
Pergamon 
Free Radical Biology & Medicine, Vol. 16, No. 3, pp. 299-305, 1994 

Copyright © 1994 Elsevier Science Ltd 
Printed in the USA. All rights reserved 

0891-5849/94 $6.00 + .00 

0891-5849(94)E0001-Y 

Original Contribution 

U R I C  A C I D  A N D  G L U T A T H I O N E  L E V E L S  D U R I N G  

S H O R T - T E R M  W H O L E  B O D Y  C O L D  E X P O S U R E  

WERNER G.  SIEMS,* FREDERIK J. G .  M.  VAN KUIJK,  ¢ RALPH MAASS, t and RAINER BRENKE t 

*Institute of Biochemistry and tClinics of Physiotherapy, Medical Faculty (Charite), Humboldt University, Berlin, Germany; 
and *Department of Chemistry and Biochemistry, Montana State University, Bozeman, MT, USA 

(Received I I March 1992; Revised 25 February 1993; Re-revised 20 July 1993; Accepted 21 July 1993) 

Abst rac t - -Ten healthy subjects who swim regularly in ice-cold water during the winter (winter swimming), were evaluated 
before and after this short-term whole body exposure. A drastic decrease in plasma uric acid concentration was observed during 
and following the exposure to the cold stimulus. We hypothesize that the uric acid decrease can be caused by its consumption 
after formation of oxygen radicals. In addition, the erythrocytic level of oxidized glutathione and the ratio of oxidized glutathi- 
one/total glutathione also increased following cold exposure, which supports this hypothesis. Furthermore, the baseline concen- 
tration of reduced glutathione was increased and the concentration of oxidized glutathione was decreased in the erythrocytes of 
winter swimmers as compared to those of nonwinter swimmers. This can be viewed as an adaptation to repeated oxidative stress, 
and is postulated as mechanism for body hardening. Hardening is the exposure to a natural, e.g., thermal stimulus, resulting in 
an increased tolerance to stress, e.g., diseases. Exposure to repeated intensive short-term cold stimuli is often applied in hydro- 
therapy, which is used in physical medicine for hardening. 
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INTRODUCTION 

Life in a modem industrial society is characterized by 
a growing deficiency of natural stimulating factors 
like physical exercise. Furthermore, dynamic muscle 
work has been substituted more and more by static 
muscle work. There is also lack of thermal and clima- 
tical influences from the environment. This may con- 
tribute to increased morbidity, e.g., in degenerative 
diseases of the skeletal and muscle systems, heart dis- 
eases, and infectious diseases, but also to lability of the 
central nervous system.~ The negative results of natu- 
ral stimulator deficiency can be partly prevented by 
exercise and "hardening," which play an important 
role in physiotherapy. The exposure to an intensive 
short-term cold stimulus like swimming in cold water 
of lakes or rivers, especially during winter, has been 
used as one form of body hardening for many 
years. 2-4 Hardening means exposure against a natural, 
e.g., thermic stimulus, resulting in an increased resis- 
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tance to diseases, especially acute respiratory dis- 
eases. 5 As of now the molecular mechanisms leading 
to "hardening" are not known. Because of the high 
frequency of acute respiratory diseases and because of 
the medical importance of body hardening, studies on 
biochemical mechanisms connected with a short- 
term whole body cold stimulus are interesting. 

To explore the possibility of oxygen radical genera- 
tion during and following a short-term whole body 
cold stimulus, the concentrations of uric acid, re- 
duced glutathione (GSH), and oxidized glutathione 
(GSSG) in red blood cells of winter swimmers were 
measured before and after cold stimulus. 

MATERIALS AND METHODS 

In Berlin, one winter swimmer club has been flour- 
ishing for several years. The members are not selected 
in any way and all swim regularly outdoors in ice-cold 
water. Their activities start in the fall, and members 
swim at least once per week for about 5 min in ice- 
cold water. Sometimes, ice on the lake has to be re- 
moved to allow them to swim. 
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Urine and blood samples were taken from 10 
healthy subjects accustomed to winter swimming. 
The subjects had been winter swimming for several 
(1-l 1 ) years. The frequency of the winter swimming 
was once per week for about 5 min. The age of the 
subjects in this group was 40.5 _+ 12.3 years. The con- 
trol group consisted of ten healthy control persons 
who never participated in winter swimming. Their 
age was 35.6 _+ 8.8 years. 

Venous blood samples of the winter swimmers 
were taken about 1 h before, 1 h after, and for the uric 
acid determinations, also 24 h after the winter swim- 
ming. Between the first and the second blood sam- 
pling (1 h before, 1 h after swimming), the subjects did 
not eat or drink. The swimming was carried out in the 
morning for about 5 min following a short running 
exercise. The measurements were carried out on two 
different days. The water temperature was 2°C on the 
first day, and 3°C on the second day. The air tempera- 
ture w a s  l ° C  and 5°C, respectively. 

Sodium citrate was added to the blood samples to 
prevent coagulation. For analysis of uric acid, plasma 
was separated from blood cells by centrifugation. 
Plasma was frozen at - 17 °C until analyzed. Uric acid 
was determined as described by Bergmeyer. 6 For mea- 
surements of GSH and GSSG concentrations, sam- 
ples were drawn with ice-cold metaphosphoric acid 
and kept at 4°C. Samples were centrifuged for l0 min 
at 1200 g. Supernatants were collected and separated 
into two aliquots for the GSH and GSSG measure- 
ments. GSH was assayed by means of Ellman's reac- 
tion according to Beutler et al. 7 GSSG was deter- 
mined fluorimetrically according to Hissin and Hilf. 8 
The total concentration of glutathione, the sum of 
GSH and GSSG, was calculated based on the number 
of sulfhydryl units. The GSH autoxidation was pre- 
vented by addition of 50 mM N-ethylmaleimide 
(NEM). 5,5'-Dithiobis-(2-nitrobenzoic acid) (DTNB) 
was purchased from Sigma Chemical Co. (St. Louis, 
MO). NEM and o-phthaldialdehyde were from Cal- 
biochem (San Diego, CA), and GSH and GSSG from 
Boehringer (Mannheim, Germany). 

Uric acid additionally was measured in the urine of 
winter swimmers. The urinary bladder was evacuated 
2 h before the whole body cold exposure. Immediately 
before the cold exposure the urine was collected, and 
volume and uric acid concentration were measured. 
From urine volume and uric acid concentration in 
urine, the renal excretion rate was calculated in 
mmol/h. Two h after winter swimming, the urine was 
collected again for volume and uric acid concentra- 
tion measurements, to establish the renal excretion of 
uric acid during and immediately following the cold 
exposure. 

RESULTS 

Uric acid levels measured 1 h before the winter 
swimming (initial) were 310 ± 126 #M, which is in the 
range of normal uric acid concentrations, 140-340 
uM for women and 200-420 ttM for men. 9 One h 
following the whole body cold stimulus, the uric acid 
levels were found to be only about the half of the ini- 
tial values, 141 _+ 69 uM. However, 24 h after the 
winter swimming, the plasma uric acid levels were 
back to the initial values. 

Figure 1 shows that the GSH concentration in the 
red blood cells of the control subjects (2.08 + 0.49 
mM) was in the range of normal values reported in 
the literature. 7'1°-12 However, the initial GSH concen- 
tration of red blood cells of subjects accustomed to 
hypothermic exposures by winter swimming was 2.81 
_+ 0.44 mM, which is significantly higher as compared 
to the control group. Furthermore, GSH levels tended 
to decrease from 2.81 to 2.61 mM, 1 h after the expo- 
sure to hypothermia. Figure 1 also illustrates the dif- 
ferences in the total concentration of glutathione 
(open columns). The level of total glutathione was 
higher in the erythrocytes of winter swimmers (3.12 
+ 0.47 mM) as compared with the total glutathione in 
the erythrocytes of controls (2.42 ___ 0.52 mM). This 
increase is almost entirely due to the increase in GSH. 

Figure 2 demonstrates the GSSG concentrations of 
erythrocytes. Surprisingly, a comparison of the initial 
GSSG values of winter swimmers with controls 
showed decreased values in the erythrocytes of the 
winter swimmers. This is contrary to the increase in 
GSH in erythrocytes of winter swimmers. The initial 
GSSG values in both experimental groups are within 
the range of values reported in the literature) 3 How- 
ever, some studies have reported lower GSSG val- 
ues.14 The intraerythrocytic GSSG concentration was 
markedly increased 1 h after the whole body cold stim- 
ulus. Furthermore, Figure 2 shows the behavior of the 
GSSG:total glutathione ratio. Because of the diverg- 
ing changes in the erythrocytic GSH (decreasing, Fig. 
1) and GSSG (increasing, Fig. 2) concentrations of 
winter swimmers and controls, the most distinct dif- 
ferences in the glutathione metabolism between the 
two groups were found for this ratio. Figure 3 shows 
the individual changes of the GSSG levels. The con- 
centration of GSSG increased in all subjects. 

The urine volume of winter swimmers before cold 
exposure was 135 _+ 122 ml, and after cold exposure it 
was 174 +_ 116 ml. The uric acid concentrations were 
2.148 _+ 0.415 and 1.736 _+ 0.379 mmol/1, respec- 
tively. Based on these findings the uric acid excretion 
was 0.145 +_ 0.028 mmol/h before cold exposure and 
0.151 _+ 0.033 mmol/h after cold exposure. 
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Fig. 1. Erythrocytic concentrations of reduced glutathione and total glutathione in controls and in winter swimmers before and 
after cold stimulus (n = 10). Significant differences in GSH level exist between control and the group of winter swimmers. This is 
also seen for total glutathione. 

The hematocrit values did not show significant dif- 
ferences between controls (40.8 + 2.7%) and winter 
swimmers (41.9 ___ 4.5%). It should be mentioned that 
there were no clinical or clinical-chemical indices for 
injuries to skeletal muscles from winter swimmers. 

DISCUSSION 

The hypothesis of increased formation of reactive 
oxygen species following winter swimming is sup- 
ported by the finding of a drastic decrease of plasma 
uric acid levels under these circumstances. The uric 
acid level decreased within 1 h after cold exposure 
from 0.31 to 0.14 mmol/1. Because the total plasma 
volume is about 3 L, the total loss of uric acid would 
be 0.5 mmol/h. The total loss of uric acid in the extra- 
cellular fluid, which is about 15 L and includes 
plasma, is 15 × 0.17 mmol, which equals 2.5 mmol/h. 
Because nucleosides and nucleobases are transported 
rapidly through biological membranes, tS-~7 it is likely 
that each change in uric acid concentration in plasma 
can lead to a net transport from the other fluid com- 
partments of the organism into the blood plasma.~8-2° 
Therefore, the total uric acid loss during and follow- 
ing the winter swimming is probably closer to 2.5 
mmol/h than to 0.5 mmol/h, because of the high 

transport rates of urates. The uric acid pool of the 
male adult is about 5.0-9.5 mmoles, and of the female 
adult 3.5-4.5 mmoles. The daily turnover is esti- 
mated to be about 5.0 mmoles. In purine-free nutri- 
tion, a daily purine excretion of 2-3 mmoles was mea- 
sured. 2° A uric acid excretion of 0.12-0.18 mmol/h 
was reported for normal metabolic conditions pre- 
dominantly via the kidneys, 2~-23 which was also found 
in winter swimmers before cold exposure. An increase 
by a factor of 4 to 20 would be necessary to explain the 
drastic uric acid loss that we observed, by a change in 
excretion alone. Because we found no significant 
change in uric acid excretion directly following cold 
exposure, it is unlikely that the drop in plasma uric 
acid we observed is caused by excretion alone. 

A possibility for the decrease of uric acid is its con- 
sumption while scavenging radicals. The capability of 
uric acid to scavenge oxygen free radicals was first 
described by Ames et al.24 in 1981, and confirmed in 
recent years by several other s tudies .  2~-33 The contri- 
butions of the chain-breaking antioxidants in human 
blood plasma were estimated by Wayner et al. 2s They 
estimated that the uric acid contributes to 35-65% of 
the total plasma antioxidant capacity. 2s 

Loss of urate into extracellular stores, or general 
loss from the blood stream into other compartments, 
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Fig. 2. Concentration of GSSG and GSSG:total glutathione ratio of circulating erythrocytes in controls and winter swimmers 
before and after hypothermic exposure (n = 10). Significant differences both in GSSG and in GSSG:total glutathione ratio exist 
between control and initial values of winter swimmers, and also between initial and 1 h values of winter swimmers. 

can be excluded as a source for urate loss, because of 
the extremely rapid exchange of uric acid between 
intra- and extracellular space. It is known that purine 
bases and purine nucleosides pass the cell membrane 
by facilitated diffusion. For purine bases, the exis- 
tence of two different carder proteins have been de- 
scribed. ~ It was found that purine bases and nucleo- 
sides are transported equally well through the mem- 
brane in either direction, a5 A special urate transporter 
was characterized in studies using renal brush border 
membranes. 36,37 These studies clearly demonstrate 
that it is not possible to loose purine bases and nucleo- 
sides into the extracellular stores or into other com- 
partments of the organism. It would be possible to 
loose them by metabolic (enzymatic) conversion in 
different cell types. ~-a7 However, metabolic conver- 
sion of uric acid in human cells can be excluded be- 
cause of the absence of urate oxidase in human cells. 

If the suggestion of a high oxygen radical formation 
during whole body hypothermia is true, one should 
expect changes in other components of the antioxida- 
tive system, in blood plasma as well as in tissues. The 
red blood cells are known as useful indicators of oxi- 
dative stress. 13.38,a9 One of the most sensitive antioxi- 
dative criteria is the glutathione system. Changes of 
the erythrocytic concentrations of GSH and GSSG 

have also been used as an indicator of increased free 
radical formation in the liver ~3 and the lung. 3s'39 The 
changes in glutathione metabolism and plasma uric 
acid concentrations support the hypothesis of oxygen 
radical formation during whole-body hypothermia. 
The increased erythrocytic GSH and lowered GSSG 
values of winter swimmers, in comparison with those 
of a control population, speak in favor of an adapta- 
tion to repeated oxidative stress. Increased erythro- 
cytic GSH levels were also observed in smokers who 
are chronically exposed to oxidative stress, as 

Sudden changes in metabolic activity from cold ex- 
posure could disturb energy metabolism, which could 
affect glutathione and uric acid. There are several rea- 
sons why the changes in glutathione and uric acid lev- 
els we observe are not caused by changes in energy 
metabolism. First, the temperature of the body nu- 
cleus, thus of all inner organs and circulating blood, is 
reduced by 0.5-1 °C during winter swimming, which 
causes only minimal changes of metabolic flux rates. 
Second, the glutathione synthesis, which is adenosine 
triphosphate (ATP) dependent, is a very slow process 
in red blood cells. Under normal conditions, the half- 
life time of GSH is 4 days, which means that each 
hour only 0.5% of the GSH pool is replaced by synthe- 
sis. Since erythrocyte ATP levels do not change follow- 
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Fig. 3. Individual GSSG concentrations of circulating erythrocytes 
of winter swimmers before and 60 min after winter swimming. 
Each subject is characterized by a different symbol. 

ing winter swimming, the GSH decrease cannot be 
explained by changes in energy metabolism. Third, a 
disturbance of energy metabolism during hypother- 
mia could only cause an increase in uric acid levels, 
because of accelerated nucleotide degradation, due to 
ATP loss and adenosine monophosphate (AMP) ac- 
cumulation. 

Oxygen radical generation during and following 
whole-body hypothermia could be the result of mus- 
cle shivering during exposure to cold. There are re- 
ports indicating that there is an increased free radical 
generation during skeletal muscle exercise. 4°-4s The 
source for the increased free radical formation could 
be the mitochondria of the muscle cells, in connection 
with a partial uncoupling of the respiratory chain. Ex- 
treme exercise and muscle shivering is connected with 
hyperthermia of  the skeletal muscle even when the 
organism is exposed to a cold stimulus such as winter 
swimming. It was reported that muscle mitochondria 
undergo a partial uncoupling during temperature in- 
creases from 37 to 45 °C, which represents the physio- 
logical temperature range during exercise of various 
intensities. 4s'49 It was reported by Chance et al. s° that 
mitochondria are one of the main intracellular 
sources of superoxide and hydrogen peroxide under 
physiological conditions, and that uncoupled mito- 

chondria generate superoxide and hydrogen peroxide 
at much higher rates that do well-coupled mitochon- 
dria. 

Another source of the generation of activated oxy- 
gen species during conditions of winter swimming, 
could be the increased autoxidation of catechol- 
amines. This source of radical generation could play 
an important role both during exposure against the 
cold stimulus and during exercise/muscle shivering. 
Under such conditions the catecholamine concentra- 
tions in blood plasma can tremendously increase, sl-53 

The finding of urate loss during short-term cold 
exposure is indirect evidence for increased free radical 
formation. More direct evidence could be obtained by 
the measurement of direct criteria of free radical for- 
mation or lipid peroxidation in further studies. 

It should be mentioned that a decrease of the 
plasma uric acid levels following a whole-body cold 
stimulus was also found during cold chamber therapy 
for treatment of rheumatological diseases, s4 In that 
study, only a smaller decrease of 5-10% of the uric 
acid concentration was measured, which was inter- 
preted as a change in the flux rates ofpurine degrada- 
tion. ~ However, our findings indicate that the de- 
crease in uric acid could also be due to formation of 
oxygen radicals, using the model of body hardening 
through hypothermic exposures. Knowledge of such 
relationships could open a new approach to the expla- 
nation of mechanisms of hardening as a result of re- 
peated short-term whole-body cold stimulus. 

Acknowledgements - -  This work was supported by grants from the 
Charite Hospital Research Commission to W. G. S. and R. B., and 
by the Kneipp-Werke, Wuerzburg & Bad Woerishofen, Germany. 
F. J. G. M. vK. was supported by grant #EY-08818 from the Na- 
tional Institutes of Health. 

REFERENCES 

1. Hentschel, H.-D. Naturheilverfahren: Grundlagen-Moeglich- 
keiten-Grenzen. In: Hentschel, H.-D., ed. Naturheilverfahren 
in der aerztlichen Praxis. Koeln, Germany: Deutscher Aerzte- 
Vedag; 1991:19-34. 

2. Brenke, R. Winterschwimmen-eine Extremform des Abhaer- 
tungssportes. Therapeutikon 4:466-472; 1990. 

3. Brenke, R.; Conradi, E.; Warnke, C.-K. Herz-Kreislauf-Belas- 
tung beim Baden im Eiswasser (Winterschwimmen). Z. Klin. 
Med, 41:1831-1833; 1986. 

4. Zenner, R. J.; DeDecker, D. E.; Clement, D. L. Blood-pressure 
response to swimming in ice-cold water. Lancet 8160:120-121; 
1980. 

5. Brenke, A.; Brenke, R. Grundlagen fuer prophylaktische und 
therapeutische Waerme- und Kaelteanwendungen bei Gesun- 
den und Hautkranken, dargestellt am Beispiel der progressiven 
Sklerodermie. Thesis (Dr. med. habil.), Medical Faculty (Char- 
ite), Humboldt University, Berlin; 1991. 

6. Bergmeyer, H. U. Methods of enzymatic analysis. Beertfield 
Beach, Florida: Verlag Chemic Int.; 1981. 

7. Beutler, E.; Duron, O.; Kelly, B. M. Improved method for the 



304 W.G. SIEMS el al. 

determination of blood glutathione. J. Lab. Clin. Med. 
61:882-888; 1963. 

8. Hissin, P. J.; Hilf, R. A fluorimetric method for determination 
of oxidized and reduced glutathione in tissues. Anal. Biochem. 
74:214-226; 1976. 

9. Lippert, H. SI-Einheiten in derMedizin. Jena, Germany: Gus- 
tav Fischer Verlag; 1980. 

10. Benoehr, H. C.; Waller, H. D. Glutathion--Bedeutung in Bio- 
logie und Medizin. Klin. Wschr. 53:789-802; 1975. 

1 I. Hirayama, K.; Yasutake, A.; Inoue, M. Effect of oxidative 
stress on interorgan metabolism of glutathione. In: Hayaishi, 
O., Niki, E., Kondo, M., and Yoshikawa, T., eds. Medical, 
biochemical and chemical aspects or free radicals. Amsterdam: 
Elsevier Science Publ., BV; 1989:559-562. 

12. Rapoport, S.; Mueller, M.; Siems, W.; Grieger, M. Protective 
effect of formate on GSH concentration and Heinz-body for- 
mation: A preliminary model study. Haematologia 8:127-134; 
1974. 

13. Siems, W.; Mueller, M.; Garbe, S.; Gerber, G. Damage oferyth- 
rocytes by activated oxygen generated in hypoxic rat liver. Free 
Radical Res. Comms. 4:31-39; 1987. 

14. Srivastava, S. K.; Beutler, E. Accurate measurement of oxi- 
dized glutathione content of human, rabbit, and rat red blood 
cells and tissues. Analyt. Biochem. 25:70-76; 1968. 

15. Giacomello, A.; Salerno, C. Hypoxanthine uptake by human 
erythrocytes. FEBSLett.  107:203-204; 1979. 

16. Konishi, Y.; Ichihara, A. Transfer ofpurines from liver to eryth- 
rocytes. In vivo and in vitro studies. J. Biochem. 85:295-301; 
1979. 

17. Pritchard, J.; O'Conner, N.; Oliver, J.; Berlin, R. Uptake and 
supply of purine compounds by the liver. Am. J. Physiol. 
129:967-972; 1975. 

18. Breithaupt, H.; Tittel, M. Kinetics of allopurinol after single 
intravenous and oral doses. Noninteraction with benzbromar- 
one and hydrochlorothiazide. Eur. J. Clin. Pharmacol. 22:77- 
84; 1982. 

19. Elion, G.; Kovensky, A.; Hitchings, G.; Metz, E.; Rundles, W. 
Metabolic studies on allopurinol as inhibitor of xanthine oxi- 
dasc. Biochem. Pharmacol. 15:863-880; 1966. 

20. Loeiiler, W.; Groebner, W.; Medina, R.; Zoellner, N. Influence 
of dietary purines on pool size, turnover and excretion of uric 
acid during balance conditions. Isotope studies using JSN-uric 
acid. Res. Exp. Med. (Berl) 181:113-123; 1982. 

21. Van Waeg, G. The use of allopurinol and biodynamic modeling 
in the quantitative assessment of purine metabolism in man. 
Acta Univ. Upsaliensis/Compreh. Summ. Uppsala Dissert. 
Fac. Med., Uppsala, Sweden; 1987. 

22. Soerensen, L. B. The elimination of uric acid in man. In: 
Scand. J. Clin. & Lab. Invest. Suppl. 54, Christtreus Bogtryk- 
keri, Koebenhavn; 1960. 

23. Amkin, P. A. Urate excretion in normal and gouty men. In: 
Miller, M. M.; Kaiser, E.; Seegmiller, J. E., eds. Purine metabo- 
lism in man. Vol. II. New York: Plenum Press; 1977:41-45. 

24. Ames, B. N.; Catheart, R.; Sehwiers, E.; Hochstein, P. Uric acid 
provides an antioxidant defense in humans against oxidant- 
and radical-caused aging and cancer: A hypothesis. Proc. Natl. 
Acad. Sci. USA 78:6858-6862; 1981. 

25. Becker, B. F.; Reinholz, N.; Oezcelik, T.; Leipert, B.; Gedach, 
E. Uric acid as radical scavenger and antioxidant in the heart. 
PfluegersArch. 415:127-135; 1989. 

26. Maples, K. R.; Mason, R. P. Free radical metabolite of uric 
acid. J. Biol. Chem. 263:1709-1712; 1988. 

27. Niki, E. Antioxidants in relation to lipid peroxidation. Chem. 
Phys. Lipids 44:227-253; 1987. 

28. Wayner, D. D. M.; Burton, G. W.; Ingold, K. U.; Barclay, 
L. R. C.; Locke, S. J. The relative contributions of vitamin E, 
urate, ascorbate and proteins to the total peroxyl radicaltrap- 
ping antioxidant activity of human blood plasma. Biochem. 
Biophys. Acta 924:408-419; 1987. 

29. Simic, M. G.; Jovanovic, S. Antioxidation mechanisms of uric 
acid. J. Am. Chem. Soc. 111:5778-5782; 1989. 

30. Davies, K. J. A.; Sevanian, A.; Muakkassah-Kelly, S. F.; Hoch- 
stein, P. Uric acid-iron ion complexes. A new aspect of the 
antioxidant functions of uric acid. Biochem. J. 235:747-754; 
1986. 

31. Kaur, H.; Halliwell, B. Action of biologically-relevant oxidiz- 
ing species upon uric acid. Identification of uric acid oxidation 
products. Chem. Biol. Interaction 73:235-248; 1990. 

32. Smith, R. C.; Gore, J. Z.; Doyle, M. P. Degradation of uric acid 
during autocatalytic oxidation of oxyhemogiobin induced by 
sodium nitrite. Free Radic. Biol. Med. 11:373-377; 1991. 

33. Sevanian, A.; Davies, K. J. A.; Hochstein, P. Serum urate as an 
antioxidant for ascorbic acid. Am. J. Clin. Nutr. 54:1129S- 
1134S; 1991. 

34. Mtiller, M. M.; Kraup, M.; Chiba, P.; Rumpold, H. Regulation 
of purine uptake in normal and neoplastic cells. Adv. Enzyme 
Regulat. 21:239-256; 1983. 

35. Marz, P.; Wohlhueter, R. M.; Plagemann, P. G. W. Purine and 
pyrimidine transport and phosphorylation and their interac- 
tion in overall uptake by cultured mammalian cells. J. Biol. 
Chem. 254:2329-2338; 1979. 

36. Martinez, F.; Manganel, M.; Montrose-Rattizadeh, C.; 
Werner, D.; Roch-Ramel, F. Transport ofurate and p-amino- 
hippurate in rabbit renal brush border membranes. Am. J. 
Physiol. 258:F1145-F1153; 1990. 

37. Dan, T.; Koga, H. Substrate-specificity ofurate transporter in 
rat renal brush border membranes. Life Sci. 48:1963-1968; 
1990. 

38. Toth, K. M.; Beehler, C. J.; Parry, S. S.; Halek, M. M.; Berger, 
E. M.; Repine, J. E. Erythrocyte antioxidants as scavengers 
and/or indicators of oxygen metabolites in biological systems. 
In: Rotilio, G., ed. Superoxide and superoxide dismutase in 
chemistry, biology and medicine. Amsterdam, New York, Ox- 
ford: Elsevier Science Publ. BV, Biomed. Div.; 1986:391-394. 

39. Toth, K. M.; Clifford, D. P.; Berger, E. M.; White, C. W.; Re- 
pine, J. E. Intact human erythrocytes prevent hydrogen perox- 
ide-mediated damage to isolated perfused rat lungs and cul- 
tured bovine pulmonary artery endothelial cells. J. Clin. Invest. 
74:292-295; 1984. 

40. Davies, K. J. A.; Packer, L.; Brooks, G. A. Biochemical adapta- 
tion of mitochondria, muscle, and whole-animal respiration to 
endurance training. Arch. Biochem. Biophys. 209:539-554; 
1981. 

41. Davies, K. J. A.; Quintanilha, A. T.; Brooks, G. A.; Packer, L. 
Free radicals and tissue damage produced by exercise. Bio- 
chim. Biophys. Res. Commun. 107:1198-1205; 1982. 

42. Lew, H.; Pyke, S.; Quintanilha, A. Changes in the glutathione 
status of plasma, liver and muscle following exhaustive exercise 
in rats. FEBSLett. 185:262-266; 1985. 

43. Pyke, S.; Lew, H.; Quintanilha, A. Severe depletion in liver 
glutathione during physical exercise. Biochem. Biophys. Res. 
Commun. 139:926-931; 1986. 

44. Quintanilha, A. T. Oxidative effects of physical exercise. In: 
Quintanilha, A., ed. Reactive oxygen species in chemistry, biol- 
ogy, and medicine. New York and London: Plenum Press and 
NATO Scientific Affairs Div.; 1988:187-195. 

45. Quintanilha, A. T.; Packer, L. (1983) Vitamin E, physical exer- 
cise and tissue oxidative damage. In: CIBA Found. symp. 
101~biology of vitamin E. London: Pitman Books; 1983:56- 
69. 

46. Alessio, H. M.; Goldfarb, A. H. Lipid peroxidation and scaven- 
ger enzymes during exercise: Adaptive response to training. J. 
Appl. Physiol. 64:1333-1336; 1988. 

47. Salminen, A.; Vihko, V. Endurance training reduces the suscep- 
tibility of mouse skeletal muscle to lipid peroxidation in vitro. 
Acta Physiol. Scand. 177:105-110; 1983. 

48. Salo, D. C.; Donovan, C. M.; Davies, K. J. A. HSP70 and other 
possible heat shock or oxidative stress proteins are induced in 
skeletal muscle, heart, and liver during exercise. Free Radic. 
Biol. Med. 11:239-246; 1991. 

49. Brooks, G. A.; Hittelman, K. J.; Faulkner, J. A.; Beyer, R. E. 



Uric acid and glutathione after hypothermia 305 

Temperature, skeletal muscle mitochondrial functions, and 
oxygen debt. Am. J. Physiol. 220:1053-1059; 1971. 

50. Chance, B.; Sies, H.; Boveris, A. Hydroperoxide metabolism in 
mammalian organs. Physiol. Rev. 59:527-604; 1979. 

51. Kjaer, M.; Christensen, N. J.; Sonne, B.; Richter, E. A.; Galbo, 
H. The effect of exercise on epinephrine turnover in trained 
and untrained men. J. Appl. Physiol. 59:1061-1067; 1985. 

52. LeBlanc, J. Adaptation of man to cold. In: Wan~ L. C. H.; 
Hudson, J. W., eds. Strategies in cold: Natural torpidity and 
thermogenesis. New York, San Francisco, London: Academic 
Press; 1978:695-715. 

53. Johnson, D. G.; Hayward, J. S.; Jocobs, T. P.; Collis, M. L.; 
Eckerson, J. D.; Williams, R. H. Plasma norepinephrine re- 
sponse of man in cold water. J. Appl. Physiol. 43:216-220; 
1977. 

54. Taghawinejad, M.; Birwe, G.; Fricke, R.; Hartman, R. Ganz- 

koerperkaeltetherapie-Beeinflussung von Kreislauf- und Stoff- 
wechselparametern. Z. Phys. Med. Baln. Med. Klim. 18:23-30; 
1989. 

ABBREVIATIONS 

A M P - - a d e n o s i n e  m o n o p h o s p h a t e  
A T P - - a d e n o s i n e  t r iphosphate  
DTNB--5 ,5 ' -d i t h iob i s - (2 -n i t robenzo ic  acid) 

G S H ~ r e d u c e d  g lu ta th ione  
G S S G - - o x i d i z e d  g lu ta th ione  
N E M - - N - e t h y l m a l e i m i d e  


