lymphocytes in
humans. J. Pharmacol. Exp. Ther: 257: 331-334, 1991.

25. Putman, C. T., N. L. Jones, L. C. Lands, T. M. Bragg, M. G.
Hollidge-Horvat, and G. J. Heigenhauser. Skeletal muscle
pyruvate dehydrogenase activity during maximal exercise in
humans. Am. J. Physiol. 269 (Endocrinol. Metab. 32): E458-E68,
1995.

26. Reid, M. B., D. S. Stokic, S. M. Koch, F. A. Khawli, and A. A.
Leis. N-acetylcysteine inhibits muscle fatigue in humans. J.
Clin. Invest. 94: 2468-2474, 1994.



27.

28.

29.

30.

31.

CYSTEINE DONOR SUPPLEMENTATION

Sen, C. K. Oxidants and antioxidants in exercise. J. Appl.
Physiol. 79: 675-686, 1995.

Sen, C. K., M. Atalay, and O. Hanninen. Exercise-induced
oxidative stress: glutathione supplementation and deficiency. J.
Appl. Physiol. T7: 21772187, 1994.

Shindoh, C., A. DiMarco, A. Thomas, P. Manubay, and G.
Supinski. Effect of N-acetylcysteine on diaphragm fatigue. J.
Appl. Physiol. 68: 2107-2113, 1990.

Sjodin, B., Y. Hellsten Westing, and F. S. Apple. Biochemical
mechanisms for oxygen free radical formation during exercise.
Sports Med. 10: 236-254, 1990.

Sumida, S., K. Tanaka, H. Kitao, and F. Nakadomo. Exercise-
induced lipid peroxidation and leakage of enzymes before and
after vitamin E supplementation. Int. J. Biochem. 21: 835-838,
1989.

32.

33.

34.

35.

1385

Supinski, G. S., D. Stofan, R. Ciufo, and A. DiMarco.
N-acetylcysteine administration alters the response to inspira-
tory loading in oxygen-supplemented rats. J. Appl. Physiol. 82:
1118-1125, 1997.

Tietze, F. Enzymic method for quantitative determination of
nanogram amounts of total and oxidized glutathione: applica-
tions to mammalian blood and other tissues. Anal. Biochem. 27:
502-522, 1969.

Traveline, J. M., S. Sudarshan, B. G. Roy, F. Cordova, V.
Leyenson, and G. J. Criner. Effect of N-acetylcysteine on
human diaphragm strength and fatigability. Am. J. Respir. Crit.
Care Med. 156: 1567-1571, 1997.

Trump, M. E., G. J. Heigenhauser, C. T. Putman, and L. L.
Spriet. Importance of muscle phosphocreatine during intermit-
tent maximal cycling. J. Appl. Physiol. 80: 1574-1580, 1996.




