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Glutathione S-transferases (GST, EC 2.5.1.18) catalize the metabolism of 
reactive substances of exogeneous or endogeneous origin (Chasseaud 
1979). These enzymes are involved in physiological inactivation processes 
of environmentally relevant agents and their metabolites. There are 
several isoenzymes with different substrate specificity (Habig et al. 
1974). The metabolic reactions are characterized as irreversible conjuga- 
tions with glutathione (GSH), in the course of which electrophilic carbon, 
sulfur, nitrogen or oxygen atoms of the chemicals react with the sulfur 
atom of glutathione (Mannervik et al. 1983)o One of the GST is the 
enzyme glutathione S-epoxide transferase (GSH S-epoxide transferase), 
which comprises about 1O percent of the total act iv i ty of all GST (Baars 
et al. 1978). The act iv i ty of the GSH S-epoxide transferase may be 
monitored with styrene oxide as the substrate (Baars et al. 1978). About 
90 percent of the total GST act iv i ty is comprised of the glutathione S- 
aryltransferase (GSH S-aryltransferase) which may be monitored using :t- 
chloro-2,4-dinitrobenzene (CDNB) as the substrate (Habig et al. 1974). 

Earlier investigations revealed different interactions of metal-free 
(Schreiner and Freundt 1985) and metal-containing (Schreiner and Freundt 
1985) thiurams (fungicides, rubber accelerators) with QST of rat livers. 
Based on these observations the question arose whether heavy metals 
alone may influence the act iv i ty of GST. In vitro experiments with 
isolated QST showed different interactions: lead inhibited the act ivi ty of 
GST preparations from cestode proqlottids and nematode intestinal epi- 
thelial cells (IDouch and Buchanan 1978), from rat brain (Chand and 
Clausen 1982), from rat l iver (Henry and Byington 1976)~ and from calf 
l iver (Reddy et al. 1981). But other authors (Parkki et al. 1978, Dierickx 
1982) could not confirm this inhibitory action of lead on isolated rat l iver 
GST in vitro. Ions of Zn, Cd or Hg inhibited the act iv i ty of QST isolated 
from monkey liver (Asaoka and Takahashi 1977). Inhibition of the activi ty 
of GST isolated from rat l iver has been caused by different organic Hg 
compounds (Dierickx 1985). The activi ty of the GSH S-aryltransferases in 
liver, kidney, lung and brain of mice were enhanced by treatment (i.v. 
injection) with CdCIg, HgCI 9 or NaVO-~; in contrast the act iv i ty of QSH S- 
epoxide transferase in the river of m~ce was decreased by Cd, Hg or V 
containing salts (Siegers et al. 1987). The objective of our study was to 
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explore the effects of Pb, Cd, Zn, Mn, Cu, Hg and Be ions on the 
glutathione-conjugating enzyme system (GSH S-epoxide transferase, GSH 
S-aryttransferase) during tong-term administration (3 months) as com- 
pared to in vi tro exposure. 

MATERIALS AND METHODS 

Adult  female SPF Sprague-Dawtey rats, weighing 210 - 230 g, were used. 
The animals were housed in Macrolon cages (53 x 32 x 19 cm, 5 rats per 
cage) under standardized conditions" temperature 22 ~ C, relat ive humidity 
approximately 40 %; 12-h neon l ighting for simulation of l ight/dark 
cycles; standard diet from Attromin (Lage, FR Germany) and tap water ad 
l ibitum. 

Rats randomized into groups of 5 and were fed with demineratized water 
containing 100 ppm of Pb(CH~COO)~ " 3H~O, CdCt? �9 HgO , 
ZnSO/, " 7H~O, MnCt~ " 4H~O, CuCI,"  Hg~(~Oz) ~ .~ 2H~O, or" BeSO/, ~. /4 
H?O.~his e~oncentratibn is Gsuat in feeding~studi~s~(Kob~yashi and Kir~ura 
1985). Demineralized water without metal salts was offered as drinking 
water to control animals. The water was renewed twice each week. A f te r  
15, 30 or 90 days of t reatment the livers of the animals were removed for 
determination of GST act iv i ty.  During the 90 day experiment the rats 
were weighed once a week on a f ixed schedule and changes of the body 
weight were calculated for monitoring of the state of health. The intake 
of food (pellets) and of drinking water was determined simultaneously for 
each group on a weekly fixed schedule. 

The rat l ivers were removed under urethane anaesthesia (5 ml/kg b.w. i .p.  
of 25 % (w/v) urethane in demineratized water) af ter  washing the tissue 
blood-free by perfusion with 20 ml physiologicat saline (0.15 mot /~NaCt)  
via the portal vein. The livers were minced and homogenized (O U C~ 3 
min) in suerose-KCt-Tris buffer pH 7.35 (5 mt/g tissue; 0.35 mot/l sucrose, 
0.025 mol/l KCt, 0.01 mot/t Tris). The homogenate was ul t ra-centr i fuged 
(105,000 x g, 90 min). The supernatant containing the cytosot with the 
soluble GST was separated and used as enzyme preparation af ter  stand- 
ardizing the protein content by dilution with sucrose-KCt-Tris buffer pH 
7.35 to l0 mg protein/ml eytosot for the investigations with styrene oxide 
as substrate (GSH S-epoxide transferase), and to 2 mg protein/mr cytosot 
for the investigation with 1-chtoro-2,Z~-dinitrobenzene as substrate (GSH 
S-aryttransferase). Art preparations were carried out at O ~ C in an ice 
bath. 

The in vi tro reaction mixture (total volume: 1 mr) contained successively 
at 0 ~  bath): 0.58 mt KCt-Tr is buffer pH 8, 0.2 ml GSH solution (20 
umol/mt), 0.1 mt metal salt solution (5, 10, 50~ 250 /umol/t), 0.1 ml 
ytosot preparation (protein concentration is given abode) 0.02 mt sub- 

strate solution (500 ,umot/mt; blank mixture without substrate). The 
L o reaction was started at 37 C. The total  incubation t ime was 20 rain. The 

reaction was stopped by addition of 0.5 ml methanol and cooling at 0 ~ C 
(ice bath). A f te r  centr i fugation (15~000 x g, 2 rain) 0.5 ml supernatant 
were used for determination of the enzyme act iv i ty.  An identical reaction 
mixture without addition of metal salts was used for the enzyme 
determination after in vivo treatment.  
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The activi ty of GSH S-epoxide transferase was determined colorimetrical- 
ly (/412 nm) using styrene oxide as substrate (Baars et ah 1978). The 
activi ty of GSH S-aryltransferase was determined colarimetrically (412 
nm) using 1-chloro-2,O-dinitrobenzene (CDNB) as substrate (Habig et al. 
197/4). Both GST isoenzymes catalyse the conjugation of glutathione with 
the substrate. The glutathione not reacted in the incubation mixture was 
colorimetrically determined (Ellmann 1959) and the enzyme activi ty was 
calculated. The protein content of the enzyme preparations was color- 
imetrically analysed (standard: albumin, bovine, fraction V, Sigma, St. 
Louis, MO, USA) with the Folin reagent (Lowry et ah 1951). 

Styrene oxide was purchased from EGA-Chemie, Steinbruck/FR Germany. 
1-chloro-2,4-dinitrobenzene was obtained commercially from Aldrich- 
Chemic, Steinheim/FR Germany. Folin reagent and all other substances of 
reagent grade were from E. Merck, Darmstadt/FR Germany. 

The means + SEM were calculated from the corresponding individual 
values determined. The treatment groups were compared with controls 
using Dunnett's (1955) test. A p value below 0.05 was considered as 
significant. 

RESULTS AND DISCUSSION 

The activi ty of C;ST with styrene oxide as substrate was strongly 
decreased in vitro by low metal salt concentrations (5 /umol/l). Increasing 
concentratq-ons-'~p to 250 /umol/l) further enhanced this inhibition; the 
salts of Mn and Be were le~s effective than the other metal salts (Table 
1). In vitro experiments with 1-chloro-2,4-dinitrobenzene as substrate 
showed about 45 % inhibition by low metal salt concentrations (5 /umol/1). 
Higher concentrations (up to 250/umol/ l )  further increased this ihhibition 
by about 15 %. Only higher cohcentrations of Mn and Be salts were 
without pronounced additional inhibitory effects (Table 1). In these in 
vitro experiments the metals used inhibited the QSH S-aryltransferase 
activi ty to a similar degree as the act iv i ty of the QSH S-epoxide 
transferase. The effect of Cu on GSH S-aryltransferase activi ty was 
smaller as compared to that on GSH S-epoxide transferase, and that of Be 
was more pronounced as compared to the effect on GSH S-epoxide 
transferase (Table 1). This in vitro inhibition of both QST isoenzymes is in 
agreement with observations of other authors regarding inhibition of 
isolated GSH S-aryltransferase (substrate: CDNB) from rat liver by 
organic Hg compounds (Dierickx 1985) and EtxPbCl (Henry and Byington 
1976), from calf l iver by CdCIg, MeHgCI, HgCI'~ and Pb-acetate (Reddy et 
al. 1981), or from monkey liver by ZnCI2, Cd~l 2 and HgCI 2 (Asaoka and 
Takahashi 1977). 

Rats were given 100 ppm heavy metal salts for up to 90 days via their 
drinking water. On day 15 the QSH S-epoxide transferase act iv i ty was 
found to be decreased, after further 15 days the inhibition was less 
pronounced. On day 90 of the continuous heavy metal salt treatment the 
act ivi ty of GSH S-epoxide transferase had returned to almost normal level 
in most cases. Under identical supplementations of the drinking water 
with heavy metal salts the GSH S-aryltransferase activi ty was inhibited 
on day 30 more than on day 15 and less on day 90 than on day 30; 
exception: With Pb-acetate this effect occurred on day 15 (Table 2). 
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Table 2. Ac t i v i t y  of  GSH S-epoxide  t ransferase (pmol  styrene 
oxide/mg protein/ra in)  or GSH S-ary l t ransferase (pmol 
CDNB/mg prote in /min)  in rat  l iver  a f te r  oral intake of 
dr inking water  containing 100 p_pm of heavy metal  salts 
for  15, 30 or 90 days. Means -' SEM of 5 observations 
(rats) per group. 

Metal  
salt  

pmol  Styrene ox ide /mg  p r o t e i n / m i n  

af te r  

15 30 

days 

90 

Contro l  
Pb(CH-~COO) 2 
CdCI^ 
ZnSO~ 
M n C L  
CuCI z 
HgNO_ 
BeSO~ 

198 + 2 165 + 8 166 + 5 
86 -+ 4 (a)(-57) 207 + 5 (a)(+25) 180 -+ 10 (+8) 
87 + 2 (a)(-56) 188 + 4 (a)(+14) 161 + 10 (-3) 

145 + 3 (a)(-27) 151 + 8 (-8) 157 + 3 (-5) 
158 + 8 (a)(-20) 138 + 4 (a)(-16) 162 + 5 (-2) 
141 -+ 4 (a)(-29) 170 +10 (+3) 176 + 5 (+6) 
167 + 7 (a)(-16) 149 +29 (-10) 150 + i (a) (-10) 
155 + 2 (a)(-22) 168 + 2 (+2) 169 + 10 (+2) 

pmol CDNB/mg prote in /min 

Cont ro l  
Pb(CH~COO) 9 
C d C L "  " 
ZnSO z, 
MnCI~ 
CuC1 z 
HgNO_ 
BeSO4 ~ 

253 -+ 2 236 -+ 5 255 + 6 
232 + 2(a)(-8) 236 + 4 243 + 3 (-5) 
240 + 7 (-5) 225 + 5 (a)(-9) 232 + 6 (a) (-9) 
257 -+ 4 (+2) 208 + 4 (a)(-12) 233 + 11 (-9) 
251 -+ 2 (-1) 219 -+ 6 (-7) 245 + 5 (-4) 
252 + 5 ( 0 )  219 -+ 3 (a)(-7) 240 -+ 5 (-6) 
245 + 4 (-3) 220 + 2 (-7) 228 + 6 (a) (-11) 
246 -+ 3 (-3) 216 + 3 (a)(-8) 236 + 4 (a) (-7) 

(a) = p below 0.05 
(-) = decrease or (+) = increase as percent  of  control  

Ev ident ly  there was an adaptat ion to the permanent heavy metal  salt 
burden by both isoenzymes of GST. 

The c o n c e n t r a t i o n s  of  the m e t a l s  d e t e r m i n e d  in the l iver  (unpublished 
data) a f te r  intake of the meta l  salts via dr inking wa te r  (100 ppm) were 
much lower compared to the metal  concentrat ions of the in v i t ro  
exper iments calculated for l iver  tissue on the basis of the l iver  protein 
used in the react ion mixture.  However ,  the concentrat ions of Cd are in 
the same range: a f te r  30 day intake (100 ppm CdCI~ in dr inking water)  - 

+ + Z 6492 - 664 ng Cd/g l iver  (control :  10 - 1 ng/g)~ or a f te r  90 day intake 
+ + 

(100 ppm CdCI~) - 20074 - 1824 ng Cd/g l iver  (control :  10 - 1 ng/g) 
+ z 

(means - 5EM, n = 5 each); concentrat ions calculated f rom in v i t ro  
administ rat ion of 5 /umol  CdCI2/1 3934 ng Cd/g l iver,  or 10 /umol  
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CdCIg/I - 7868 ng Cd/g l iver (determination of GSH S-epoxide trans- 
feras6 activity), or from administration of 5 /umol CdCIg/I - 19670 ng 
Cd/g l iver (determination of GSH S-aryltransf6rase activi fy). 

The inhibitory ef fec ts  of heavy metal  ions on the activit ies of the GST 
isoenzymes investigated is possibly due to a direct reaction of the metals 
with enzyme proteins (SH-group?), while the activating effects of some of 
the heavy metal salts on the act ivi t ies of both isoenzymes might be 
caused by stimulation of the de novo synthesis of the enzymes. 

Since the long-term experiments with high concentrations of metal salts 
in the drinking water showed either low or no effects, it is to be 
concluded that chronic exposure to the applied heavy metals - doses 
below the concentration administered in this study - does not markedly 
alter the function of the GST-system. But it cannot be excluded that a 
minor reduction of the GST-bound metabolizing act iv i ty  may be caused by 
the metals investigated. 
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