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Abstract-The effects of the xenobiotics, i.e. butylated hydroxytoluene, /l-naphthoflavone, isosafrole, 
pregnenolone-16cr-carbonitrile, nuns-stilbene oxide, 3-methylcholanthrene, phenobarbital, 3,3’.4,4’- 
tetrachlorobiphenyl, 2,2’,4,4’,5,5’-hexachlorobiphenyl, on rat liver cytosolic glutathione transferase and 
glutathione peroxidase activities have been investigated. Although the glutathione transferase isozymes 
(measured by the specific substrates ethacrynic acid and A’-androstene-3,17-dione) which have been 
shown to possess peroxidase activity were significantly increased, little or no increase in peroxidase 
activity (toward cumene hydroperoxide, tert-butyl hy~o~roxide or hydrogen peroxide) was observed. 
Likewise during a X-day time course foliowing the ad~nistration of Arocfor 12.54 or fireMaster BP-6 
(each SCKlmg/kg, i.p.), potent induction of glutathione transferase activities was seen without any 
significant increases in peroxidase activities. In fact during the second week of the time course, there 
were significant decreases in selenium-dependent glutathione peroxidase activity (toward hydrogen 
peroxide). The inverse regulation of these activities, i.e. the depression of selenium-dependent gluta- 
thione peroxidase activity following sustained induction of glutathione transferases, may have direct 
implications for the toxicity of the polyhalogenated aromatic hydrocarbons. 

Glutathione peroxidase activity is present in most 
mammalian species and the tissues of these species 
as far as investigated [l-4]. It is represented on the 
one hand by a tetrameric selenium containing 
enzyme glutathione peroxidase (glutathione : hy- 
drogen peroxide oxidoreductase, E.C. 1.11.1.9, Se- 
GSH-Px)$ which is able to reduce hydrogen peroxide 
to water and organic hydroperoxides to the cor- 
responding hydroxy compounds and on the other 
hand by certain isozymes of GST (E.C. 2.5.1.18), 
which catalyze the conjugation of GSH with elec- 
trophilic substrates. These isozymes possess a second 
catalytic function against organic hydroperoxides 
similar to Se-GSH-Px but cannot reduce hydrogen 
peroxide. Among different species as well as among 
the various tissues of one species considerably dif- 
ferent ratios of Se-GSH Px and non-Se-GSH-Px 
activities have been observed [l-3]. In rat liver cyto- 
so1 a part of the total GSH-Px activity against organic 
hydroperoxides and nearly the entire GSH-Px 
activity against hydrogen peroxide is due to the Se- 
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GSH-Px, glutathione peroxidase; Se-GSH-Px, selenium- 
dependent glutathione peroxidase; non-Se-GSH-Px, non- 
selenium-dependent glutathione peroxidase; GSH, gluta- 
thione; CDNB, 1-chloro-2,4_dinitrobenzene; EA, etha- 
crynic acid; AD, A5-androstene-3,17-dione; CHP, cumene 
hydroperoxide; r-BHP, tert-butyl hydroperoxide; BHT, 
2,6-ditertiary-butyl-4-hydroxytoiuene; BNF, /3-naphtho- 
flavone; ISO, isosafrole; PCN, pregnenolone-16~-carbo- 
nitrile; TSO, nuns-stilbene oxide; MC, 3-methylchol- 
anthrene; PB, phenobarbita1; (3,4)2Cl, 3,3’4,4’-tetra- 
chlorobiphenyl; (2,4,5)Q 2,2’,4,4‘,5,5’-hexachloro- 
biphenyl. 

GSH-Px. The GST isozymes from rat liver cytosol 
possessing most of the remaining GSH-Px activity 
against organic hydroperoxides are the three “B- 
type” transferases composed of the possible com- 
binations of the subunits 1 (Ya; Mr 25,600) and 2 
(Yc; Mr 28,O~) [5,6] corresponding to the isozymes 
GST l-l, GST l-2 and GST 2-2 in the new nomencla- 
ture of Jakoby et aE. [7]. These subunits which possess 
high peroxidase activity can be distinguished from 
the subunits 3 (Yb; Mr 27,000) and 4 (Yb’; 
Mr 27,000) composing the “C-type” transferases 
(GST 3-3, GST 3-4 and GST 4-4) which possess only 
negligible peroxidase activity [5], by their substrate 
specificities. AD for example is turned over rapidly 
by isozymes containing the subunit l(Ya), i.e. 
GST l-l and GST 1-2, while EA is a selective sub- 
strate for the subunit 2 (Yc), i.e. GST 1-2 and 2-2 
isozymes . Recently Ketterer and co-workers 
observed a high GSH-Px activity against organic 
hydroperoxides of the purified homodimeric isozyme 
GST 5-S (formerly GST E) [S]. 

In contrast to the Se-GSH-Px, for which no inducer 
has been found, GST can be induced by a wide range 
of xenobiotics. Potent inducers of cytosolic GST 
activities include the microsomal enzyme inducers, 
PB and MC as well as other polycyclic aromatic 
hydrocarbons [9-111, TSO [12-141, PCN, BNF and 
ISF [ 151, polyhalogenated aromatic hydrocarbons 
such as the polychlorinated biphenyls [ 161. 2,3,7,8- 
tetrachlorodibenzo-p-dioxin [17] as well as phenolic 
antioxidants [ 181. 

There are several hints that hepatic cytosolic GSH- 
Px and GST activities may be inversely related. 
Under conditions of acute selenium deficiency in the 
rat, where Se-GSH-Px was strongly depressed, the 
GST activity was enhanced [3]. When phenobarbital 
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was administered to these Se-deficient rats, Se-GSH- 
Px was further depressed, while GST activities 
(toward CDNB and 1,2-dichloro-4-nitrobenzene) 
were further increased. Recently this inverse 
relationship between GSH-Px and GST activities 
seen during selenium deficiency was also observed 
in other organs, the kidney and duodenal mucosa 
[19]. Interestingly when these authors injected sel- 
enite. control levels of GST activity were restored 
within 48 hr. This inverse relationship has also been 
observed in the mouse, where mice placed on a 
selenium-deficient diet showed decreasing Se-GSH- 
Px activity, reaching undetectable levels after 17 
days. At that time GST activity began to increase 
significantly [20]. Under conditions of selenium suf- 
ficiency, however, the situation is less clear. The 
administration of BHT, a potent inducer of GST 
activity (3x), led to no net increase in GSH-Px 
activity. although GST isozymes, which have been 
shown to possess peroxidase activity, were appar- 
ently induced [21]. In order to sort out the effects of 
inducers on the regulation of GSH-Px and GST 
activities, we investigated the effects of nine potent 
inducers on GST (measured with the substrates 
CDNB. EA and AD) and on GSH-Px activity 
(measured with hydrogen peroxide, CHP and t- 
BHP). In addition. a l6-day time course of these 
activities after administration of commercial poly- 
halogenated biphenyl mixtures is presented. 

MATERIALS ANDMETHODS 

Chemicals. CDNB (recrystallized from ethanol), 
EA, CHP, BHT, GSH (reduced form), and gluta- 
thione reductase (type III from yeast) were purchased 
from Sigma Chemical Co. (St. Louis, MO); t-BHP, 
TSO, BNF, and MC from Aldrich-Chemie 
(Steinheim, F.R.G.); IS0 and PB from Merck- 
Schuchardt (Hohenbrunn/Miinchen, F.R.G.); 
NADPH from Boehringer Mannheim GmbH 
(F.R.G.); and hydrogen peroxide from Merck 
(Darmstadt, F.R.G.); PCN was generously provided 
by Upjohn Company (Kalamazoo, MI); Aroclor 1254 
and fireMaster BP-6 were gifts from Bayer AG 
(Leverkusen, F.R.G.); and Michigan Chemical Co. 
(St. Louis, MI), respectively. 

Synthesis. AD was synthesized according to [22]. 
The polychlorinated biphenyls (3,4)2C1 and 
(2.4.5)2Cl were synthesized from the corresponding 
halogenated benzidines via Sandmeyer reaction as 
modified by Roosmalen [23]. The compounds were 
purified by column chromatography (Aluminiumoxid 
90.Art. 1097,Merck,Darmstadt,F.R.G.)andrecrys- 
tallization from methanol. (3,4)*Cl, m.p. 176-178”, 
lit. 173” [23] and (2,4,5)2C1, m.p. 102-103”, lit. 103- 
104” [24] were greater than 99% pure as determined 
by gas chromatography. Structural assignments were 
confirmed by proton magnetic resonance and mass 
spectroscopy. 

Animal experiments. For the time course studies 6- 
week-old male Sprague-Dawley rats, 16@180 g from 
the Siiddeutsche Versuchstierfarm, Tuttlingen, 
F.R.G., werefedastandardratchow (Altromin 1324, 
Altromin GmbH & Co. KG, Lage, F.R.G.) and were 
housed in plastic cages on a fixed day and night cycle. 
The animals received a single i.p. injection of 500 mg / 

kg Aroclor 1254 or fireMaster BP-6 in corn oil (5 ml/ 
kg). Groups of animals were killed 2, 4, 6. 8, 10, 13 
and 16 days after treatment by cervical dislocation. 
All animals were fasted for 12 hr prior to killing. 

For all other studies 8-week-old male Sprague- 
Dawley rats about 200-220 g from the Siiddeutsche 
Versuchstierfarm were divided in groups of four ani- 
mals, fed and housed as above. The animals were pre- 
treated i.p. as follows: rior to killing TSO (400 mg/ 
kg) and BHT (250 mg Y kg) dissolved in corn oil were 
administered daily for 5 consecutive days, while PCN 
(50 mg/kg), MC (100 pmoles/ kg), BNF 
(100 pmoles/kg). ISO(150 mg/kg)incornoilandPB 
(400 pmoles/kg) in 0.9% saline were administered 
daily for three consecutive days. (3,4)‘CI 
(150,umoles/kg) and (2,4,5)?Cl (150 pmoles/kg) in 
corn oil were administered on days 1 and 3 and the 
animals were killed by cervical dislocation on day 6. 
Corn oil treated animals (10 ml/kg) served as 
controls. Rats were fasted as above. 

Preparation of liver cytosol. Each liver was perfused 
in situ with an ice-cold solution of 0.25 M sucrose con- 
tainingO.l mM EDTA, pH 7.4. All further steps were 
carried out in this solution at +4”. The livers were 
excised, weighed and cut with scissors into small 
pieces, which were washed twice with the above men- 
tioned solution and then homogenized with an Ultra 
Turrax (TP 18/10, Janke + Kunkel GmbH + Co. 
KG, Staufen. F.R.G.). 

The homogenate was centrifuged in a Sorvall Cen- 
trifuge at 10,OOOg for 20 min to remove the nuclear 
and mitochondrial fractions. The supernatant was 
centrifuged in a Beckmann ultracentrifuge for 1 hr at 
100,OOOg. The resulting supernatant was adjusted to 
a protein concentration of 12 or 14 mg/ml by the 
method of Lowry [25], frozen in liquid nitrogen and 
stored at -70” until used for the determination of 
enzyme activities. 

Enzyme assays. GSH-Px activity was determined 
by the coupled test procedure 1261 using the reagents 
according to 1271. The reaction was started by addition 
of the peroxide and the linear decrease of NADPH 
absorption was recorded at 340nm. GST activities 
with CDNB, EA (281 or AD [29] as substrates were 
determined as described. All enzyme assays were lin- 
ear functions of protein concentration and of time and 
were carried out on a Shimadzu double beam 
spectrophotometer. 

Statistics. Statistics were done by Dunnett’s test for 
multiple comparisons with a control [30]. 

RESULTS 

The time course of GST activities after adminis- 
tration of Aroclor 1254 (Fig. 1) with the broad-spec- 
trum substrate CDNB and the selective substrates EA 
and AD showed significant increases with maxima at 
day 13 for CDNB activity (243% of control), day 10 
for EA activity (252% of control) and at day 8 for 
AD activity (316% of control). At the same time total 
GSH-Px activity with CHP and t-BHP showed no sig- 
nificant changes; hydrogen peroxide activity, rep- 
resenting the Se-GSH-Px activity, showed a slight but 
significant decrease from day 8 to day 16. The time 
course of different activities after treatment with 
fireMaster BP-6 are verv similar (Fig. 2). GST activi- 
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Figs. 1 and 2. Time course of glutathione transferase and 
glutathione peroxidase activities in rat liver cytosol from 2 
to 16 days after a single i.p. treatment with Aroclor 1254 
(500 mg / kg body wt) (Fig. 1) or fireMaster BP-6 (500 mg / 
kg body wt) (Fig. 2). On each day, the activities of two 
control and three pretreated rats from each group were 
determined. Enzyme activities for the seven control groups 
in total were 1402 f 121 for CDNB (O), 45 + 5.8 for EA 
(A) and 33.6 ? 3.9 for AD (U) (nmoles/min/mg cytosolic 
protein) and 445 2 65 for CHP (0), 305 2 41 for-r-BHP 
(A) and 269 C 40 for H,02 (Cl) (nmoles NADPH oxidized/ 
min/mg cytosolic protein) (82 S.D.). a or b denotes 
means which are significantly different from the control 

mean at P G 0.01 or P s 0.05, respectively. 

ties were induced significantly with maxima at day 13 
for CDNB (242% of control), at day 8 for both EA 
(253% of control) and AD (359% of control). Also the 
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Figs. 3 and 4. Effect of inducers on glutathione transferase 
(Fig. 3) and glutathione peroxidase (Fig. 4) activities in rat 
liver cytosol after pretreatment of the animals as described. 
Enzyme activities for the control groups were 1094 + 216 
for CDNB, 26.9 2 3 for EA, 26.5 ? 4.3 for AD (nmoles/ 
min/mg cytosolic protein) and 470 2 61 for CHP, 394 2 45 
for t-BHP And 390 t 66 for H202 (nmoles NADPH 
oxidized/min/mg cytosolic protein). Bars represent 
82 S.D. for 3-4 rats. a or b denotes means which are 
significantly different from the control mean at P s 0.01 or 

P < 0.05, respectively. 

total glutathione peroxidase activity measured with 
CHP and t-BHP did not change significantly during 
the time course while the hydrogen peroxide-GSH-Px 
activity diminished significantly from day 6 to 16. 
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In a separate experiment the GST and GSH-Px 
activities were determined after treatment of the ani- 
mals with various inducers as described in detail in 
Material and Methods. With all inducers the activity 
of GST towards CDNB and AD was significantly 
increased. The GST activity towards EA was sig- 
nificantly increased only in four cases: BHT, TSO, 
PB and (3,4)2C1 (141, 193, 149 or 202% of control, 
respectively) (Fig. 3). In contrast to the highly 
inducible GST activities, GSH-Px activities were only 
slightly increased in three cases: activity towards CHP 
after treatment with IS0 (128% of control) and PB 
(141% of control) and activity towards t-BHP after PB 
treatment (132% of control) (Fig. 4). GSH-Px activity 
with hydrogen peroxide was not increased by any 
treatment; there was even a significant decrease after 
treatment with TSO (69% of control). 

DISCUSSION 

The purpose of these studies was to investigate the 
regulation of GST and GSH-Px activities in rat liver 
cytosol. The administration of nine inducers clearly 
enhanced the activities of GST toward the broad-spec- 
trum substrate CDNB. The two substrates, AD and 
EA. chosen because of their selectivity for GST iso- 
zymes which also possess peroxidase activity, how- 
ever, showed differing effects. AD-GST activity was 
enhanced significantly by each of the GST inducers, 
while EA-activity was only slightly increased or 
remained unchanged. Expression of AD- and EA- 
GST activities may parallel the differential induction 
of mRNAs which code for the respective GST 
subunits. Pickett and co-workers [31] found that fol- 
lowing PB administration the translatable mRNA for 
subunit 1 (Ya) was markedly increased while that for 
subunit 2 (Yc) was only slightly elevated. Likewise 
under conditions of selenium deficiency [20] or sel- 
enium excess [32] EA-GST activity varied indepen- 
dently. It is apparent that these activities, AD-GST 
and total GST on the one hand and EA-GST on the 
other, are under separate control. 

The unexpected result that the potent GSTinducers 
did not also generally enhance peroxidase activities 
cannot be explained simply on the basis that the poorly 
induced EA-GST isozymes contribute most of the 
non-Se-GSH-Px activity. Comparison of the in vitro 
activities reported here and the specific activities of 
the purified GST isozymes reported by Mannervik 
and Jensson [S] reveals that the EA- and AD-specific 
GST isozymes account for at least a third of the cyto- 
solic GSH-Px activity (toward CHP). Therefore 
induction of these forms should have resulted in sig- 
nificant increases in GSH-Px activities, assuming that 
the induced isozymes in fact possess GSH-Px activity. 
An important unanswered question therefore is 
whether “B-type” GST isozymes isolated from rats 
which have been treated with potent GST inducers 
possess peroxidase activity. 

The time course studies with the commercial pro- 
ducts. Aroclor 1254 and fireMaster BP-6, demon- 
strate that, in contrast to the short-term induction 
studies mentioned above, all three GST activities 
were significantly increased with maxima from day 8 
to day 13. Also here an increase in GSH-Px activities 
was not seen. In a preliminary report [33] we injected 

rats at various time intervals and killed them on a 
single day. In that experiment the observed increase 
in GSTand the lack of increase in peroxidase activities 
may have been influenced by the fact that the rats were 
slightly different ages at the times of injection. In the 
experiment reported in this paper therefore we 
injected all the rats at a single time point, so that they 
would first be exposed to the xenobiotics at the same 
age, and killed them at various time points thereafter. 
Both experiments demonstrated qualitatively the 
same results, namely the potent induction of GST 
activities without a comcomitant increase in GSH-Px 
activities. Indeed a depression of Se-Px-activity (as 
measured by hydrogen peroxide), particularly evi- 
dent during the second week, opens the possibility 
that animals exposed to polyhalogenated biphenyls 
may be impaired in their ability to withstand lipid 
peroxidative processes or other oxidative stresses. 
The recent observation that Se-GSH-Px activity was 
severely depressed following a lethal dose of 2,3,7,8- 
tetrachlorodibenzo-p-dioxin [34] suggests that this 
biochemical response may be generally involved in 
the toxicity of the polyhalogenated aromatic hydro- 
carbons. Future studies should be directed at uncover- 
ing the mechanism of Se-GSH-Px depression fol- 
lowing exposure to these and related compounds and 
delineating the involvement of this biochemical 
response in their toxicity. 
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