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Abstract-The effects of hromobenzene. carbon tetrachloride. and N-nitrosodimethylamine (DMN) on 
hepatic glutathione S-transferase activity were studied in untreated and in phenobarbital~ or ethanol- 
treated rats. In phenobarbital-treated rats, the isozymic composition of the hepatic cytosolic glutathione 
S-transferases was changed after giving hepatotoxic chemicals; glutathione S-transferases 2-2(AA), 3- 
3(A), 1-2(B), 3-4(C), and 4-4 + 5-5(D+E) were present in cytosol from control rats, but only glutathione 
S-transferases cochromatographing with transferases 4-4 + 5-5(D+E) were detected in rats given carbon 
tetrachloride or bromobenzene. A marked decrease in hepatic and an increase in serum glutathione S- 
transferase activity were also observed after carbon tetrachloride or bromobenzene treatment. but little 
change was seen after giving DMN. On the contrary, in untreated or ethanol-treated rats. DMN 
administration decreased hepatic glutathione S-transferase activity and caused an elevation in serum 
glutathione S-transferase activity. The isozymic composition of the hepatic cytosolic g~utathione S- 
transferases after giving DMN to untreated rats was also altered, but the alteration was much less than 
that observed after giving carbon tetrachloride or bromobenzene to phenobarbital-treated rats. The 
elevation in serum glutathione S-transferase activity was accompanied by an increase in both serum 
glutamate-pyruvate transaminase activity and serum bilirubin concentrations. Thus, hepatic glutathione 
S-transferase activity was altered and released into serum after giving hepatotoxic chemicals. and the 
alteration in glutathione S-transferase activity was dependent on treatment with phenobarbital or 
ethanol 

The glutathione S-transferases (EC 2.5.1.18) are 
multifunctional proteins, which serve as binding, 
scavenger, or transfer proteins and as catalysts for 
the reaction of electrophilic compounds with glu- 
tathione [l-3]. Active metabolites, which are gen- 
erated from toxic chemicals by hepatic microsomal 
cytochrome P-450-dependent mixed-function oxi- 
dases, are conjugated with glutathione by hepatic 
glutathione S-transferases [4]. 

It has been demonstrated that chloroform, which 
causes hepatotoxicity after bioactivation by micro- 
somal enzymes, alters the isozymic composition of 
the hepatic cytosolic glutathione S-transferases and 
releases the transferases into serum [5]. This study 
suggested that both an active metabolite of chloro- 
form and bilirubin play a roie in the alteration of 
the glutathione S-transferases. The hepatotoxicity of 
carbon tetrachloride, bromobenzene, and N-nitroso- 
dimethylamine (DMN$) is also associated with active 
metabolite formation by the microsomal mixed-func- 
tion oxidases [6-111. The present study investigated 
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whether alterations of the glutathione S-transferases, 
such as those observed after chloroform treatment, 
can be generalized to other compounds. Accord- 
ingly, the effects of giving carbon tetrachIoride, 
bromobenzene, or DMN on glutathione S-trans- 
ferases were studied. The effects of giving pheno- 
barbital or ethanol on the hepatotoxic action of 
carbon tetrachloride, bromobenzene, or DMN were 
also investigated. 

MATERIALS AND METHODS 

Carbon tetrachloride, bromobenze, and N- 
nitrosodimethylamine were purchased from the 
Aldrich Chemical Co. (Milwaukee, WI). Sephadex 
G-100 (super fine) was purchased from Pharmacia 
Fine Chemicals (Piscataway. NJ). DE52 and CM52 
were obtained from Whatman, Inc. (Clifton, NJ), 
and CDNB was purchased from the Eastman Chemi- 
cal Co. (Rochester, NY). 

Treatment of animals. Male Long-Evans rats (170- 
25Og) were used. Rats were given phenobarbital 
sodium (75 “g/kg) intraperitoneally once daily for 
3 days. Hepatotoxic chemicals were administered 
intraperitoneally 24 hr after the last dose of pheno- 
barbital as follows: carbon tetrachloride (0.2 ml/kg) 
and bromobenzene (O.Zml/kg) were given as corn 
oil solutions, and N-nitrosodimethylamine (60 mg/ 
kg) was given as a 0.9% sodium chloride solution. 
Ethanol-treated rats were given 15% ethanol in the 
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drinking water for 3.5 days and were allowed free 
access to food. The same doses of hepatotoxic chemi- 
cals were given intraperitoneally to ethanol-treated 
rats 16 hr after withholding ethanol. Control rats 
were given corn oil (0.3 ml/100 g) intraperitoneally. 
Rats were allowed free access to food and water in 
all experiments except ethanol-treated rats. Rats 
were killed by decapitation, and the blood was col- 
lected from the stump. 

Glutathione S-transferases in hepatic cytosol and 
in serum were isolated as previously reported 151. 

Assays. Hepatic cytosolic fractions were prepared 
as previously reported [S]. Samples of the cytosol 
were used for the measurement of glutathione S- 
transferase activity on the same day. and the remain- 
der was used for column chromatography, either on 
the same day or within 2 weeks after storage at -20”. 
Glutathione S-transferase activity in hepatic cytosol 
and in serum was assayed by the method of Habig ei 
ui. [12] with CDNB as substrate. Serum biiirubin 
concentrations and serum glutamate-pyruvate trans- 
aminase (GPT) activities were determined with 
Sigma Kit No. 605 (Sigma Chemical Co.. St. Louis. 
MO) and Beckman Enzymatic ALT reagent (Beck- 
man. Carlsbad. CA) respectively. Protein con- 
centrations were measured bv the method of Lowry 
et 671. [ 131. 

Alteration of hepatic cytosolic glututhione S-truns- 
ferases after giving hepatoto.xins to phenobarhital- 
treated rats. Hepatic cytosolic glutathione S-trans- 
ferases were isolated 5 hr after administration of 
hepatotoxic chemicals to phenobarbital-treated rats. 
Cytosol (12ml. 15@19Omg protein) was chro- 
matographed on a DE52 column followed by Sepha- 
dex G-100 gel filtration chromatography. Protein 
recovery of Sephadex G-100 fractrons with glu- 
tathione S-transferase activity was about 8% of that 
present in cytosol in each case. Figure 1 shows chro- 
matographic profiles of the Sephadex G- 100 fractions 
on a CM52 column. Glutathione S-transferases 2- 
2(AA). 3-3(A), 1-2(B). 3-4(C). and 4-4 + S-S(D+E) 
were observed in control and in DMN-treated rats. 
although glutathione S-transferases l-?(B) and 3- 
4(C) were decreased slightly in DMN-treated rats. 
After giving carbon tetrachloride or bromobenzene. 
however, the basic gfutathione S-transferases 2- 
2(AA), 3-3(A). 1-2(B). and 3-4(C) were lost. and 
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Fig. 1. Column chromatography of hepatic cytosolic glutathione S-transferases on CM52 after treatment 
with hepatotoxic chemicals. Bromobenzene (0.2 ml/kg), carbon tetrachloride (0.2 ml/kg), or DMN 
(60 mg/kg) was injected intraperitoneally 24 hr after the last dose of sodium phenobarbital (75 mg/ke). 
which was given daily for 3 days. Rats were killed 5 hr after giving the toxins, and the hepatic cytos&c 
glutathione S-transferases were isolated as described in Materials and Methods. The Sephadex GIOO 
fractions with glutathione S-transferase activity were applied to the CM52 column (0.9 x 2Ocm) and 
were eluted with a linear gradient of potassium chloride (O-100 mM) in 0.1 M phosphate buffer ( pH 6.7): 
1.2-m] fractions were collected. The amounts of protein applied to the column were 14. 18. 25. or 16 mg 

from control. DMN-. bromobenzene-, or carbon tetrachloride-treated rats respectively. 
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only glutathione S-transferases cochromatographing 
with transferases 4-4 f 5-5(D+E) were detected. 
The total recovery of glutathione S-transferase 
activity from CM52 columns was 41% of that present 
in cytosol in control and 34% in DMN-treated rats. 
Glutathione S-transferase activity in the first peak (4- 
4 + 5-5) from the column in control, DMN-, carbon 
tetrachloride-, and bromobenzene-treated rats was 
9.4, 11.2, 31.7, and 37.4% respectively. Recovery of 
protein, chromatographing as glutathione S-trans- 
ferases 4-4 + 5-5(D+E), calculated from the same 
amount (16 mg) of protein applied to the column, 
from control, DMN-. carbon tetrachloride-, or 
bromobenzene-treated rats was 5.7, 6.7, 8.3, and 
8.7 mg respectively. The specific activity of the peak 
chromatographing as transferases 4-4 + 5-S(D+E) 
was 8.62. 6.45, 5.97, and 10.20 pmoles/mg protein 
with CDNB as substrate respectively. In repeated 
experiments with bromobenzene treatment, an 
increase in the specific activity of the glutathione S- 
transferase 4-4 + 5-S(D+E)-like fraction was 
observed (10.2 F 3.3 pmoles/mg. N = 5). These 
results suggest that the more basic glutathione S- 
transferases 2-2(AA). 3-3(A). 1-2(B), and 3-4(C) 
were partially recovered as a glutathione S-trans- 
ferase 4-4 + 5-S(D+E)-like fraction after treatment 
with carbon tetrachloride or bromobenzene and that 
these basic transferases are altered, but retained 
their catalytic activities after bromobenzene treat- 
ment but not after carbon tetrachloride treatment. 

Figure 2 shows the relationship among hepatic 
cytosolic and serum glutathione S-transferase activi- 
ties, serum bilirubin concentrations, and serum GPT 
activities after giving hepatotoxins. Hepatic cytosolic 
glutathione S-transferase activity was decreased by 

BROMOBENZENE 

the treatment with hepatotoxic chemicals: 5 hr after 
treatment, the transferase activity was 74% of the 
control after giving carbon tetrachloride. and little 
decrease was observed after giving bromobenzene 
or DMN. Elevated serum glutathione S-transferase 
activities were detected 5 hr after the administration 
of carbon tetrachloride or bromobenzene, but no 
increased activity was seen after giving DMN. 
Twenty-four hours after the administration of carbon 
tetrachloride, bromobenzene, or DMN. the hepatic 
cytosolic glutathione S-transferase activity was 
decreased to 77,56. and 89% of control respectively. 
A marked elevation of the serum glutathione S- 
transferase activity was observed 24 hr after giving 
carbon tetrachloride or bromobenzene, and DMN 
moderately increased the serum transferase activity. 
Glutathione S-transferase activity in serum was 
increased to 9-fold at 5 hr and 32-fold at 24 hr after 
carbon tetrachloride treatment, and the increase 
after bromobenzene treatment was 3-fold at 5 hr and 
51-fold at 24 hr. Both bilirubin concentrations and 
GPT activities in serum were elevated in parallel 
with the increase in serum glutathione S-transferase 
activity after treatment with the hepatotoxins. 

Effects of hepatotoxins in untreated and pheno- 
barbital- or ethanol-treated rats. Table 1 shows serum 
glutathione S-transferase activity 5 hr after giving 
hepatotoxins to untreated and phenobarbital- or 
ethanol-treated rats. Carbon tetrachloride adminis- 
tration caused a marked and a moderate elevation 
of transferase activity in phenobarbital- and ethanol- 
treated rats respectively; in the case of bromo- 
benzene, an elevation was observed only in pheno- 
barbital-treated rats. On the contrary, DMN 
increased the serum transferase activity in untreated 
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Fig. 2. Effects of hepatoxic chemicals on serum and hepatic glutathione S-transferase activities, serum 
GPT activity. and serum bilirubin concentrations. Bromobenzene, carbon tetrachloride, or DMN was 
given to phenobarbital-treated rats as described in the legend of Fig. 1, and the rats were killed 5 or 
24 hr later. Hepatic cytosol and serum were prepared and activities were measured as described in 
Materials and Methods. Blood was collected from the stump after decapitation. Values are shown as 

the mean of four or five rats. 
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Table 1. Serum glutathione S-transferase activity5 hr after giving carbon tetrachlorlde. 
bromobenzene. or DMN 

Serum glutathione S-transferase (umolesiml) 

Treatment Control CCL, nrz DMN 

None 0.04 + 0.01 0.05 5 0.03 0.02 -c 0.01 0.09 -t 0.03= 
Ethanol 0.04 + 0.01 0.09 2 0.01* 0.04 2 0.02 0.09 _t 0.01* 
Phenobarbital 0.0s t 0.03 0.73 ? 0.17* 0.20 -c 0.14 0.05 ? 0.02 

Rats were given carbon tetrachloride (Ccl,, 0.2 ml/kg). bromobcnzene (Brz, 0.2 ml; 
kg), or DMN (60mg/kg) intraperitoneally after treatment with phenobarbital or 
ethanol, as described in Materials and Methods. Blood was taken from the tail vein 
5 hr after the administration of the toxins. Values are shown as mean t S.D.; N = 4. 

* Analysis of variance: control vs treated. P < 0.05. 

and ethanol-treated rats. As shown in Table 2, in 
untreated rats DMN decreased the hepatic glu- 
tathione S-transferase activity to 61% of the control 
and increased serum transferase activities, serum 
bilirubin concentrations, and GPT activities after 
24 hr. Ethanol treatment potentiated the elevation 
of the serum transferase or GPT activity caused 
by DMN. Carbon tetrachloride and bromobenzene 
administration caused a small decrease in hepatic 
cytosolic and a small increase in serum glutathione 
S-transferase activity in untreated rats, and this alter- 
ation was enhanced by ethanol treatment. 

To clarify the alteration of hepatic cytosolic glu- 
tathione S-transferases after giving DMN, the trans- 
ferases were isolated from untreated rats by the same 
methods employed with phenobarbital-treated rats. 
Figure 3 shows CM52 column chromatographic pro- 
files 5 and 24 hr after giving DMN. In comparison 
with phenobarbital-treated rats, the activity of glu- 
tathione S-transferases A and AA of control was 
low, and transferase B and C activities were not well 
separated (Fig. 3A). Glutathione S-transferases B 
and C were diminished by DMN treatment, and the 
transferase activities decreased to 60-70s of control. 
Protein recovery of glutathione S-transferases as glu- 

tathione S-transferases 4-4 + S-5( D+E) fraction of 
control and 5 and 24 hr after giving DMN was 2.5 mg 
(19%). 4.1 mg (32%). and 3.9 mg (30%) respect- 
ively. Moreover. the specific activity of transferases 
chromatographing as transferases 4-4 + 5-5(D+E) 
decreased from 16.5 in control to 14.6 at 5 hr and 
11.9 vmoles product/mg protein 24 hr after DMN 
treatment. 

DISCUSSION 

Rat hepatic cytosol contains several glutathione S- 
transferases. which are designated 2-2(AA), 3-3(A). 
1-2(B). 3-4(C), and 4-4 + 55(D+E) in reverse order 
of elution from a cation exchange column [12]. Pre- 

vious reports [5] showed that the more basic glu- 
tathione S-transferases, such as 2-2, 3-3. 1-2, and 3- 
4, are decreased markedly and glutathione S-trans- 
ferases chromatographing with transferases 4-4 + S- 
5(D+E) are detected in the serum after chloroform 
treatment. In the present study. a marked alteration 
of hepatic cytosolic glutathione S-transferases was 
also observed after giving hepatotoxic chemicals. 
Glutathione S-transferases 2-2(AA). 3-3(A). 1-2(B). 

Table 2. Relationship among hepatic and serum glutathione S-transferase activities. serum GP? 
activities. and serum bilirubin concentrations 24 hr after the administration of hepatotoxins 

Glutathionc S-transferase 
Serum 

Cytosol Serum bilirubin Serum GPT 
Treatment (pmoles/mg) (,umoles/ml) (mg/lOO ml) (I.U./l) 

Untreated 
Control (N = 4) 1.83 t 0.36 0.03 t 0.02 0.09 i- 0.08 45 f 11 
CCI, (N = 4) 1.47 i 0.16 O.OY -+ 0.03 0.11 f 0.04 127 -+ 54 
Brz (N = 4) 1.76 + 0.12 0.05 i- 0.02 0.18 t- 0.15 55 2 7 

DMN (N = 4) 1.11 + 0.21’ 0.98 t 0.32” 1.51 -t 0.32” x77 5 G-7’ 

Ethanol-treated 
Control (N = 3) 1.63 + 0.07 0.05 + 0.01 0.09 i 0.01 10 2 i 
CC-14 (N = 3) 1.26 + 0.051- 0.23 r o.oxt 0.0’) -c 0.01 20.5 i- 57 
Brz (N = 3) I .56 f O.OY1 0.39 + 0.27i (1.15 f 0.05 3Oh f 37-i. 
DMN (N = 4) 1.07 + 0.07* 1.53 r 0.57” 0.86 t 0.46” 2615 r ‘)x1’-;- 

Rats were treated with ethanol as described in Materials and Methods. Carbon tetrachloride 
(Ccl,. 0.2 ml/kg), bromobenzene (Brz. 0.2 ml/kg), or DMN (60 mg/kg) was given 16 hr after 
withholding ethanol. and rats were killed 24 hr later. Values are presented as mean -+ S.D. 

*,i Analysis of variance: *i control vs treated. P < 0.05: f untreated vs ethanol-treated. 
P i 0.05. 
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B. DMN 5hr 

C. DMN 24hr 
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Fig. 3. CM52 column chromatography of hepatic cytosolic 
glutathione S-transferases after giving DMN to untreated 
rats. The Sephadex G-100 fractions (A and C 13 mg, B 
19 mg protein) with glutathione S-transferase activity 
obtained from giving DMN to untreated rats were applied 
to the CM52 column (0.9 x 20cm) and eluted with the 
same conditions as shown in Fig. 1. (A) control, (B) 5 hr 

after giving DMN, and (C) 24 hr after giving DMN. 

and 3-4(C) were lost, and only transferases co- 
chromatographing with glutathione S-transferases 
4-4 + 5-5(D+E) were detected in hepatic cytosol 
5 hr after giving bromobenzene or carbon tetra- 
chloride to phenobarbital-treated rats. DMN 
administration caused a small decrease in glutathione 
S-transferase 1-2(B) and 3-4(C) (Fig. 1). Protein 
recovery in the glutathione S-transferase 4-4 + 5- 
S(D+E)-like fraction was increased after treatment 
with hepatotoxins. Moreover, the transferase activity 
was almost completely recovered in a glutathione S- 
transferase 4-4 + 5-5(D+E) fraction from a CM52 
column after administration of carbon tetrachloride 

or bromobenzene. These results suggested that more 
basic glutathione S-transferases were altered and 
partially recovered in the glutathione S-transferase 4- 
4 + 5-5(D+E) fraction, as occurred after chloroform 
administration [5]. 

Since serum glutathione S-transferase activity was 
elevated markedly in the case of carbon tetra- 
chloride, it was suggested that cytosolic glutathione 
S-transferases are altered and released into serum. 
Serum glutathione S-transferase activity was 
increased only modestly after giving bromobenzene, 
although marked alterations of the chromatographic 
behavior and increases in the specific activity of 
the glutathione S-transferase 4-4 + 5-S(D+E)-like 
fraction were observed. Furthermore, the eluate 
from the CM52 column showed that the CM52-1 
fraction separated as two peaks, and that the second 
peak, which was accompanied by an increase in 
conductivity, possessed high transferase activity 
(data not shown). The increase of the specific activity 
in the glutathione S-transferase 4-4 + 5-S(D+E)-like 
fraction and the decrease in the basic transferases, 
such as l-2 or 3-4, were also observed in in uitro 
experiments with liver homogenates (unpublished 
data). Since glutathione S-transferases 1-2, 3-3, and 
3-4 show a higher activity with CDNB as substrate 
than does transferase 5-5 [12], it is suggested that 
more basic glutathione S-transferases are altered, 
but retain their catalytic activities, and are recovered 
in a glutathione S-transferase 4-4 + 5-S(D+E)-like 
fraction after administration of bromobenzene. It is 
not known why the alteration of the hepatic glu- 
tathione S-transferases is accompanied by an 
increase in conductivity. The isozymic composition 
of the hepatic cytosolic glutathione S-transferases 
after giving DMN to untreated rats was also altered, 
but the alteration was much less than that observed 
after giving carbon tetrachloride or bromobenzene 
to phenobarbital-treated rats; nevertheless. the mag- 
nitudes of the decrease in hepatic cytosolic trans- 
ferases and of the increase in serum transferase 
activity were similar. These results suggest that the 
action of DMN on the glutathione S-transferases is 
different from that of carbon tetrachloride or 
bromobenzene. 

A marked decrease in liver cytosolic and an 
increase in serum glutathione S-transferase activity 
were observed 24 hr after administration of carbon 
tetrachloride or bromobenzene to phenobarbital- 
treated rats (Fig. 2). The serum GPT activity and 
serum bilirubin concentrations were also increased in 
parallel to the elevation in glutathione S-transferase 
activity in serum after giving carbon tetrachloride 
or bromobenzene. DMN treatment produced little 
change in liver cytosolic and serum glutathione S- 
transferase activities 24 hr after administration. 

It is well known that the toxicity induced by carbon 
tetrachloride, bromobenzene, and DMN is associ- 
ated with bioactivation to toxic metabolites by hep- 
atic microsomal cytochrome P-450-dependent 
mixed-function oxidases [6-111. It was, therefore, of 
interest to study the effect of cytochrome P-450 
inducers on the alterations of the glutathione S- 
transferases after administration of hepatotoxins. 
Ethanol treatment potentiated the DMN-induced 
hepatotoxicity compared with untreated rats. Car- 



bon tetrachloride and bromobenzene slightly 
changed the glutathione S-transferase activity and 
serum parameters measured in untreated rats, and 
ethanol treatment increased these effects. Our 
rest&s agree with previous reports that ethanol treat- 
ment enhanced carbon tetrachloride-. kromo- 
benzene-, and DMN-induced toxicity [14-171. On 
the other hand, it has been reported that hepnto- 
toxicity induced by carbon tetrachloride or bromo- 
benzene is potentiated by phenobarbital treatment 
[18-X1]. but that DMN metabolism is decreased 
rather than increased [al. 22j. Our resufts confirmed 
the above observations and showed that the aiter- 
ations of liver cytosolic and serum glutathione S- 
transferases after administration of the hepatotoxins 
were dependent on the treatment of animals with 
cytochrome P-450 inducers. It is, therefore. sug- 
gested that reactive meta~oiites. which are produced 
by cytochrome ~J-~~~-de~endent monooxygenases 
from carbon tetrachloride. bromobenzene. and 
DMN. contribute to the alterations of the glutathione 
S-transferases. 

We showed previously [SJ that bilirubin pref- 
erentially alters glutathione S-tranferases 1-2(B) and 
?-4(C) to a transferase 4-3 + 5-S(Di-Ef-like fraction. 
Because all toxins used in our studies increase bili- 
rubin concentrations. it is possible that bifirubin con- 
tributes to the alteration of the cytosolic glutathione 
S-transferases after treatment with hepatotoxins. 

The elevation of glutathione S-transferase activity 
in serum paralleled the increase of both serum GPT 
activity and serum bil~ru~in concentrations, Thus, 
serum glutathione S-transferase measurements, 
which have been observed by others (23-263, may be 
useful for the evaluation of liver dysfunction. 
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