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Summary. Cell surface gamma-glutamyl transpeptidase activity 
in cultured neoplastic astrocytes was significantly increased 
upon treatment of the cells with the hepatoprotective disulfide, 
cystamine. The cystamine effect was sensitive to cycloheximide 
and could be significantly depressed by exogenous glutathione. 
Surface gamma-glutamyl transpeptidase activity was also modu- 
lated by the presence in the culture medium of the unsaturated 
fatty acids, linol~ic acid and arachidonic acid. Metabolism of the 
fatty acids via the cyclooxygenase pathway was not a prerequi- 
site for their modulation of the glycoprotein ectoenzyme. Li- 
poxygenase, however, was found to potentiate the unsaturated 
fatty acid effect in neoplastic astrocytes. Lipoxygenase is re- 
ported to catalyze the conversion of unsaturated fatty acids to 
their corresponding peroxides. The data indicate an oxidative 
influence on the control of gamma-glutamyl transpeptidase activ- 
ity. 
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Introduction 

It has been known for some time that exposure of  
cells to a variety of carcinogens and xenobiotics [5, 
20, 22, 23] results in an increased expression of cell 
surface gamma-glutamyl transpeptidase (GGTP). 
Conceivably, the shared capacity of these com- 
pounds to stimulate GGTP might be related to their 
dependence on the cellular detoxification system 
for their ultimate biotransformation and elimination 
from cells [10]. 

One of the consequences of oxidative detoxifi- 
cation is an increase in the oxidative status of cells 
[17]; therefore, the apparent modulation of GGTP 
by carcinogens and xenobiotics may be a function 
of the extent to which cells became oxidized during 
the microsome-directed conversion of these sub- 
stances into excretable or potentially excretabte 
forms. 

In this report, we investigate the potential role 

of the cellular oxidative status in the control of 
GGTP expression in neoplastic astrocytes in cul- 
ture. The dramatic elevations in GGTP which can 
be achieved in the neoplastic astrocytes make them 
ideal for studying effector-mediated modulations of 
the glycoprotein ectoenzyme. 

Two approaches were taken. Cultured neoplas- 
tic astrocytes were treated with either the hepato- 
protective disulfide, cystamine, [3, 4] or with unsat- 
urated fatty acids, and the impact of these 
compounds on cell surface GGTP activity and the 
cellular oxidative status was monitored. The cellu- 
lar oxidative status was defined in terms of the ex- 
tent to which two types of activities were present in 
cells: (1) activities reported to generate initiators of 
membrane peroxidation and (2) those reported to 
protect against lipid peroxidation in cellular mem- 
branes. NADPH oxidizing activity and the accumu- 
lation and subsequent release of GSSG from cells 
were used as indices of activity types (1) and (2), 
respectively. The data are consistent with the thesis 
of a link between the oxidative status of cells and 
GGTP control. 

Materials and Methods 

C E L L  CULTURES AND EXPERIMENTAL PROTOCOL 

In this study we used a rat cell line of neoplastic astrocytes, the 
C6, originally obtained from the American Tissue Culture collec- 
tion, Rockville, Maryland. The cultures were maintained in Me- 
dium-199 supplemented with 10% bovine serum (BS), 5% fetal 
bovine serum (FBS), 100/~U/ml penicillin, 100/zg/ml streptomy- 
cin and 2 mM g-glutamine. This formulation will be referred to as 
the native medium. 

Experiments were initiated by harvesting confluent stock 
cultures and transferring the cells at a ratio of 1 : 4 (surface area/ 
surface area) into 12-well plates (3.94 cm2/well) containing native 
medium. On the following day, the monolayers were treated with 
Medium-199 plus 2% FBS, plus or minus the test compound(s). 
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Fig. 1. Cystamine modulates GGTP activity in glial cells. Cys- 
tamine-treated cells exhibit a continued increase in GGTP over a 
period of 3 days. n = 12 

In experiments testing the effects of unsaturated fatty acids on 
GGTP, serum was omitted 'from the test medium. For all experi- 
ments,  the control and experimental groups were placed on a 
single 12-well plate and cell-surface GGTP was assayed on 
washed monolayers after 24 hr. 

GGTP ACTIVITY 

Cell surface GGTP activity was assayed in quadruplicate at 37~ 
in a reaction mixture which consisted of 100 mM Tris-HCl, 100 
mM glycylglycine and 5 mM gamma-glutamyl-p-nitroanalide, all at 
pH 8 and mixed in a ratio of 3 : I : 1 [21]. 

Aliquots of the mixture (0.5 ml) were added to washed 
monolayers on 12-well plates and after an appropriate time, 0.4 
ml of the reaction mixture was removed from individual wells 
and added to tubes containing 1 ml of 30% acetic acid. The latter 
step prevents the further hydrolysis of substrate by cells inadver- 
tently removed from the well with the reaction mixture. The 
absorbance of the reaction product, p-nitroanaline, was mea- 
sured at 405 nm, and GGTP activity was expressed as mU/mg 
protein. One milliunit is equivalent to the production of one 
nanomole of p-nitroanaline per minute. Proteins were deter- 
mined according to the method of Bradford [1]. 

Table 1. Cystamine-associated increases in GGTP are concen- 
tration dependent a 

Cystamine added GGTP 
(mM) (mU/mg protein) 

None 5 -+ 1.4 
0.5 38 --- 3.0 
1.0 71 +-- 15.0 
1.5 83 - 1.8 

a Glial cells were treated with the indicated concentrations of 
cystamine over a period of 24 hr. GGTP is expressed as mU/mg 
protein, n = 8. 

monolayers, and after 10 rain the TCA solution was removed 
from the culture dishes and centrifuged at 3000 x g for 10 min to 
remove precipitated proteins. 

The assay mixture in a final volume of 0.9 ml contained 0.2 
M potassium phosphate buffer, pH 7.4, 1 mM EDTA, 0.1 mM 5,5- 
dithiobis(2-nitrobenzoic acid) (DTNB), 0.15 mM NADPH, 0.1 
mg/ml bovine serum albumin and 0.04 ml of the TCA superna- 
tant. The reaction was started by adding 0.1 ml of glutathione 
reductase (48 ~g/ml). The rate of absorbance change at 412 nm 
was monitored for 2 rain on a Gilford Response. The glutathione 
reductase solution was prepared daily from an ammonium sulfate 
suspension of glutathione peroxidase (Sigma) by diluting with 0.1 
mg/ml bovine serum albumin/0.2 M potassium phosphate buffer, 
pH 7.4. GSH was determined according to the method of Ellman 
and Lysko [6]. GSSG was expressed as tzm GSH equivalents/mg 
protein and GSH expressed as /xm GSH/mg protein. 

In some experiments,  we assessed the cellular oxidative 
status by monitoring medium GSSG. Since GSSG is produced by 
GSH peroxidase, an enzyme which protects against lipid peroxi- 
dation in cellular membranes [18], the accumulation and subse- 
quent spillage of GSSG into the culture medium is indicative of 
the extent to which cells are involved in protecting themselves 
against peroxidative influences. 

To access medium GSSG concentrations, the spent medium 
(0.6 ml) was first added to 0.4 ml of a 5% TCA solution and after 
removal of precipitated proteins, the GSSG content was deter- 
mined as described above. 

NADPH OXIDATION 

NADPH oxidase activity was monitored as a means of assessing 
the impact of cystamine on the cellular oxidative status. Mea- 
surements of NADPH oxidation by control and cystamine- 
treated ceils were carried out according to the method of Gillette, 
Brodie and LaDu [9]. 

C E L L U L A R  G L U T A T H I O N E  STATUS 
TITRATION OF S H  G R O U P S  ON C E L L  

MONOLAYERS AND ON P U R I F I E D  G G T P  

Intracellular concentrat ions of oxidized (GSSG) and reduced 
(GSH) glutathione were monitored to determine the impact of 
various t reatment  regimens on glutathione metabolism in the cul- 
tured neoplastic astrocytes.  

The assay for oxidized glutathione was, in principle, the 
same as that reported by Oshino and Chance [16]. A 5% trichlo- 
roacetic acid (TCA) solution was directly added to washed 

Washed neoplastic astrocytes were titrated for surface SH 
groups by exposing cell monolayers to a DTNB assay mixture 
for 5 rain at 25~ The mixture was then removed and the absor- 
bance at 412 was determined. The assay mixture consisted of 0.2 
M potassium phosphate,  pH 7.4 plus 0.1 mM DTNB. The titration 
of SH groups on purified GGTP was determined essentially as 
above except that the assay mixture contained in a final volume 
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Table 2. Effect of cycloheximide on cystamine-associated in- 
creases in GGTP a 

Cycloheximide GGTP 
(0.5 tzg/ml) (mU/mg protein) 

Control - 8.0 +- 1.5 
+ 5.0 -+ 0.0 

Cystamine, I mM -- 95.0 ---+ 6.2 
+ 12.0 ----- 0.6 

a n = 4 .  

of I ml, 0.8 ml 0.2 M potassium phosphate buffer, pH 7.4; 0.1 mM 
DTNB plus 0.1 ml purified GGTP. After approximately 25 hr at 
25~ the absorbance at 412 was determined. 

Results 

CYSTAMINE S T I M U L A T E S  G G T P  EXPRESSION 

Treatment of cultured neoplastic astrocytes with 
cystamine results in a time-dependent (Fig. I) and 
concentration-dependent (Table 1) stimulation of 
GGTP. The cystamine-associated increases in 
GGTP activity were found to be sensitive to the 
protein synthesis inhibitor, cycloheximide (Table 
2). Additionally, the simultaneous addition of GSH 
with the disulfide resulted in a significant depression 
of the cystamine effect on surface GGTP activity 
(Fig. 2). GSSG was found to be equally depressive 
(data not shown). Lastly, the glutathione synthesis 
inhibitor, buthionine sulfoximide (BSD) was found 
to prevent the depression by GSH of cystamine- 
associated increases in GGTP (Table 3). 

The source of the depressive effect of exoge- 
nous GSH (or GSSG) remains to be elucidated; 
however, the observation that BSD inhibits this ef- 
fect is indicative of a requirement for the exogenous 
GSH to first gain entry into cells prior to exerting its 
depressive effect. By inhibiting glutathione synthe- 
tase BSD effectively prevents the entry of exoge- 
nous GSH. To gain entry into ceils, exogenous 
GSH must first undergo catabolism in medium and 
then the constituent amino acids transported and 
resynthesized into intracellular GSH. 

The apparent inhibition of the cystamine effect 
by BSD is presumably due to a BSD-associated de- 
pletion of intracellular GSH followed by severe cys- 
tamine-mediated peroxidative damage to cells. The 
fact that BSD deprives the neoplastic astrocytes of 
their protection against oxidative stress most proba- 
bly facilitates oxidative damage to GGTP and other 
enzymes as well [15]. 

Data which implicate cystamine as a potential 
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Fig. 2. Glutathione depresses the stimulatory effect ofcystamine 
on GGTP. Glial cell monolayers were treated with 1 mM cys- 
tamine plus increasing concentrations of reduced glutathione. 
The depressive effect of glutathione was only effective if the 
sulfhydryl tripeptide was added simultaneously with cystamine 

Table 3. 13uthionine sulfoximide inhibits the GSH-retated de- 
pression of cystamine-stimulated GGTP ~ 

Additions GGTP 
(mU/mg protein) 

without with 
cystamine cystamine, 1.5 mM 

None 5.6 +- 1 93.0 +-- 8 
Glutathione, 2 mM 8.0 -- 1 49.0 ----- 3 
Glutathione, 4 mM 8.0 --+ 1 31.0 +--- 2 
BSD, 0.5 mM + 56.0 -- 9 

glutathione, 2.0 mM 
BSD, 1.0 m M +  82.0 --+ 7 

glutathione, 2.0 mM 
BSD, 0.5 mM 9.0 --- 1 10.6 - 7 
BSD, 1.0 rnM 9.3 --+ 1 4.0 --+- 2 

a n = 4 .  

source of cellular oxidative damage are illustrated 
in Fig. 3. Neoplastic astrocytes treated with cys- 
tamine exhibited a marked increase in their oxida- 
tive status as determined by their capacity to oxi- 
dize NADPH. NADPH oxidizing enzymes are 
reported to generate initiators of membrane lipid 
peroxidation [2, 7, 8, 22]. 
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Fig. 3. NADPH oxidase activity in control (a) and cystamine- 
treated (b) glial cells. Glial cell-monolayers were treated with 
cystamine over a 24-hr period, then NADPH oxidase activity was 
assayed using methylene blue the electron acceptor [15]. 
NADPH oxidase activity is normalized to the control, n = 3 
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Fig. 4. Effect of unsaturated fatty acids on GGTP. Glial cell 
monolayers treated with oleic acid (OA, 18 : 1), linoleic acid (LA, 
18:2) and arachidonic acid (AA, 20:4),  respectively, were ex- 
amined for GGTP activity after 24 hr. Each fatty acid was 
present in the serum-free growth medium at a concentration of 
100 p.M. GGTP is normalized to the control 

E F F E C T S  OF M E D I U M  FATTY ACIDS OF G G T P  

Modulations in GGTP were also linked to the nature 
of the fatty acids present in the culture medium. 
Over a period of 24 hr, the presence of linoleic and 
arachidonic acid but not oleic acid (100/XM each) in 
the culture medium resulted in a cycloheximide- 
sensitive stimulation of GGTP bioactivity (Fig. 4, 
Table 4). The further treatment of cells with the 
combination of arachidonic acid plus inhibitors of 
cyclooxygenase failed to alleviate the impact of the 
unsaturated fatty acid on GGTP (Table 5). The data 

Table 4. Cycloheximide inhibits unsaturated fatty acid-depen- 
dent increases in GGTP a 

Additions Cycloheximide GGTP 
(0.5 ~g/ml) (mU/mg protein) 

None - 26.0 + 0.8 
+ 33.0 - 2.0 

Linoleic acid, 100/xM -- 45.0 -- 3.0 
+ 30.0 +-- 2.0 

Arachidonic acid, 100/xM - 68.0 -+ 0.0 
+ 22.0 - 5.0 

a n = 4 .  

were interpreted to indicate that the modulatory ef- 
fect of arachidonic acid was independent of the ca- 
pacity of the cells to metabolize the effector at least 
by the cyclooxygenase pathway. 

In other experiments, neoplastic astrocytes 
were treated with unsaturated fatty acids plus or 
minus lipoxygenase (Sigma), an enzyme which cat- 
alyzes the oxidation of unsaturated fatty acids [11, 
14]. Lipoxygenase was found to potentiate the ef- 
fect of the linoleic acid and arachidonic acid on 
GGTP (Figs. 5A and B), when the fatty acids were 
present at low concentrations. The apparent de- 
pression of GGTP by lipoxygenase at the higher 
fatty acid concentrations was conceivably due to 
the presence in the medium and/or uptake and in- 
corporation of excessive amounts of fatty acid per- 
oxides [13]. 

INTRACELLULAR G L U T A T H I O N E  IN NEOPLASTIC 

ASTROCYTES 

Using GSSG release as an index of the cellular ox- 
idative status, it was observed that cystamine and 
unsaturated fatty acid-treated cells released more 
GSSG into the culture medium than did the corre- 
sponding controls (Table 6). The data were inter- 
preted to indicate an increased involvement of both 
groups of treated cells in protective measures 
against oxidative stress [18]. For example, when 
super oxide radicals produced by NADPH oxidiz- 
ing reactions (i.e. cystamine-treated cells) are acted 
upon by superoxide dismutase, H202 and eventually 
GSSG is reported to be produced. GSSG is also a 
product of the reaction wherein unsaturated fatty 
acid hydroperoxides are converted by glutathione 
peroxidase into their corresponding hydroxy fatty 
acids [11, 18]. 

Finally, the assessment of total glutathione in 
arachidonic acid and cystamine-treated cells re- 
vealed an increase in intracellular glutathione, re- 
duced and oxidized (Table 7). Paradoxically, how- 



Table 5. Effect of cyclooxygenase inhibitors on arachidonic 
acid-mediated modulations in GGTP a 

GGTP 
m/z/rag protein 

no arachidonic acid 
additions 0.1 mM 
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Control 14 --+ 4 39 • 6 
ETOH, 0.21% b 13 --- 5 - -  

Ibuprofen, 0.25 m~ 11 -+ 4 34 --- 5 
Acetylsalicyclic acid 12 --- 3 38 • 5 
0.25 mM 

a Ibuprofen and acetylsalicyclic acid, respectively, are reversible 
and irreversible inhibitors of cyclooxygenase. 
b Ethyl alcohol was present at a concentration of 0.21 percent in 
the cultures containing arachidonic acid plus cyclooxygenase in- 
hibitors, n = 8. 

Table 6. Release of GSSG by neoplastic astrocytes treated with 
cystamine and arachidonic acid" 

Condition GGTP Medium GSSG 
inhibitor p.M GSH Eq/mg protein 
added b 

Control - 0.54 - 0.60 
+ 0.98 + 0.50 

Cystamine, 0.5 mM - 0.35 - 0.36 
+ 4.86 • 1.40 

Arachidonic acid 0.1 mM - 1.18 +- 1.13 
+ 1.70 • 0.90 

a n = 8 for the control and arachidonic acid groups; n = 4 for the 
cystamine group. 
b Serine plus borate were added at concentrations of 20 mM each 
to prevent metabolism of GSSG released into the medium. 
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Fig. 5. Effect of lipoxygenase on fatty acid-dependent modula- 
tions in GGTP. Glial cell monolayers were treated with increas- 
ing concentrations of either (A) arachidonic acid or with (B) lino- 
leic acid with (O) and without ( t )  15 ~g/ml lipoxygenase 
(Sigma) 

ever, the correlation between GGTP control and the 
cellular oxidative status appeared to break down 
when the ratio of oxidized-to-reduced glutathione 
was used as an index of  the oxidative status of cells. 

Discussion 

The treatment of neoplastic astrocytes with cys- 
tamine resulted in increases in the cellular oxidative 
status (Fig. 3) and in GGTP enzyme activity (Fig. 
1). The activity of  the cell surface enzyme was also 
increased upon exposure of the cells to either unsat- 
urated fatty acids or to their corresponding perox- 
ides (Fig. 5A and B). The failure of these effectors 
to uprnodulate GGTP in the presence of cyclohexi- 
mide indicated that the synthesis of new protein 
was a prerequisite for the effect. It remains to be 
determined if this requirement is specific for GGTP 

Table 7. Intracellular glutathione status in neoplastic astrocytes 
treated with cystamine and aracbidonic acid a 

Condition GGTP Glutathione 
mU/mg 
protein GSH GSSG GSSG/GSH 

p.M/mg t~M GSH ratio 
Protein equiv/mg 

Protein 

Control 12 • 2 45 • 7 19 -+ 8 0.42 
Control + 9 • 2 36 - 5 8 + 1 0.22 
GSH, 4 mM 
Cystamine, 58 - 8 154 • 27 63 - 9 0.41 

0.5 mM 
Cystamine + 21 • 4 82 --- 7 39 • 1 0.48 
GSH, 4 mM 
Arachidonic 26 • 1 60 • 9 25 --- I 0.42 
acid, 0.1 mM 
Arachidonic acid 19 • 3 8 • 1 4 • 1 0.50 
+ GSH, 4 mM 

~ n = 4 .  
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Table 8. DTNB titration of SH groups ~ 

Ceil monolayers Purified GGTP b 
Ab412/mg Ab41z/mg 
protein C protein 

Part I Control 1.0 1.28 -- 0.27 
Cystamine, 0.5 mM 3.9 1.62 --2 0.10 

Part fi Control 1.0 ND 
Arachidonic acid, 3.6 ND 
0.I mM 

a All data are normalized to the control; n = 4 and n = 8 for the 
cell monolayers and purified GGTP, respectively. 
b Neoplastic astrocyte monolayers were washed and removed 
from flasks by scraping, and the cells treated with papain (15 mg 
papain/l mg cell protein) to solubilize the surface proteins. The 
solubilized surface proteins were chromatographed on a sepha- 
dex G-150. 

itself or for some other protein which may be in- 
volved in the regulation of GGTP in the treated neo- 
plastic astrocytes. 

The fansaturated fatty acid effect on GGTP is 
consistent with either the uptake and incorporation 
of unsaturated fatty acids (or their hydroperoxides) 
into cellular membranes [19], or with their metabo- 
lism by the lipoxygenase pathways [24]. Our data 
do not distinguish between the two possible mecha- 
nisms. The net result of either mechanism would be 
an increase in the cellular oxidative status particu- 
larly if the assessment is based on the extent of 
involvement of cells in processes which protect 
against lipid peroxidation. The increased release of 
GSSG from arachidonic acid-treated cells (Table 6) 
is indicative of the involvement of the neoplastic 
astrocytes in reactions which protect against perox- 
idative damage presumably mediated by the pres- 
ence of unsaturated fatty acids in cellular mem- 
branes or being metabolized in the cytoplasm [12]. 

With regard to the cystamine effect on GGTP 
there exists an additional mechanism which has not 
been considered. The possibility exists that cys- 
tamine might act in the neoplastic astrocytes by 
lowering intracellular GSH via a thiol-disulfide ex- 
change between GSH and cystamine [25]. This po- 
tential effect, if it occurs to any extent at all, most 
probably represents only a minor component of the 
cystamine effect on GGTP. This assessment is 
based on unpublished data which show that cys- 
teamine, the reduced form of cystamine, also modu- 
lates GGTP in neoplastic astrocytes. In contrast to 
cystamine, the interaction of cysteamine with 
GSSG via the same thiol-disulfide exchange reac- 
tion would tend to raise and not lower intracellular 
GSH. 

The precise relationship between GGTP control 
and glutathione appears to be complex and not thor- 

oughly understood at this point. Even with the ap- 
parent relationship between GGTP control and the 
oxidative status of cells with respect to one criteria 
(i.e. level of NADPH oxidizing activity and GSSG 
spillage into the culture medium), GGTP expression 
in treated neoplastic astrocytes bears no apparent 
relationship to the GSSG/GSH ratios in these cells. 
The assessment of the ratio of GSSG to GSH is an 
alternative means of evaluating the cellular oxida- 
tive status. Nevertheless, taking into consideration, 
the data in Table 8, a role for glutathione in GGTP 
control becomes perceivable. The data specifically 
indicated that treated cells and more importantly 
their purified GGTP (i.e. cystamine-treated cells 
specifically) contained more titratable SH groups 
than did the corresponding untreated cells and their 
purified GGTP, respectively. The data can be inter- 
preted to indicate that the rise in intracellular GSH 
in cystamine and arachidonic acid-treated cells (Ta- 
ble 7) may be a key element in the upmodulation of 
GGTP activity in the treated neoplastic astrocytes. 
The rise in GSSG, one of the indicators of the in- 
volvement of ceils in oxidation-related protective 
measures, may only serve as a signal for the "turn 
on" of GSH sYnthesis and the subsequent reduction 
and activation of GGTP. 

Support for this thesis can be found in the BSD 
experiments (Table 3). Cells presumably prevented 
from synthesizing GSH were unable to respond to 
cystamine treatments by increasing the level of 
GGTP expressed. Further, in other experiments 
where the intracellular GSH response was reduced 
as a result of adding exogenous GSH, the upmodu- 
lation of GGTP was also reduced. Additional stud- 
ies are required to determine the precise mechanism 
by which exogenous GSH impacts the modulation 
of intracellular glutathione in treated neoplastic as- 
trocytes. 

In further related studies, GGTP from control 
and cystamine-treated cells will be evaluated for 
specific activity (i.e. bioactivity/amount of GGTP 
antigen), for its immunoelectrophoretic properties, 
pH activity profiles and kinetic properties. These 
experiments will provide information on the extent 
to which the cellular oxidative status may ulti- 
mately influence the amount and character of GGTP 
protein expressed in cultured neoplastic astrocytes. 

We thank Paul W. Sexton and Howard M. Doughty for their 
excellence in providing technical assistance and to Judith Ward 
for her secretarial assistance. 
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