
1138 Short communications 

14. J. M. Bertoni, G. M. Alexander and R. J. Schwartz- 18. H. S. Bachelard, A. G. Clark and M. F. Thompson, 

man, Trans. Am. neural. Ass. (abstr.) (1980). Biochem. J. 123, 707 (1971). 

15. R. P. Harpur and J. H. Quastel, Nature, Lond. 164, 19. 0. H. Oldendorf, Am J. Physiol. 221, 1620 (1071). 

693 (1949). 20. J. Brown, Metabolism 11, 1098 (1962). 

16. F. Maley and H. A. Lardy, J. biol. Chem. 214, 765 21. A. Sols and R. K. Crane, J. biol. C’hem. 210. 581 

(1955). (1954). 

17. T. G. Bidder, J. Neurochem. 15, 867 (1968). 22. R. W. Horton, B. S. Meldrum and H. S. Bachelard. 
J. Neurochem. 21, 507 (1973). 

Biochemical Phormncology, Vol. 30. No. IO. pp. 1136-1141. 1981 
Printed in Great Britain. 

Inactivation of hepatic cytochrome P-450 by a 1,2,3-benzothiadiazole insecticide 
synergist*t 

(Received 8 September 1980; accepted 31 October 1980) 

Substituted 1,2,3-benzothiadiazoles synergize the activities 
of insecticides [l-3], prolong hexobarbital sleeping times 
in mice [2], inhibit both aldrin epoxidation and dihydro- 
isodrin hydroxylation by rat liver and armyworm micro- 
somes [4], and inhibit the metabolism and accompanying 
irreversible protein binding of halogenated ethylenes [5, 
61. These biological effects, which are similar to those 
mediated by the commercially employed methylenedioxy- 
phenyl insecticide synergists [7], presumably reflect inhi- 
bition by the heterocycle of the oxidative drug- 
metabolizing apparatus. Support for this contention is pro- 
vided by the observation that 5,6-dichloro-1,2,3-benzothia- 
diazole gives a typical type II difference spectrum on binding 
to oxidized hepatic cytochrome P-450 (891, and by the find- 
ing that the levels of hepatic cytochrome P-450 in mice 
decrease precipitously after in uiuo administration of the 
agent [2]. Despite an extensive correlation of structure with 
biological activity [3,4,8], however, no information is avail- 
able on the actual mechanism by which 1,2,3_benzothiadi- 
azoles impair the function of cytochrome P-450. We report 
here a study of 5,6-dichloro-1,2,3-benzothiadiazole which 
demonstrates that this agent inactivates cytochrome P-450 
as the result of a highly specific catalytic interaction. 

Materials and Methods 

The synergist 5,6-dichloro-1,2,3-benzothiadiazole 
(DCBT), which was initially provided by Dr. J. H. Davies 
of Shell Biosciences Laboratory (Sittingbourne, Kent, Eng- 
land), was subsequently synthesized as described in the 
literature [lo]. NADPH, reduced glutathione, tricaprylin, 
and a serum transaminase determination kit (catalogue No. 
505) were purchased from the Sigma Chemical Co. (St. 
Louis, MO). All other reagents and solvents were of the 
highest grade commercially available. 

* Research supported by NIH Grants GM 25515 and 
P-50 AM-18520, and by an allocation from the Cancer 
Research Coordinating Committee of the University of 
California. 

t Presented at the 180th National Meeting of the Amer- 
ican Chemical Society, Las Vegas, Nevada, August 24-29, 
1980. 

Microsomal incubations. Male Sprague-Dawlcy rats. 
injected daily with a dose (80 mgikg. i.p.) of sodium pheno- 
barbital (4 days). were decapitated. and their livers were 
quickly perfused with cold 1.15?+ (vviv) KCI solution. The 
livers were then excised, and a 33-5056 (w/v) homogenate 
in 0.1 M phosphate buffer (pH 7.4) was prepared using a 
large clearance Dounce tissue grinder. After centrifugation 
at 10,000 g for 20 min to remove cell debris, the supernatant 
fraction was centrifuged at 96,000 g for 60 min. The micro- 
somal pellet thus obtained was washed by resuspension in 
isotonic KCI solution and recentrifugation at 96.000 g for 
30 min. The washed microsomes were resuspended in 0.1 M 
Na/K phosphate buffer (pH 7.4) containing 1.5 mM EDTA 
and 150 mM KCI at an approximate 10 mg/ml protein con- 
centration. Protein concentrations were measured by the 
method of Lowry et al. [ 111. using human strum albumin 
as a standard. 

Standard 20ml incubation mixtures contained the fol- 
lowing: microsomal protein (1 mgiml), KCI (150 mM), 
EDTA (1.5 mM) and NADPH (1 .O mM) in 0. I M Na/K 
phosphate buffer (pH 7.4). A 10 mM nominal concentra- 
tion of DCBT was also present unless otherwise specified. 
Incubations were initiated by NADPH addition. After the 
indicated incubation times (20 min unless otherwise speci- 
fied), 3 ml aliquots were withdrawn and the reaction was 
stopped by cooling to 0”. Parallel incubations without 
NADPH or without DCBT were carried out as controls 
for thermal or lipid peroxidative losses respectively. Alter- 
ations in these normal incubation conditions are given in 
the text. The oxygen tension was reduced when required 
by sealing the reaction vessel and flushing the reaction 
mixture with argon prior to initiating the incubation by 
NADPH addition. 

The concentration of cytochrome P-450 was calculated 
from the 45&520nm absorbance difference between a 
dithionite-reduced, carbon monoxide saturated sample and 
an unreduced, carbon monoxide saturated reference 
sample, using an Aminco DW-2 spectrophotometer and a 
value of 100 cm-’ mM_’ for the molar extinction coefficient 
[12]. Microsomal heme was measured as the pyridine hem- 
ochromogen [13], using a molar extinction coefficient of 
34.4 cm-i mM-’ for the 557-600 nm absorbance difference 
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Table 1. Destruction of hepatic microsomal cytochrome P-450 from phenobarbital-pre- 
treated rats by 5,6-dichloro-1,2,3-benzothiadiazole (DCBT)* 

Alterations in 
standard incubation 

Per cent loss of cytochrome P-450 

20 mint 30 mint 

Experiment 1 
None 
- DCBT 
- NADPH 
Reduced oxygen tension 
+ Glutathione (1 mM) 

Experiment 2 
None 
+ Glutathione (10 mM) 

55 r 2 56 + 1 
0 0 
0 0 

14+ 1 
56 2 2 

65 + 0 
4120 

* Incubation and assay conditions are given in Materials and Methods. All values, 
except that obtained under reduced oxygen tension (two determinations only), are the 
average of three measurements and are eiven f S.D. Experiments 1 and 2 were carried 
out wyth different groups of rats. 

t Incubation time. 
” 

[14]. Malondialdehyde levels were measured as described 
by Asakawa and Matsushita [15]. The formation of malon- 
dialdehyde in an incubation containing CC4 rather than 
DCBT was measured as a positive control of the analytical 
methoc!ology. 

The livers of phenobarbital-pretreated rats killed 4 hr 
after intraperitoneal injection of DCBT (100 mg/kg in tri- 
caprylin) were perfused, removed, homogenized, and 
extracted as described previously for the isolation of “green 
pigments” caused by other agents (16, 171. Thin-layer chro- 
matographic analyses of the extracts provided no evidence 
for the presence of green red-fluorescing pigments anal- 
ogous to those isolated in other instances [16-181. Three 
separate attempts were made to detect such pigments, 
including, in one experiment, the parallel examination of 
untreated control livers. 

Serum from phenobarbital-pretreated rats decapitated 
24 hr after intraperitoneal injection of DCBT (100 mg/kg) 

* Catalytic involvement of the enzyme in its own destruc- 
tion has been confirmed by studies with a purified, recon- 
stituted cytochrome P-450 (P. R. Ortiz de Montellano, B. 
A. Mica, J. M. Matthews, K. L. Kunze, G. T. Miwa and 
A. Y. H. Lu, unpublished). 

was analyzed for glutamic-oxalacetic @GOT) and 
glutamic-pyruvic (SGPT) transaminase activities using 
reagent kits based on the method of Reitman and Frankel 
[19]. Similar measurements were made on the serum of 
phenobarbital-pretreated rats 24 hr after administration of 
carbon tetrachloride (1 ml/kg) to provide a positive control. 

The mutagenicity of DCBT was evaluated by Dr. R. E. 
McMahon, Lilly Research Laboratories, Indianapolis, IN, 
using slant cultures of ten tester bacterial strains according 
to the protocol reported by that laboratory [20]. The tests 
were carried out with and without the addition of a liver 
homogenate activating system [20]. The nominal concen- 
tration range tested extended from 0.1 pggiml to 1 mg/ml. 

Results and Discussion 

Incubation of hepatic microsomes from phenobarbital- 
pretreated rats with 5,6-dichloro-1,2,3-benzothiadiazole 
(DCBT) resulted in rapid, spectroscopically measurable 
loss of cytochrome P-450 (Table 1). This decrease occurred 
only in the presence of both NADPH and molecular 
oxygen, the two cofactors required for oxidative turnover 
of the enzyme.* The previously reported decrease in the 
levels of cytochrome P-450 in mice injected with DCBT 

Table 2. Heme loss, cytochrome P-450 loss, and malondialdehyde formation due to incubation of 5,6- 
dichloro-1,2,3-benzothiadiazole (DCBT) with hepatic microsomes from phenobarbital-pretreated rats* 

Substrate 

Cytochrome P-450 
content 

(nmoles/mg protein) 
Heme content 

(nmoleslmg protein) 

Malondialdehyde 
formation 

(PM) 

Experiment 1 
None 
DCBT (10 mM)t 

(Loss) 

2.9 + 0.1 3.2 ? 0 
1.320 1.5 + 0.1 

1.6 1.7 

Experiment 2 
None 
DCBT (10 mM)t 
Ccl,+ (10 mM) 

ND 
ND 

4.9 * 0.2 

* Incubation and assay conditions are given in Materials and Methods. All values (2 S.D.) are averages 
of at least three determinations, non-detectable levels being indicated as ND. 

t Nominal concentration (substrate is highly insoluble in aqueous media). 
$ Ccl, was used as a positive control. 
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[2] thus reflects a direct interaction of the agent with the Table 3. Effect of 5,6-dichloro-1,2,3-benzothiadiazole 
enzyme rather than an alteration in the rate of synthesis (DCBT) on serum transaminase levels in phenobarbital- 
or degradation of the enzyme. pretreated rats* 

No cytochrome P-450 was lost when otherwise complete 
incubations were carried out in the absence of DCBT, a 
result which shows that lipid peroxidation was efticiently 
suppressed by the EDTA in the mixture (Table 1). The 
possibility existed, however, that lipid peroxidation was 
stimulated by the presence of DCBT, and that the cyto- 
chrome P-450 was destroyed by this enhanced peroxidative 
process. Accelerated hydrogen peroxide formation on 
binding of certain substrates by cytochrome P-450 has, for 
example, been documented [21]. The formation of malon- 
dialdehyde on incubation of DCBT with hepatic micro- 
somes in the presence of both NADPH and oxygen was 
therefore investigated, since malondialdehyde formation 
is a measure of lipid peroxidation (221. As shown in Table 
2, no malondialdehyde was detected either in the presence 
or the absence of DCBT even though malondialdehyde 
formation was observed in similar incubations with carbon 
tetrachloride, an agent known to promote lipid peroxida- 
tion [23]. Stimulation of lipid peroxidation by DCBT does 
not, therefore, appear to be a viable explanation for its 
destruction of cytochrome P-450. 

Agent administeredt 
SGOT 
(I.U./I) 

SGPT 
(I.U.;I) 

None (N = 5) 192 1 60 * 8 
DCBT (N = 4) 17+2 56 t 5 
CC& (N = 2) >700$ >800$ 

* SGOT (serum glutamic-oxalacetic transaminasc) and 
SGPT (serum glutamic-pyruvic transaminase) levels were 
measured 24 hr after administration of indicated agents 
(details in Materials and Methods). Mean values t S.D. 
are given. 

f DCBT (100 mgikg) was administered i.p. in tricaprylin. 
CCL, (1 ml/kg) was injected undiluted by the same route. 
The number of animals in each treatment group is given 
in parentheses. 

$ Enzyme levels exceeded range which could be accu- 
rately measured. 

Addition of 1 mM glutathione to the incubation mixture 
did not detectably attenuate DCBT-mediated destruction 
of cytochrome P-450, although some protection of the 
enzyme was observed when the glutathione concentration 
was raised to 10 mM (Table 1). This protective effect could 
result from trapping of a diffusible reactive species by 
glutathione, although other explanations, such as direct 
reaction with DCBT prior to interaction with cytochrome 
P-450, cannot now be excluded. Two experiments were 
undertaken to determine if generally toxic metabolites were 
produced enzymatically from DCBT. In one. the hepato- 
toxic effect of the agent was evaluated by measuring the 
change in serum transaminase levels 24 hr after injection 
of DCBT into ohenobarbital-pretreated rats (100 mgikr 
dose). As shown-in Table 3. however, DCBT was not found 
to have any effect on the levels of serum elutamic-oxalacetic 
or glutamic-pyruvic transaminases, in marked contrast to 
the elevated activity of these two enzymes produced by the 
known hepatotoxin carbon tetrachloride. In a second 
experiment, the mutagenicity of DCBT was evaluated by 
a broad screening procedure developed at the Lilly Lab- 
oratories [20], both in the presence and in the absence of 
a liver homogenate activating system. Despite the use of 
ten different tester strains, and the use of a lO.OOO-fold 
concentration range, no evidence was found for a mutagenic 
or toxic effect of DCBT. Thus. these results are consistent 
with the argument that the inactivation of cytochrome P- 
450 by DCBT was not due to a general hepatotoxic effect. 

“abnormal green” porphyrins similar to those obtained 
with olefins and acetylenes. No characteristic red-fluoresc- 
ing bands were observed on thin-layer chromatographic 
analyses of the methylated extracts from livers of 
phenobarbital-pretreated rats that had been injected with 
DCBT (100 mgikg in tricaprylin) 4 hr before they were 
killed. Inactivation of cytochrome P-450 by DCBT thus 
resembled the process mediated by allenes [28] and vinyl 
chloride [29], in which parallel heme loss is also not coupled 
to detectable pigment formation. 

The results reported here clearly demonstrate that oxi- 
dative turnover of DCBT by cytochrome P-450 results in 
irreversible inactivation of the enzyme and in a parallel loss 
of microsomal heme, even though the nature of the inter- 
action that causes both enzyme and heme loss cannot be 
defined precisely. Nevertheless, the evidence obtained 
excludes lipid peroxidative and general hepatotoxic mech- 
anisms and suggests strongly that an oxidative metabolite 
or transient intermediate derived from DCBT is responsible 
for the coupled loss of cytochrome P-450 and prosthetic 
heme. Unfortunately, no data are available on the metab- 
olism of DCBT or of any closely related substrate. Never- 
theless, clues to the possible nature of the inactivating 
interaction can be drawn from the known chemical proper- 
ties of the 1,2,3-benzothiadiazole ring system. Reaction of 
this heterocycle with aryl radicals [30.31], or with oxidative 
agents such as lead tetra-acetate* and N-bromosuccinim- 
ide*, yields products the genesis of which can best be 
explained by the reaction manifold shown in Scheme 1. 
Although only turther work will permit definition of the 
particular molecular sequence of events that results in 
enzyme inactivation, it is likely, on chemical grounds, that 
one of the reactive intermediates shown in Scheme 1 will 
play a crucial role. Regardless of the detailed mechanism. 
the present investigation firmly establishes that DCBT 
inactivates cytochrome P-450 in a catalysis-driven inter- 
action. This demonstration provides a solid rationale for 
the inhibition of xenobiotic metabolism characteristic of 
the 1,2,3-benzothiadiazole heterocyclic system and, con- 
sequently, for the activity of this family of agents as insec- 
ticide synergists. 

This laboratory has provided unequivocal evidence that 
the autocatalytic inactivation of cytochrome P-450 
enzymes, due to turnover of terminal olefinic [17, 18. 241 
and acetylenic [16] substrates, results from alkylation of 
the enzyme prosthetic heme moiety by a reactive species 
produced within the catalytic site. In agreement with this 
mechanism, unsaturated substrates have been shown to 
cause essentially equimolar losses of both hepatic cyto- 
chrome P-450 and microsomal heme [25. 261 and also to 
result in the accumulation of abnormal porphyrins derived 
from the ravaged prosthetic heme group [27]. Parallel quan- 
titation of cytochrome P-450 and heme losses due to incu- 
bation of DCBT with hepatic microsomes (Table 2) 
revealed a similar 1: 1 relationship between the disappear- 
ance of the enzyme and of (presumably) prosthetic heme. 
An intimate, perhaps causal, link between the two pro- 
cesses is thus implied. Despite repeated efforts. however, 
we have been unable to detect the in viuo formation of 

* P. R. Ortiz de Montellano and L. Cuellar, unpublished 
results. 
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Scheme 1. Reactive intermediates formed in chemical reactions of the 1,2,3-benzothiadiazole system. 
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