
Pergamon 
Int. J. Bioehem. Cell Biol. Vol. 27, No. 6, pp. 589-595, 1995 

Copyright © 1995 Elsevier Science Ltd 
1357-2725(95)00019-4 Printed in Great Britain. All rights reserved 

1357-2725/95 $9.50 + 0.00 

Effect of Oxidized Glutathione on Intestinal 
Mitochondria and Brush Border Membrane 
O U T H I R I A R A D J O U  B E N A R D ,  K .  A .  B A L A S U B R A M A N I A N *  

The Wellcome Trust Research Laboratory, Department o f  Gastrointestinal Sciences, 
Christian Medical College and Hospital, Vellore-632 004, India 

Oxidative stress is associated with the formation of oxidized glutathione (GSSG) in the cells, 
which can form mixed disulfide with proteins leading to alteration of their function. The present 
study looks at the effect of in vitro exposure of GSSG on intestinal mitochondria and brush border 
membrane (BBM). Incubation with 1 mM GSSG increased the protein bound GSH in mito- 
chondria by 15-fold. This was associated with loss of activity of certain mitochondrial enzymes 
such as succinic dehydrogenase, isocitrate dehydrogenase, total ATPase and NADH dehydo- 
genase whereas NADH oxidase was not affected. A similar treatment of BBMV with GSSG 
increased the protein bound GSH by 4.7-fold without altering its enzyme activity. Exposure to 
GSSG had no effect on the Na+-dependent glucose transport by BBMV. These studies suggest 
that GSSG formed during oxidative stress may modify thiol groups in proteins by forming mixed 
disulfides leading to functional alteration of certain cellular proteins. 
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INTRODUCTION 

Gastrointestinal epithelium has been shown 
to be sensitive to oxidant insult arising from 
mucosa (Parke, 1989) and lumen (Konings- 
berger et al., 1988). Mucosal sources include, 
activated neutrophils, high activity of xanthine 
oxidase and mitochondrial respiration and 
lumen contain prooxidants derived from dietary 
materials such as transition metals, ascorbic 
acid, peroxidized lipids, ingested drugs along 
with bacterial metobolites. During oxidative 
stress cellular GSH is oxidized to GSSG and on 
prolonged exposure to oxidants, the cells ability 
to reduce GSSG back to GSH is hampered 
leading to accumulation of GSSG. In order 
to maintain the redox equilibrium, GSSG is 
transported out of  the cells (Jaeschke, 1990). 
In addition, GSSG forms mixed disulfide with 
protein thiols leading to alteration in the struc- 
ture and function of  these proteins. Activity 
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of number of enzymes, transport proteins and 
receptors are believed to be modulated by 
altered thiol redox status. Defective conversion 
of  GSSG to GSH predisposes RBC membranes 
to hemolyses (Kosower and Kosower, 1990). 
Studies on isolated BBMV have shown the 
importance of free sulfhydryl groups in trans- 
port of ions (Suzuki et al., 1990) and nutrients 
(Peerce et al., 1993). Mitochondria generate 
reactive oxygen species as part of  respiration 
(Chance et al., 1979) and the accumulated 
GSSG has been shown to form protein-mixed 
disulfides (Olafsdottir and Reed, 1988). Using 
renal cortical mitochondria it has been shown 
that these subcellular organelles possess a trans- 
port system for GSSG. Hence, it is likely that 
GSSG generated in the cytosoi can enter mito- 
chondria and bring about protein-s-thiolation 
(McKernan et al., 1991). Experiments with iso- 
lated mitochondria have shown that electron 
transport chain enzymes are susceptible to 
oxidative inactivation (Zhang et al., 1990). 
We have earlier shown that luminal exposure 
of intestine to oxidants results in 6- to 7-fold 
increase in the mucosal GSSG with concom- 
mitant formation of protein-mixed disulfide 

589 



590 

(Benard and Balasubramanian, 1993). In the 
present work, isolated monkey intestinal mito- 
chondria and BBMV were exposed to GSSG 
and the formation of protein-mixed disulfides 
and functional alteration were studied. 

MATERIALS AND M E T H O D S  

Oxidized glutathione (GSSG), NAD, NADP, 
sodium succinate, cytochrome c, ATP, Threo- 
isocitrate, 1-fluoro-2,4-dinitrobenzene (FDNB), 
iodoacetic acid, 0-dianisidine, glucose oxidase, 
peroxidase, 7-glutamyl p-nitroanilide, glycyl- 
glycine, L-leucine-p-nitroanilide, Tris, HEPES, 
dichlorophenolindophenol (DCIP) and bovine 
serum albumin were all obtained from Sigma 
Chemical Co., D-(14C)-Glucose was obtained 
from Bhaba Atomic Research Centre, Bombay, 
India. All other chemicals used were of analyti- 
cal grade. 

Isolation of mitochondria 

Mitochondria were isolated from monkey 
small intestinal mucosa as described (Hubsher 
et al., 1965). Briefy, overnight fasted monkeys 
(Macaca radiata) were killed by giving them 
an overdose of pentobarbitone. The intestine 
was removed, washed with ice-cold saline and 
the mucosa was scraped using a glass slide. 
Mitochondria were prepared by homogeniz- 
ation and differential centrifugation in ice-cold 
medium containing 0.3 M sucrose adjusted to 
pH 7.4 with KHCO 3 . The isolated mitochondria 
were finally suspended in a medium containing 
250 mM sucrose, 10 mM Tris HCL, 5 mM suc- 
cinate, 1 mM EDTA pH 7.4 with 0.01% bovine 
serum albumin to keep them in active state. This 
suspension was used within 2-3 hr, of prep- 
aration. Purity of the preparation was judged by 
the enrichment of the marker enzyme, succinic 
dehydrogenase (Pennington, 1961). 

Isolation of brush membrane 

Brush border membrane vesicles (BBMV) 
were isolated from small intestinal mucosa using 
MgC12 precipitation (Tiruppathi et al., 1988). 
Intestinal mucosa for BBMV preparation was 
homogenized in 150mM mannitol, 2.5mM 
EGTA adjusted to pH 7.5 with Tris and isolated 
BBMV were finally suspended in preloading 
buffer (300 mM Mannitol, 10 mM HEPES, pH 
7.5) at protein concentration of 5 mg/ml. Purity 
of the preparation was judged by enrichment 
of the marker enzyme alkaline phosphatase 
(Thambidurai and Bachhwat, 1979). Protein 
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content was determined using BSA as standard 
(Lowry et al., 1951). 

Protein-s-thiolation of mitochondria and brush 
border membrane 

Mitochondria and BBMV at 2 mg protein/ml 
were incubated separately in the presence of 
1 mM GSSG (final concentration) for 30 min at 
37°C with gentle shaking. This concentration 
of GSSG used was arrived at by conducting 
a separate experiment with BBMV and different 
concentrations of GSSG varying from 1 to 
5 mM. Control mitochondria and BBM were 
incubated for the same time without GSSG. 
After incubation, the proteins were precipitated 
with 5% TCA and protein pellets were washed 
repeatedly with 95% ethanol and protein bound 
GSH was released with dithiothreitol and 
measured using HPLC after derivatization as 
described (Livesay and Reed, 1984). 

Assay of mitochondrial enzymes 

Control and GSSG-exposed mitochondria 
were used for the assay of the following en- 
zymes, succinic dehydrogenase activity was 
measured using 2-(p-iodophenyl)-3-(p-nitro- 
phenol)-5-phenyl tetrazolium chloride as the 
electron acceptor (Pennington, 1961). ATPase 
activity was measured by quantitating the 
amount of phosphate formed from ATP hy- 
drolysis (Quigley and Gotterer, 1969). Activity 
of isocitrate dehydrogenase to both NAD 
(Plaut, 1969) and NADP (Cleland et al., 1969) 
were measured using threo-isocitrate as a sub- 
strate by following the increase in absorbance at 
340nm. NADH dehydrogenase activity was 
measured spectrophotometrically by the rate 
of NADH dependent DCIP (dichlorophenol- 
indophenol) reduction at 600 nm as described 
(King and Howard, 1967). Activity of NADH 
oxidase was measured following the change in 
absorbance at 340 nm using NADH (Mackler, 
1967). It was observed that addition of GSSG 
in the enzyme reaction mixture did not inhibit 
the enzymes. 

Assay of brush border membrane enzymes 

Control and GSSG-exposed BBMV were 
assayed for sucrase (Dahlqvist, 1968), alkaline 
phosphatase (Thambidurai and Bachhwat, 
1979), Mg+2-ATPase (Quigley and Gotterer, 
1969), y- glutamyltranspeptidase (Indirani and 
Hill, 1977) and L-leucine aminopeptidase 
(Pfliedere, 1970) as described and expressed as 
U/mg protein. 



Effects of oxidized glutathione 

Measurement of glucose transport 

Control and GSSG-treated BBMV were 
tested for their ability to transport glucose. 
To study the effect of glutathione disulfide on 
glucose uptake, BBMV corresponding to 1 mg 
was incubated with 1 mM GSSG (final concen- 
tration) in preloading buffer (300 mM mannitol 
and 10 mM HEPES pH 7.5) for 30 min at 3T:C. 
Control BBMV incubation was done without 
GSSG. After incubation membranes were 
revesiculized in 500pl of uptake buffer and 
used for transport studies. Uptake measure- 
ments were carried out by rapid filtration tech- 
nique at room temperature as described 
(Tiruppathi et al., 1988) using Millipore filters 
(pore size 0.45 pm). Briefly, 50#1 of BBMV 
corresponding to 100 #g protein was incubated 
with 150 pl of uptake buffer containing 150 mM 
NaSCN, 50#M D-glucose and 0.8 pCi (J4C) 
D-glucose, 10 mM HEPES, (pH 7.5) at varying 
time intervals. At the end of  incubation, the 
mixture was diluted with 2 ml of ice-cold stop 
buffer (150 mM NaC1, 10 mM HEPES, pH 7.5) 
and filtered under constant vacuum. The filter 
was washed 3 times with 5 ml of stop buffer and 
transferred to counting vials. The radioactivity 
retained in the filter was counted using LKB 
Rack Beta Scintilation counter. 

Statistics 

Data are expressed as m e a n +  SD from 
a minimum of three experiments. Statistical 
analyses were performed with Mann-Whitney U 
test to compare the changes. 
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RESULTS 

Isolated mitochondria showed 5-fold enrich- 
ment of  the marker enzyme, succinic dehydro- 
genase and BBMV showed 15-fold enrichment 
of  alkaline phosphatase in the final preparation 
as compared to homogenate. When BBMV 
were incubated with different concentrations 
of GSSG, a progressive increase in protein- 
glutathione mixed disulfide (Pro-S-S-G)- 
formation was observed (Fig. 1). In subsequent 
studies mitochondria and BBMV were exposed 
to 1 mM GSSG. When incubated with GSSG, 
Pro-S-S-G content increased 15-fold in mito- 
chondria and 5-fold in BBMV as compared to 
their basal level (Fig. 2). Basal level of protein 
bound GSH in BBMV was higher than that 
of mitochondria. To check whether protein-s- 
thiolation is enzymatic, mitochondria and 
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Fig. 1. Effect of various concentrations of glutathione 
disulfide on intestinal brush border membrane protein 
bound glutathione. Details of the methodology are given in 
the text. Each value represents mean + SD of three separate 
estimations. Significantly different (P < 0.05) from BBMV 

incubated only with buffer. 

BBMV were heat-inactivated (5 min in boiling 
water bath) before incubation with GSSG. 
Heat inactivation did not alter the amount of  
Pro-S-S-G formed both in mitochondria and 
BBMV on incubation with GSSG suggesting 
that this reaction may be nonenzymatic. Gluta- 
thione protein-mixed disulfide content of 
BBMV and mitochondria upon incubation with 
GSSG before and after heat inactivation was 
0.740 + 0.041 and 0.710 4- 0.028 for BBMV and 
0.820 4- 0.031 and 0.794 + 0.023 for mitochon- 
dria, respectively. 
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Fig. 2. Effect of glutathione disulfide on intestinal mito- 
chondrial and brush border membrane protein bound gluta- 
thione. Mitochondria and brush border membrane were 
incubated with 1 mM glutathione disulfide for 30 min and 
their protein bound glutathione were quantitated. Each 
value represents mean +_ SD of three separate estimations. 
Significantly different (P < 0.05) from samples incubated 

only with buffer. 
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Table l. Effect of GSSG on activity of mitochondrial enzymes 

Control Incubated in presence 
Enzyme Control 30 min incubation of 1 mM GSSG 

(Spec. Act.) 
Succinic dehydrogenase 0.150 _ 0.002 0.152 + 0.007 0.010 4- 0.002* 
ATPase 0.171 4- 0.007 0.167 + 0.004 0.109 4- 0.002* 
Isocitrate dehydrogenase (NAD) 7.0 + 0.550 6.16 + 0.350 ND 
Isocitrate dehydrogenase (NADP) 10.7 + 1.010 10.2 + 0.750 ND 
NADH dehydrogenase 0.710 + 0.035 0.650 _ 0.027 0.557 4- 0.050* 
NADH oxidase 0.015 + 0.002 0.011 + 0.001 0.008 4- 0.002 

Each value represents mean + SD of three separate estimations. 
*P < 0.05 vs control incubated mitochondria. 
ND: Nondetectable. 

Modi f ica t ions  o f  the thiol  groups  in pro te ins  
is known  to al ter  the act ivi ty  o f  enzymes and in 
the present  s tudy,  act ivi ty o f  some o f  the mi to-  
chondr ia l  enzymes were measured  fol lowing 
G S S G  t rea tment .  Act iv i ty  o f i soc i t r a t e  dehydro -  
genase to bo th  N A D ,  N A D P  and succinate 
dehydrogenase  were a lmos t  comple te ly  abol -  
ished by incuba t ion  with G S S G ,  whereas 
A T P a s e  and N A D H  dehydrogenase  par t i a l ly  
lost their  act ivi ty  (Table  1). This loss in act ivi ty  
was specific for G S S G  since incuba t ion  at 37°C 
for 30 min wi thout  G S S G  did not  reduce the 
activity.  Also,  G S S G  as such did not  interfere 
in these enzyme assays. Some o f  the BBMV 
enzymes were measured  fol lowing G S S G  treat-  
ment.  Except  sucrase and Mg2+-ATPase  
which showed a marg ina l  decrease in activity,  
o ther  BBMV enzymes did not  show any effect 
(Table  2). 

T ranspo r t  o f  glucose was c o m p a r e d  with con- 
trol  and  G S S G  exposed BBMV. In the presence 
of  inward  Na+-grad ien t ,  glucose up take  showed 
overshoo t  at 20 sec and  t rea tment  with l m M  
G S S G  did not  a l ter  the pa t t e rn  of  glucose 
up take  by BBMV (Fig.  3). 

DISCUSSION 

Exposure  o f  cells to oxygen-der ived  free 
radical  results in the a l te ra t ion  o f  cel lular  thiol  
redox status by the convers ion  o f  G S H  to 

G S S G .  G S S G  formed  does not  usual ly  accumu-  
late in the cell since it is ei ther reduced back  to 
G S H  by the N A D P H  dependen t  G S H  reductase  
(Eklow et al., 1984) or  ex t ruded f rom the cells 
by the A T P  dependen t  t rans locase  (Nico te ra  
et al., 1985) present  on the p l a sma  membrane .  
In addi t ion ,  G S S G  has been shown to form 
prote in  G S H - m i x e d  disulfides (Brigelius, 1985). 
Pe r tu rba t ion  o f  the cellular  and  m e m b r a n e  
reduced thiol  s ta tus  might  affect the no rma l  
cellular  funct ion.  

In the present  work,  p ro te in -s - th io la t ion  and  
funct ional  changes o f  intest inal  m i toc hond r i a  
and  BBMV were s tudied fol lowing exposure  
to G S S G .  It was found that  m i toc hond r i a  
conta in  a cer ta in  basal  level o f  P ro - s - s -G  which 
increased 15-fold upon  exposure  to G S S G .  
M i t o c h o n d r i a  are known to p roduce  oxy- 
radicals.  A b o u t  2 - 3 %  o f  the oxygen taken up 
dur ing  aerobic  me tabo l i sm results in the for- 
ma t ion  o f  a superoxide  anion  in the mi tochon-  
dria.  Gene ra t i on  o f  0£ within the mi toc hond r i a  
has been localized to complex  I and  c o m p l e x  
II I  o f  the resp i ra to ry  chain (Turrens  et al., 
1985; Turrens  and  Boveris,  1980). Absence  o f  
cata lase  in mi tochondr i a ,  mak ing  mi tochondr i a l  
G S H  to get oxidized to G S S G  dur ing  oxidat ive  
stress. 

This accumula ted  G S S G  can be reduced back  
to G S H  or  can form mixed disulfides with 
mi tochondr i a l  proteins.  G S S G  formed  in the 

Table 2. Effect of GSSG on activity of intestinal brush border membrane enzymes 

Control Incubated in presence 
Enzyme Control 30 min incubation of 1 mM GSSG 

(Spec. Act.) 
Sucrase 41.66 __+ 2.790 41.87 _ 1.530 36.28 + 1.410" 
Alkaline phosphatase 0.644 + 0.036 0.605 __+ 0.015 0.628 __+ 0.017 
y-Glutamyl transpeptidase 0.102 + 0.007 0.101 + 0.004 0.106 __+ 0.003 
L-Leucine aminopeptidase 0.930 + 0.010 0.998 + 0.028 0.958 ___ 0.020 
Mg2+-ATPase 0.165 4- 0.005 0.169 __+ 0.005 0.141 _ 0.003* 

Each value represents mean ___ SD of three separate estimations. 
*P < 0.05 vs control incubated BBMV. 
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Fig. 3. Effect of glutathione disulfide on intestinal brush 
border membrane Na+-dependent D-glucose uptake. De- 
tails of the methodology are given in the text. Each value 

represents mean + SD of three separate estimations. 
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cytosol can form protein-mixed disulfide with 
proteins of various cellular compartments 
including mitochondria. Using renal cortical 
mitochondria, it has been shown that mito- 
chondria can transport externally added GSSG 
(McKernen et al., 1991). It has been shown 
that proteins can be s-thiolated by oxy-radical 
dependent oxidations of protein thiols. This 
protein-s-thiolation was still observed under 
conditions in which the oxidation of gluta- 
thione was inadequate (Park and Thomas, 
1988). Formation of mitochondrial Pro-S-S-G 
has been shown in isolated brain mitochondria 
exposed to oxidants (Ravindranath and Reed, 
1990). The enzyme, thioltransferase has been 
shown to catalyze both the formation of pro- 
tein-S-S-G and removal of GSH from thiolated 
proteins (Mannervik and Axelsson, 1980). In 
the present study heat treatment of the mito- 
chondria did not alter the extent of protein-s- 
thiolation in the presence of GSSG suggesting 
the nonenyzmatic nature of this reaction. 
BBMV also contain a basal level of Pro-S-S-G 
which was increased 5-fold upon incubation 
with GSSG. Our earlier studies on in vivo ex- 
posure of rat intestinal lumen to oxidants 
showed a 5- to 6-fold increase in mucosal GSSG 
along with a 2-fold increase in protein bound 
glutathione (Benard and Balasubramanian, 
1993). This increase was seen using total mu- 
cosal protein and it also suggested that increase 
in GSSG is accompanied by increase in Pro-S-S- 
G formation. 

Protein-s-thiolation is known to alter the 
activity of enzymes, receptors and structural 
proteins. In the present study, GSSG exposure 
inactivated some of the mitochondrial enzymes 
which include the enzymes involved in mito- 

chondrial respiration. Earlier studies have 
shown toxic effects of reactive oxygen metab- 
olites on the mitochondrial electron transport 
system (Zhang et al., 1990) and protein-s- 
thiolation could inactivate some of the mito- 
chondrial matrix enzymes. Activity of succinic 
dehydrogenase (King, 1967) has been shown to 
be altered by GSSG. Studies have shown that 
thiol group modifying agents can alter the 
activity of NADH dehydrogenase (King and 
Howard, 1967) and mitochondrial ATPase 
(Flombaum and Stoppani, 1987). Thiol groups 
which are essential for the activity of the enzyme 
may be blocked by reaction with GSSG. In vitro 
studies have shown that activity of phospho- 
fructokinase (Froede et al., 1968) and pyruvate 
kinase (Vanberkel et al., 1973) are modulated by 
GSSG. Similarly activity of rat brain adenylate 
cyclase was inhibited by GSSG (Baba et aL, 
1978). Using labeled GSSG, it was shown that 
the formation of a mixed disulfide bond between 
protein and GSSG is responsible for the modu- 
lation of the enzyme activity (Mannervik and 
Axelsson, 1980). 

Transport of certain compounds across the 
cell membrane depends on the presence of 
reduced thiol groups in the transport proteins 
and oxidation or masking of these thiol groups 
might alter the transport function. One of the 
major functions of BBMV is transport of nutri- 
ents and in the present study it was observed 
that treatment of BMMV with GSSG did not 
alter the transport of D-glucose although pro- 
tein-s-thiolation was increased. Studies have 
shown that the thiol redox status of BBMV 
influences the phosphate transport (Suzuki 
et al., 1990). Two classes of the sulfhydryl 
groups have been identified on the intestinal 
BBMV Na+-glucose cotransporter. The first 
class reacts with water soluble -SH reagents 
without affecting the eotransporter activity 
(Biber et al., 1983). The second class reacts 
preferentially with water insoluble -SH reagents 
resulting in non-competitive inhibition of co- 
transporter mediated Na + and glucose uptake 
(Klip et al., 1980). Inability of GSSG to modify 
the Na+-glucose transport may be due to its 
failure to react with this class of SH groups in 
the membrane. In conclusion, the results of this 
study has shown that GSSG can form Pro-S-S- 
G linkages with thiol groups of protein and 
modify their function. This may be physiologi- 
cally important since GSSG concentration in- 
creases many fold during oxidative stress and 
masking the reactive protein thiol groups may 
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be o n e  m e c h a n i s m  by which  ce l lu la r  f u n c t i o n s  

are  a l tered.  

SUMMARY 

I so la t ed  m o n k e y  in tes t ina l  m i t o c h o n d r i a  and  

b rush  b o r d e r  m e m b r a n e s  u p o n  e x p o s u r e  to 

g l u t a t h i o n e  disulf ide  s h o w e d  a 15- and  5-fold 

increase  in p ro t e in  g l u t a t h i o n e  m i x e d  disulf ide 

respect ive ly .  Th i s  was  assoc ia ted  wi th  loss in 

ac t iv i ty  o f  ce r t a in  m i t o c h o n d r i a l  enzymes  

l ike succ ina te  d e h y d r o g e n a s e  and  i soc i t ra te  

d e h y d r o g e n a s e  specific for  N A D  and  N A D P .  

Brush  b o r d e r  m e m b r a n e  e n z y m e s  were  un-  

a f fec ted  by G S S G  t r ea tmen t .  H e a t  i n a c t i v a t i o n  

d id  n o t  inf luence  the  p r o t e i n - s - t h i o l a t i o n  o f  

m i t o c h o n d r i a  and  B B M V ,  sugges t ing  the  poss-  

ible n o n e n z y m a t i c  n a t u r e  o f  this reac t ion .  

M i x e d  disulf ide f o r m a t i o n  be tween  B B M V  pro -  

te in and  g l u t a t h i o n e  d id  n o t  a l te r  the  N a  +- 

d e p e n d e n t  g lucose  u p t a k e  by this m e m b r a n e .  

CONCLUSION 

T h e  increase  in p r o t e i n - s - t h i o l a t i o n  o f  m i to -  

c h o n d r i a  a n d  B B M V  u p o n  i n c u b a t i o n  wi th  

G S S G  ind ica tes  tha t  these  m e m b r a n e s  are  sus- 

cep t ib le  to ox ida t ive  m o d i f i c a t i o n  by G S S G .  

In  conc lus ion ,  this s tudy  suggests  tha t  h igh  

sensi t iv i ty  o f  m i t o c h o n d r i a  to ox ida t ive  stress 

m a y  be due  to t h i o l a t i o n  o f  m i t o c h o n d r i a l  p ro -  

teins by ox id i zed  g l u t a t h i o n e  f o r m e d  d u r i n g  

ox ida t ive  stress. 

Acknowledgements--The Wellcome Trust Research labora- 
tory is supported by The Wellcome Trust, London. Finan- 
cial assistance from the Council of Scientific and Industrial 
Research and Indian Council of Medical Research, Govern- 
ment of India is acknowledged. The authors thank Professor 
V. I. Mathan for his keen interest in this work. O. Benard 
is a Senior Research Fellow of the Council of Scientific and 
Industrial Research, India. 

REFERENCES 

Baba A., Lee E., Matsuda., Kihara T. and Iwata H. (1978) 
Inhibition of adenylate cyclase activity of rat brain 
caudate nucleus by oxidised glutathione. Biochem. bio- 
phys. Res. Commun. 85, 1204-1210. 

Benard O. and Balasubramanian K. A. (1993) Effect of 
oxidant exposure on thiol status in the intestinal mucosa. 
Biochem. Pharmacol. 45, 2011-2015. 

Biber J., Weber J. and Semenza G. (1983) Small intestinal 
Na2+/glucose cotransport. Inactivation of sugar transport 
and phlorizin binding by thiol group and amino group 
reagents. Biochim. biophys. Acta. 728, 429-437. 

Brigelius G. (1985) Mixed disulfides: biological functions 
and increases in oxidative stress. In Oxidative Stress 

(Edited by Sies H.), pp. 243-272. Academic Press, 
London. 

Chance B., Sies H. and Boveris A. (1979) Hydroperoxide 
metabolism in mammalian organs. Physiol. Rev. 59, 
527~05. 

Cleland W. W., Thompson V. W. and Barden R. E. (1969) 
Isocitrate dehydrogenase (TPN-specific)from pig heart. 
Meth. Enzymol. 13, 30 33. 

Dahlqvist A. (1968) Assay of intestinal disaccharidases. 
Analyt. Biochem. 22, 99 107. 

Eklow L., Moldeus P. and Orrenius S. (1984) Oxidation of 
glutathione during hydroperoxide metabolism. Eur. J. 
Biochem. 138, 459-463. 

Flombaum M. A. C. and Stoppani A. O. M. (1987) 
Inactivation of the mitochondrial adenosine triphos- 
phatase from Trypanosoma cruzi by oxygen radicals: role 
of thiol groups. Biochem. Int. 14, 1035-1041. 

Froede H. C., Geraci G. and Mansour T. E. (1968) 
Studies on heart phosphofructokinase. Thiol groups 
and their relationship to activity. J. biol. Chem. 243, 
6021 ~6029. 

Hubsher G., West G. R. and Brindley D. N. (1965) Studies 
on fractionation of mucosal homogenates from the small 
intestine. Biochem. J. 97, 629~42. 

Indirani N. and Hill P. G. (1977) Partial purification 
and some properties of g-glutamyl transpeptidase from 
human bile. Biochim. biophys. Acta. 483, 57~62. 

Jaeschke H. (1990) Glutathione disulfide as an index of 
oxidant stress in rat liver during hypoxia. Am. J. Physiol. 
258, G499~G505. 

King T. E. (1967) Preparation of succinate dehydrogenase 
and reconstitution of succinate oxidase. Meth. Enzymol. 
10, 322 331. 

King T. E. and Howard R. L. (1967) Preparations and 
properties of soluble NADH dehydrogenase from cardiac 
muscle. Meth. Enzymol. 10, 275-294. 

Klip A., Grinstein S., and Semenza G. (1980) Interaction of 
sugar carrier of intestinal brush border membrane with 
HgC12. Biochim. biophys. Aeta. 598, 100 114. 

Koningsberger J. J. M., Mark J. J. M. and Vanhunm J. 
(1988) Free radicals in gastroenterology. A review. Stand. 
J. Gastroenterol. 23, 30-40. 

Kosower N. S. and Kosower E. M. (1990) Influence of 
glutathione on membranes Coenzymes and Cofactors 
(Edited by Dophin D., Poulson R. and Auramouric O.), 
Vol. 3, John Wiley Sons, New York. 

Livesay J. C. and Reed D. J. (1984) Measurement of 
glutathione protein mixed disulfide. Int. J. Radiat. Oneol. 
Biol. Phys. 10, 1507 1510. 

Lowry O. H., Rosebrough N. J., Farr A. L. and Randall 
R. J. (1951) Protein measurement with the Folin-phenol 
reagent. J. biol. Chem. 193, 265-275. 

Mackler B. (1967) DPNH oxidase of heart muscle. Meth. 
Enzymol. 10, 261-294. 

Mannervik B. and Axelsson K. (1980) Role of cytoplasmic 
thioltransferase in cellular regulation by thiol-disulfide 
interchange. Bioehem. J. 190, 125 130. 

McKernan T. B., Woods E. B. and Lash L. H. (1991) 
Uptake of glutathione by renal cortical mitochondria. 
Arch. biochem, biophys. 2.88, 653~i63. 

Nicotera P., Baldi C., Svensson S. A., Larsson R., Bellomo 
G. and Orrenius S. (1985) Glutathione-s-conjugate stimu- 
late ATP hydrolysis in the plasma membrane fraction of 
rat hepatocytes. FEBS Lett. 187, 221~25. 

Olafsdottir K. and Reed D. J. (1988) Retention of oxidised 
glutathione by isolated rat liver mitochondria during 



Effects of oxidized glutathione 595 

hydroperoxide treatment. Biochim. biophys. Acta. 964, 
377-382. 

Parke D. A. (1989) Oxygen radicals: Mediators of gastro- 
intestinal pathophysiology. Gut 30, 293-298. 

Park E. M. and Thomas J. A. (1988) S-thiolation ofcreatine 
kinase and glycogen phosphorylase b initiated by partially 
reduced oxygen species. Biochim. biophys. Acta. 964, 
151 160. 

Peerce B. E., Cedilote M. and Clarke R. D. (1993) Role 
of carboxyl and sulfhydryl residues on rabbit small 
intestinal brush-border membrane Na'-glucose cotrans- 
porter. Am. J. Physiol. 264, G294~G299. 

Pennington R. J. (1961) Biochemistry of dystrophic 
muscle mitochondrial succinate-tetrazolium reductase 
and adenosinetriphosphate. Biochem. ~L 80, 649. 

Pfliedere G. (1970) Particle bound aminopeptidase from pig 
kidney Meth. Enzymol. 19, 514-521. 

Plaut G. W. E. (1969) Isocitrate dehydrogenase (DPN- 
specific) from bovine heart. Meth. En~vmol. 13, 34~42. 

Quigley J. P. and Gotterer S. G. (1969) Distribution of 
(Na÷-K +) stimulated ATPase activity in rat intestinal 
mucosa. Biochim. biophys. Acta. 173, 456~468. 

Ravindranath V. and Reed D. J. (1990) Glutathione 
depletion and formation of protein mixed disulfide 
following exposure of brain mitochondria to oxidative 
stress. Biochem. biophys. Res. Commun. 169, 1075 1079. 

Suzuki M., Capparelli A. W., Jo O. D. and Yanagawa N. 
(1990) Thiol redox and phosphate transport in renal 
brush-border membrane. Effect of nicotinamide. Biochim. 
Biophys. Acta. 1021, 85 90. 

Thambidurai D. and Bachhwat B. K. (1979) Purification 
and properties of Brain Alkaline phosphatase. J. Neuro- 
chem. 29, 503-512. 

Tiruppathi C., Miyamoto Y., Ganapathi V. and Leibach 
F. H. (1988) Fatty acid induced alterations in transport 
systems of the small intestinal brush border membrane. 
Biochem. Pharmacol. 37, 1399 1405. 

Turrens J. F. and Boveris A. (1980) Generation of super- 
oxide anion by the NADH dehydrogenase of bovine heart 
mitochondria. Biochem. J. 191, 421~,27. 

Turrens J. F., Alexandre A. and Lehninger A. L. (1985) 
Ubisemiquinone is the electron donor for super- 
oxide anion formation. Arch. biochem. Biophys. 237, 
408411. 

Vanberkel J. C., Koster J. F. and Hubsmann W. C. 
(1973) Two interconvertible forms of L-type pyruvate 
kinase from rat liver. Biochim. biophys. Acta. 293, 
118-124. 

Zhang Y., Marcillat O., Giulivi C., Ernster L. and Davies 
K. J. A. (1990) Oxidative inactivation of electron trans- 
port chain components and ATPase. J. biol. Chem. 265~ 
1633(~16336, 


