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Abstract--When rats were fed a diet containing 0.4% (w/w) butylated hydroxytoluene (BHT). gluta- 
thione (GSH) S-transferase activity towards l-chloro-2,5-dinitrobenzene (CDNB) increased approxi- 
mately ?-fold in the liver. Immunotitration studies using the antibodies raised against rat liver GSH 
S-transferase B and GSH S-transferase A and C indicated that the increase in GSH S-transferase activity 
was probabl! due to de IIODO protein synthesis. Since some forms of rat liver GSH S-transferases express 
GSH peroxidase II activity. a concomitant increase in GSH peroxidase II was expected. However. 
GSH perodixase II activity in the liver of BHT-treated rats remained unchanged, Gel filtration of 
supernatant fractions from livers of control and BHT-treated rats. followed by isoelectric focusing. 
indicated that BHT induced the activitv of henatic GSH S-transferases. v,ithout any apparent effect on . I 

GSH peroxidase II activity. 

The GSH S-transferases catalyze the conjugation of 
hydrophobic substrates bearing electrophilic groups 
to glutathione (GSH). providing a means for the 
detoxication and removal of xenobiotics from the 
organism [l, 21. These enzymes are often present in 
multiple forms in the tissues of many organisms, and 
they may have other functions such as the binding 
of bilirubin [3] and the degradation of lipid hydro- 
peroxides through glutathione peroxidase II activity 
[4.5]. Rat liver contains several forms of these 
enzymes, which differ in p1 and substrate specificity 
[6]. Some rat liver GSH S-transferase isoenzymes 
express glutathione peroxidase II activity which 
reduces cumene hydroperoxide to the corresponding 
alcohol [4]. However. in rat liver about 65% of 
glutathione peroxidase activity is catalyzed by glu- 
tathione peroxidase I. a selenoenzyme of 85.000- 
dalton molecular weight which reduces both cumene 
hydroperoxide and hydrogen peroxide [7]. There- 
fore, in rat liver, glutathione S-transferase con- 
tributes only a part of the total glutathione peroxi- 
dase activitv with cumene hydroperoxide. 

The activ:ities of GSH S-transferases in rat liver 
have been observed to increase almost 2-fold upon 
dietary treatment with the phenolic antioxidant 
butylated hydroxyanisole (BHA) [Xl. However. the 
effect of BHA on the activities of glutathione per- 
oxidase I and II is not known. In the present studies, 
the effects of dietary administration of another phe- 
nolic antioxidant, butylated hydroxytoluene (BHT). 
on the activities of glutathione S-transferase and 
glutathione peroxidase II in rat liver were examined. 
When rats were treated with BHT. GSH S-trans- 
ferase activity in the liver increased several-fold. 
while both glutathione peroxidase I and II activities 
remained unaffected. 

x To whom reprint requc\ts should be sent. 

MATERIALS .4ND METHODS 

2,6-Ditertiarybutyl-4-hydroxytoluene (BHT) was 
purchased from the Sigma Chemical Co., St. Louis. 
MO, U.S.A. The purity of this preparation was 
ascertained through thin-layer chromatography in 
several solvent systems. NADPH, glutathione reduc- 
tase (yeast type III), and Sephadex G-200 were pur- 
chased from the Sigma Chemical Co. Cumene 
hydroperoxide was purchased from Koch-Light Lab- 
oratories Ltd., U.K.. and the actual concentration 
of hydroperoxide in the stock solution was deter- 
mined by iodometric titration according to the 
method of Kokatnur and Jelling [9]. Column iso- 
electric focusing was performed on an LKB-column 
8100, and ampholines were purchased from LKB 
Produktor, Bromma. Sweden. Carboxymethyl cel- 
lulose (CM-52) was purchased from Whatman Ltd., 
U.K. Other reagents were of analytical grade. 

Animal experiments. Eight-week-old male 
Sprague-Dawley rats from Timco, Houston. TX. 
were used in these studies. Since regular rat chow 
contains antioxidants, the rats were kept on AIN 76 
semipurified diet supplied by Nutritional Biochemi- 
cals, ICN, Plainview, NY. The rats were divided into 
groups of four and housed in wire cages without 
bedding on a fixed light and darkness cycle. Rats 
belonging to the experimental group were given 
0.4% (w/w) BHT mixed into their diet. Animals 
were killed by cardiac puncture at intervals of 1. 7 
and 14 days after the beginning of treatment. and 
their livers, kidneys. and lungs were excised. The 
livers were perfused in situ with ice-cold normal 
saline. Homogenates (lo%, w/v) of the tissues were 
made in 10 mM potassium phosphate buffer, pH 7.0, 
in a Potter-Elvehjem glass homogenizer at 4000 rpm. 
Homogenates were centrifuged at 27,000g for 
20 min. Enzyme activities were assayed in the super- 
natant fraction. In some of the experiments. the 
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enzyme activities were also determined in the cytosol 
(105.000 g supernatant fraction). Since no significant 
differences were observed between the enzyme 
activities in the 27,OOOg and 105,OOOg supernatant 
fractions, throughout these investigations the activi- 
ties in the 27,000 g supernatant fraction were studied. 
The gel filtration profiles of 105,OOOg and 27.OOOg 
supernatant fractions were also similar. 

Enzyme a.ways. GSH S-transferase activity was 
assayed using l-chloro-2.4-dinitrobenzene (CDNB) 
as substrate [6]. GSH peroxidase activity was assayed 
using 0.5 mM cumene hydroperoxide as described 
earlier [lo]. Antisera raised against GSH S-trans- 
ferase B and GSH S-transferase A and C of rat liver 
were provided by W. B. Jakoby, Institute of Arthri- 
tis, Digestion, and Metabolic Diseases, National 
Institutes of Health, Bethesda. MD, and immuno- 
titrations were performed according to the method 
described previously [ 111. 

Separation of GSH peroxidase I and II activities. 
The 27,000g supernatant fractions made from 1 g 
liver tissue of control and BHT-fed rats were applied 
to a 100 x 5 cm column of Sephadex G-200 equili- 
brated with 10 mM potassium phosphate buffer, pH 
7.0. containing 1.4 mM /3_mercaptoethanol and 
100 mM ammonium sulfate, at a Row rate of 
30 ml/hr. Fractions (4.8 ml) were collected and 
assayed for GSH S-transferase and glutathione per- 
oxidase I and II activities. The GSH S-transferase 
and GSH peroxidase II activities eluted into the 
same fractions. and these fractions were pooled sep- 
arately from those containing GSH peroxidase I 
activity (Fig. 1). 

Separation of GSH S-transferase isoenzymes. The 
GSH S-transferase isoenzymes were separated by 
isoelectric focusing and by CM-52 column chroma- 
tography, The GSH S-transferase and GSH perox- 
idase II activities pooled from Sephadex G-200 gel 
filtration of control and BHT-fed rat liver superna- 
tant fractions were dialyzed against distilled water 
in the cold. They were applied to column isoelectric 
focusing in the pH range of 3.5 to 10 at 1600 V for 
14 h. Fractions (1.5 ml) were collected and assayed 
for GSH S-transferase and GSH peroxidase II activi- 
ties as described above. For CM-52 column chroma- 
tography the pools from Sephadex G-200 gel filtra- 
tion were dialyzed against 10 mM potassium 
phosphate buffer. pH 6.7, with 1.4 mM @-mercapto- 
ethanol. The dialyzed enzymes were then applied to 
2.5 x 50 cm columns of CM-52 equilibrated with the 
same buffer at 26 ml/hr. The columns were eluted 

with a 0~100 mM KCI gradient in the same buttci. 
Fractions (3.2 ml) were collcctcd and a\~v~_*d iol. 
GSH S-transferase activity. 

After one day of dietary BHT aclnilnlstr~itlc)ll. I Ilc 
total GSH S-transferase activity with C‘DNB II, ~LII~- 

strate increased roughly _ ?-fold in the li\cr- ot r‘tl\ 
(Table 1). After 7 days. the maximum induction ot 
about j-fold was reached. and this It’\.c%l 01 ;1ctl\it\’ 
was maintained until the end of the c\pcr~ment ,I( 
14 days. However. the activitie\ c)t (iSI .S-tr;un\tcr- 
ase in supernatant fractions from lung ;inci kidnc!\ 
were not elevated by BHT ~ldministr,!ticln. To dctcr- 
mine if the increase in hepatic GSII .S-tran\tera\c 
activities was due to dr UOPO protein snthcsi\ ()I- 10 
the modification of existing GSI 1 S-ttxtd’cr.;l\c III-O- 
teins, immunotitrations n’ere pcrformcd \vith I hc 
antibodies raised against rat li\,cr CJS~ I .S-tranzfet.a\c\ 
B, A and C. Fixed amounts of anti GSII .S-transfei-;tjc 
B or anti A and C antisera pl-c‘cipitatcd ~,qu;~l 
amounts of CJSH S-transfcrasc acti\ It\ Irom the 

BHT-fed and control rat li\‘er supernata;lt tr;lctic)n\ 
Total glutathione peroxidase acti\it! in the ~upct 
natant fractions from the Ii\ cl-\ ot tre;ltcd l-at\ \\ ;I\ 
not observed to be affected by UHT trcattncnt \\ hen 
assayed with tither 0. I m.ll hvdrogen ~CION~~C OI 
with 0.5 mM cumene hvdropc&ide. 

To rule out the possibility, that (;Sl I pc’rosLd:l~c 
I or II might have been inhlbltcd b! Rf IT or ;II~> ot 
its metabolites, mixing experiments wc~rc pcrtor rncd 
in which the total glutathione S-tran\t’t‘ra\c ;~nd glu- 
tathione peroxidase activities of mixture\ of control 
and BHT-fed rat liver supernatant fraction\ \\L’IC 
found to be the mean of the added actl\.itle\ FinCtll!. 

in vitro incubation of the supernatant fractlcjns \\lth 
2 mM BHT did not have an!’ inhihitol-! ctfect on 
either GSH .S-transferasc 0,. (iSI I pero\lil;l~e 

activity. 
Since glutathione peroxidasc 11 acti\-it\ c’on\tltlllr’\ 

only about 35c/r of the total hepatic glutathlonc 
peroxidase activity specific for cumcnc h\ rlropc I clx:- 
ide [7]. an increase in plutath~one pcro\ida\c II 
activity might bc difficult to detect. Thcrt~tc~lL~. the 
activities of GSH pcroxidabe I and II III the II\CI- 
supernatant fractions from control and H11P-fed rat5 

were separated by Sephadcx G200 gel biltr’aticjn. 
During the gel filtration. (iSII pcro\ida\r I .~nd II 
activities could easily he scparatcd ti 0131 ~.ic~h / 1lllc.1 
(Fig. I). The peak of GSII pcro\Ida\<z II .I*.:!I\ II\ \\,I\ 
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Fig. I. Sephadex G-200 gel filtration of rat liver GSH S-transferase and GSH peroxidases. Key: 
(Cd) GSH peroxidase activity in control rats: (M) GSH peroxidase activity in BHT-fed rats: 
(3-----Z) GSH S-transferase activity in control rats; and (O-----O) GSH S-transferase activity in 

BHT-fed rats. 

coincident with that of GSH S-transferase. While 
the GSH S-transferase activity increased several-fold 
in BHT-fed rat liver, no proportionate change in 
GSH peroxidase II activity was observed. The 
Sephadex G-200 fractions containing GSH peroxi- 
dase I and GSH peroxidase II activities were pooled 
separately. The ratios of GSH peroxidase I and II 
activities in both the pools from control as well as 
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BHT-fed rat liver supernatant fraction were also 
similar. 

Isoelectric focusing of the GSH S-transferase 
activity pooled from Sephadex G-200 was performed 
to separate the isoenzymes. In the liver of BHT-fed 
rats all the GSH S-transferase isoenzymes were 
found to have increased activity (Fig. 2). However, 
the activity of GSH peroxidase II did not undergo 
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Fig. 2. Isoelectric focusing of GSH S-transferase and GSH peroxidase II fraction obtained by Sephadex 
G-200 gel filtration of liver supernatant fraction from control rats (A) and from BHT-treated rats (B). 
Key: (-A) pH gradient: CM) GSH peroxidase activity: and (O-----O) GSH S-transferase 

activity. 
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;I proportionate increase. The separation of GSH 
S-transferase isoenzymes by CM-52 column chroma- 
tography also indicated that all the forms of GSH 
S-transferase were induced by BHT. 

The present study indicates that dietary adminis- 
tration of BHT causes a several-fold induction in the 
GSH S-transferase activity towards CDNB in rat 
liver. Immunotitration studies indicate that the 
observed increase in GSH S-transferase activity was 
probably due to the de nova synthesis of enzymes 
and not the modification of extsting GSH S-trans- 
ferases to a more active form. Apparently homo- 
geneous preparations of rat liver GSH S-transferases 
[5. 121 have been shown to express GSH peroxidase 
II activity. Similarly. some forms of GSH S-trans- 
ferases of human liver [ll], bovine cornea [ 131. and 
bovine liver [14] have been purified to homogeneity 
and shown to express GSH peroxidase II activity. 
Thus. a concomitant increase in GSH S-transferase 
and GSH peroxidase II activity could be expected 
during BHT administration. However. the results 
presented in Table 1 show no significant change in 
total GSH peroxidase activity in the liver upon BHT 
administration. Since glutathione peroxidase II 
activity constitutes a smaller part of the total hepatic 
glutathione peroxidase activity specific for cumene 
hydroperoxide [7]. an increase in glutathione per- 
oxidase II activity might be difficult to detect. It is 
also possible that an increase in glutathione perox- 
idase II activity was accompanied by a compensatory 
decrease in the activity of GSH peroxidase I. How- 
ever. the gel filtration studies ruled out these pos- 
sibilities and indicate that the total GSH peroxidase 
II activity in the BHT-treated rats was unaffected 
despite a several-fold increase in the GSH S-trans- 
ferase activity (Fig. 1). 

As evidenced by the isoelectric focusing profile of 
rat liver GSH S-transferases. the dietary adminis- 
tration of BHT induced most of the isozvmes of 
GSH S-transferase without a corresponding increase 
in the GSH peroxidase II activity (Fig. 2). Selective 
induction of rat liver GSH S-transferase activity by 
BHTwithout any apparent effect on GSH peroxidase 
activity raises several interesting possibilities. It is 
possible that BHT selectively induces only those 
isoenzymes of GSH S-transferase which either do 
not express GSH peroxidase II activity or have 
insignificant levels of this activity. However. the 
results of isoelectric focusing and CM-52 column 

chromatography indicate that most of the forms of 
rat liver GSH S-transferase were induced by BHT. 
It can also be suggested that. in order to express 
GSH peroxidase II activity, GSH S-transferase pro- 
teins may; require some type of post-translational 
modification. such as those suggested by several 
investigators 114. 1.51. That the GSH S-transferase 
and GSH peroxidase activities may differ in their 
susceptibilities to inactivation during the preparation 
of rat liver samples for determination of the enzyme 
activities cannot be ignored. Finally. the possibility 
of these two activities being expressed by non-ident- 
ical proteins having similar structures cannot be ruled 
out. Further studies into the mechanisms by which 
GSH S-transferase proteins express dual catalytic 
activities are needed to resolve this apparent 
contradiction 
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