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Abstract-Single i.p. doses of O,O,O-triethyl phosphorothioate [000-Et(S)], one of the suicide 
substrates for cytochrome P-450, caused a rapid increase of NADPH-cytochrome c reductase activity 
in rat liver microsomes. The increase was dose dependent but did not coincide with the recovery from 
the inhibition of drug-metabolizing activities. There was no change of K, value of the reductase in the 
induced state. The co-administration of cycloheximide repressed the stimulatory effect of OOO-Et(S), 
suggesting that a de nouo synthesis of enzyme protein may be responsible for the increase in activity. 
Of four homologous tri-n-alkyl esters tested, the triethyl compound was the most effective at 24 and 
48 hr after administration. Triethyl phosphate, the oxygen analog of 000-Et(S), also caused an increase 
of the reductase activity, but carbon disulfide had no influence on this activity. Although O,O,S-triethyl 
phosphorodithioate [OOS-Et(S)] and its n-alkyl homologs also caused the inhibition of drug-metabolizing 
activities and the increase of the reductase activity, the recovery and the stimulation of enzyme activity 
were different from that of O,O,O-tri-n-aklyl phosphorothioates. 

Some thiono-sulfur-containing compounds, such as 
carbon disulfide, disulfiram, methimazole and thio- 
phosphate insecticides, constitute a class of inhibitors 
that decrease hepatic microsomal drug-metabolizing 
enzyme activities with a loss of cytochrome P-450 
content [l-5]. O,O,O-Triethyl phosphorothioate 
[000-Et(S)] bears structural resemblance to thio- 
phosphate insecticides, and we previously reported 
that the administration of this compound to rats 
significantly decreases hepatic microsomal cyto- 
chrome P-450 content and the metabolism of aniline 
and aminopyrine [6]. Furthermore, we observed a 
rapid increase of microsomal NADPH-cytochrome 
c reductase activity in the acute phase. 

Although many inhibitors of the cytochrome P- 
450 system also act as inducers of the same enzyme 
system, the induction generally occurs in a sub- 
chronic or chronic phase [7]. Thus, the stimulatory 
effect of OOO-Et(S) on microsomal NADPH-cyto- 
chrome c reductase activity is a rather unusual effect 
of an inhibitor of the cytochrome P-450 system. With 
regard to thiono-sulfur-containing compounds, such 
as carbon disulfide and phenitrothion, no stimulatory 
effect was reported on the reductase activity 
especially in their actue phases [8,9]. This paper 
reports further investigations on the effects of OOO- 
Et(S) and some structurally related compounds on 
the hepatic microsomal cytochrome P-450 system in 
rats. 

MATERIALSANDMETHODS 

Chemicals, O,O,O-Tri-n-alkyl phosphorothioates 
and O,O,S-tri-n-alkyl phosphorodithioates were syn- 
thesized and purified as described previously [6]. 

* Author to whom all correspondence should be 
addressed. 

Each homologous compound was abbreviated as 
000-R(S) and OOS-R(S) (R = methyl to n-butyl). 
Triethyl phosphate was obtained from Nakarai 
Chemicals Ltd. (Tokyo, Japan) and purified by frac- 
tional distillation under reduced pressure. Cyclo- 
heximide was obtained from Wako Pure Chemical 
Ind. Ltd. (Tokyo, Japan) and phenobarbital sodium 
from the Tokyo Kasei Kogyo Co., Ltd. (Tokyo, 
Japan). All of the other chemicals were of the highest 
purity commercially available. 

Animals and treatments. Male Wistar rats weighing 
around 200g were used in all experiments. All tri- 
alkyl esters and carbon disulfide were dissolved in 
corn oil and administered intraperitoneally. The con- 
centration of each test compound was adjusted so 
that its volume of administration was 2.0 ml/kg body 
weight. Phenobarbital sodium was dissolved in saline 
solution and administered i.p. at doses of 80 mg/kg 
body weight per day for 3 consecutive days. For 
the experiment involving cycloheximide co-adminis- 
tration, cycloheximide was dissolved in saline solu- 
tion (1.0 ml/kg) and was administered i.p. in four 
doses of 0.5 mg/kg body weight at 3-hr intervals 
immediately after the treatment with 1.0 mmoles/kg 
of OOO-Et(S). This treatment schedule was adopted 
to ensure a long-lasting inhibition of protein 
synthesis. To avoid a rebound from the inhibition of 
protein synthesis, rats were killed 12 hr after the first 
treatment. As a control, the same volume of corn oil 
or saline solution was administered. In all experi- 
ments except for the time-course studies, animals 
were fasted for 24 hr prior to being killed. After the 
administration of compounds, rats were killed at 
various times by decapitation, and blood was col- 
lected from the carotid artery. 

Preparation of microsomes. Hepatic microsomes 
were prepared as described previously [6]. 

Biochemical assays. Microsomal cytochrome P- 
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Fig. 1. Time-course of the effect of OOO-Et(S) on the hepatic microsomal cytochrome P-450 system 
and liver weight. OOO-Et(S): 1.4 mmoles/kg, i.p. Enzyme activities were expressed as percentage of 
the control in three separate experiments. The control experiments were run at 6, 24 and 72 hr after 
administration. Each point shows the mean ? SD (N = 3). A single asterisk indicates P < 0.05 vs 
control; double asterisks indicate P < 0.01 vs control. Key: (0) cyt. P-450; (0) cyt. h,; (M) aminopyrine 
N-demethylase; (0) aniline p-hydroxylase; (A) NADPH-cyt. c reductase; (V) liver weight of control 

group; and (A) liver weight of OOO-Et(S)-treated group. 

450 and cytochrome b5 contents were measured by 
the methods of Omura and Sato [lo]. Aniline p- 
hydroxylase was measured by the method of Imai et 
al. [ll], aminopyrine N-demethylase by the method 
of Cochin and Axelrod [12], and NADPH-cyto- 
chrome c reductase by the method of Omura and 
Takesue [13]. NADH-cytochrome bS reductase was 
measured by the method of Takesue and Omura [ 141 
using potassium ferricyanide as a substrate. Protein 
content was determined by the method of Lowry et 
al. [15] using bovine serum albumin as a standard. 
Serum glutamate-pyruvic transaminase (GPT) 
activity was determined according to the method of 
Karmen [16] using a Toshiba TBA-360 automatic 
analyzer. 

Statistical analysis. The significance of the dif- 
ference between two mean values was determined 
by Student’s t-test. 

RESULTS 

Time-course of the effects of OOO-Et(S) on the 
hepatic microsomal cytochrome P-450 system. Rats 
were treated with OOO-Et(S) at an i.p. dose of 
1.4 mmoles/kg (277 mg/kg), and time-related 
changes of hepatic microsomal enzymes were exam- 
ined for 5 days. The dose of 1.4 mmoles/kg was 
selected to cause an effective inhibition of drug- 
metabolizing enzyme activities [6]. As shown in Fig. 
1, the hepatic microsomal cytochrome P-450 content 
and the metabolism of aniline and aminopyrine 
decreased immediately and reached a minimum level 
6 hr after administration. Thereafter, they recovered 
and increased beyond the control level and reached 
a maximum 48 hr after administration. During this 
recovery period, 2&30% increases were also 
observed in liver weight. These data suggest that a 
marked enzyme induction was occurring at this stage. 
In contrast, microsomal NADPH-cytochrome c 
reductase activity increased immediately and 
reached nearly a maximum at 24 hr after adminis- 

tration. Cytochrome b5 content slowly increased and 
reached a maximum at 72 hr. 

Dose-dependence of the effects of OOO-Et(S) on 
the hepatic microsomal cytochrome P-450 system. As 
shown in Fig. 2A, dose-related effects were observed 
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Fig. 2. Dose-dependence of the effect of 000.Et(S) on 
the hepatic microsomal cytochrome P-450 system at 24 hr 
(A) and 48 hr (B) after administration. Each point shows 
the mean t SD (N = 3). A single asterisk indicates P < 0.05 
vs control; double asterisks indicate P < 0.01 vs control. 
Key: (0) cyt. P-450; (0) cyt. b5: (D) aminopyrine N- 
demethylase; (cl) aniline p-hydroxylase; and (A) 

NADPH-cyt. c reductase. 
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on microsomal cytochrome P-450 content and drug- 
metabolizing enzyme activities at 24 hr after adminis- 
tration. As shown in Fig. 2B, decreased cytochrome 
P-450 and drug-metabolizing activities were 
recovered at 48 hr. These results indicate that the 
periods of inhibition and recovery were dependent 
on the dose. On the other hand, the increase of 
NADPH-cytochrome c reductase activity was 
directly dose dependent and reached a plateau at a 
dose of about l.Ommoles/kg. This result indicates 
that the increase of NADPH-cytochrome c reductase 
activity begins before the recovery from the inhi- 
bition of drug-metabolizing activity. 

Kinetic parameters of NADPH-cytochrome c 
reductase activity. Kinetic parameters of the 
reductase were compared using microsomes from 
control, OOO-Et(S)-treated and phenobarbital- 
treated rat liver. Figure 3 shows the double-recipro- 
cal plots of the reductase activity and cytochrome c 
concentration. Single doses of OOO-Et(S) increase 
the V,,, values in a dose-dependent manner to a 
level as high as that observed after three consecutive 
doses of phenobarbital. However, no significant 
change was observed in apparent K,,, values for cyto- 
chrome c by the treatments. This result suggests that 
the increase in the specific activity of the reductase 
may result from the increase of enzyme itself similar 
to phenobarbital-mediated induction. 

Effect of cycloheximide on the induction of 
NADPH-cytochrome c reductase by OOO-Et(S). As 
shown in Table 1, the co-administration of cyclo- 
heximide significantly repressed the increase of the 
reductase activity. These data also indicate that a de 
novo synthesis of enzyme protein may be responsible 
for the increase of the reductase activity. 

Effects of 0 ,O ,O-tri-n-alkyl phosphorothioates on 
the hepatic microsomal cytochrome P-450 system, 
Figure 4 shows the effects of four alkyl homologs of 
OOO-Et(S) on hepatic microsomal enzymes at 24 
and 48 hr after administration at a dose of 

Cytochrome c (mM)-’ 

Fig. 3. Double-reciprocal plot of hepatic microsomal 
NADPH-cytochrome c reductase activity and cytochrome 
c concentration. Each point represents the mean of two or 
three determinations of a microsomal pool obtained from 
three rats each. Treatments and the apparent Km values 
were as follows: (0) control: K_ = 15.5 uM: 10) OOO- \ , I.. 
Et(S), 0.2 mmole/kg (24 hr): Km = 15.0 LM;’ (Hi OOO- 
Et(S), l.Ommoles/kg (24 hr): K,,, = 15.3pM; and (A) 
phenobarbital sodium, 80mg/kg/day for 3 days: Km = 

15.9 PM. 

Table 1. Effect of cycloheximide co-administration on 
NADPH-cytochrome c reductase activity in liver micro- 

somes of OOO-Et(S)-treated rats 

NADPH-cytochrome 
c reductase 

Treatment 

Control 

(nmoles/mg/min) 

70.5 ? 1.65 
(100) 

OOO-Et(S) alone 115.4 + 6.22* 
(164) 

OOO-Et(S) + 
cycloheximide 

95.2 2 6.51*t 
(135) 

80.3 c 11.73 
Cycloheximide alone (114) 

Values are the mean 2 SD for three rats. For exper- 
imental details, see Materials and Methods. 

* P < 0.01 vs control. 
t P < 0.01 vs OOO-Et(S) alone. 

1 .O mmoles/kg. All compounds markedly induced 
microsomal NADPH-cytochrome c reductase, and 
the potency decreased in the order of ethyl > propyl > 
methyl > butyl. Although not shown, when rats 
were treated with these compounds at a dose of 
2.0 mmoles/kg, OOO-Me(S) and OOO-Pr(S) 
increased the reductase activity to the induced level 
of OOO-Et(S) at 24 and 48 hr after administration. 
As shown in Fig. 4A, a slight increase was also 
observed in the activity of NADH-cytochrome b5 
reductase, a flavoprotein of the microsomal electron 
transport system. With regard to cytochrome P-450- 
mediated drug-metabolizing activities, early recov- 
ery from the inhibition was observed at 24 hr in 
the higher homologs, which have weaker inhibitory 
action at 6 hr after administration [6]. At 48 hr, the 
strongest stimulatory effect was observed with the 
triethyl compound and the magnitude of the increase 
was parallel to the inducibility of NADPH-cyto- 
chrome c reductase (Fig. 4B). The increase of amino- 
pyrine N-demethylation was distinguished from that 
of cytochrome P-450 content and the other activities 
in the most stimulated states (Figs. 1,2B and 4B). 

Figure 5 shows the time-course of the effects of 
triethyl phosphate, an oxygen analog of OOO-Et(S), 
on hepatic microsomal enzymes at a dose of 
l.Ommoles/kg. At 6 hr after administration, a 
significant decrease was observed in cytochrome P- 
450 and aminopyrine N-demethylase activity but not 
in aniline p-hydroxylase activity. NADPH-cyto- 
chrome c reductase activity was also increased after 
some delay in comparison with the induction of 
OOO-Et(S). Cytochrome b5 content did not change 
throughout the experiments. 

Although not shown, the effects of carbon disul- 
fide, the simplest thiono-sulfur compound, on hep- 
atic microsomal enzymes were also examined at a 
dose of 1.0 mmoles/kg. At 6 hr after administration, 
microsomal cytochrome P-450 content and the 
metabolism of aniline and aminopyrine decreased to 
levels of 75.5,50.7 and 69.5% of control respectively. 
These activities recovered to the levels of control rats 
at 48 hr after administration. However, no significant 
increase was observed in NADPH-cytochrome c 
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Fig. 4. Effects of O,O,O-tri-n-alkyl phosphorothioates on the hepatic microsomal cytochrome P-450 
system at 24 hr (A) and 48 hr (B) after administration of 1.0 mmoles/kg. Each column represents the 
mean 2 SD (N = 3). A single asterisk indicates P < 0.05 vs control; double asterisks indicate P < 0.01 
vs control. Key: (mcyt. P-450; (m)aniline p-hydroxylase; f z) aminopyrine iV-demethylase; 

(r) NADPH-cyt. c reductase; (a) cyt. b,; and (a ) NADH-cyt. b, reductase. 
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Fig. 5. Time-course of the effect of triethyl phosphate on 
the hepatic microsomal cytochrome P-450 system. Triethyl 
phosphate: 1.0 mmoles/kg, i.p. The data are expressed as 
percentage of control activities in two separate experi- 
ments. The control experiments were run at 6 and 48 hr 
after administration. Each points shows the mean + SD 
(N = 3). A single asterisk indicates P < 0.05 vs control; 
double asterisks indicate P < 0.01 vs control. Key: (0) cyt. 
P-450; (0) cyt. b5; (m) aminopyrine N-demethylase; (0) 
aniline p-hydroxylase; and (A) NADPH-cyt. c reductase. 

reductase activity or cytochrome b5 content at any 
time during the recovery. 

Effects of O,O,S-tri-n-alkyl phosphorodithioates 
on the hepatic microsomal cytochrome P-450 system. 
In a previous study, we reported that the four hom- 
ologous O,O,S-tri-n-alkyl phosphorodithioates also 
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decrease the hepatic microsomal cytochrome P-450 
content and drug-metabolizing enzyme activities at 
6 hr after administration. However, during this acute 
phase, no significant increase is observed in 
NADPH-cytochrome c reductase activity [6]. In the 
present study, we examined a more extended period 
of recovery from the inhibition caused by these 
dithioate esters. As shown in Fig. 6A, all the hom- 
ologous compounds increased microsomal NADPH- 
cytochrome c reductase activity at 24 hr after 
administration, although the pattern of increase was 
different from that of each corresponding O,O,O- 
tri-n-alkyl phosphorothioate (Fig. 4). OOS-Et(S) 
was less effective in increasing reductase activity, 
and no recovery of drug-metabolizing enzyme activi- 
ties was observed. In general, the recovery from the 
inhibition was slower than that of O,O,O-tri-n-alkyl 
phosphorothioate-treated rats. Moreover, no 
rebound activity was observed in those homologs 
even at 48 hr after administration (Fig. 6B). 

In the rats treated with the lower homologs, 
serious toxicological signs including diarrhea, uri- 
nation, salivation and bleeding from the nose, eyes, 
and gastrointestinal tract were observed, and all rats 
treated with OOS-Et(S) died with respiratory 
distress between 24 and 48 hr after administration. 
In our previous study, OOS-Me(S) seemed to be the 
most toxic compound among the alkyl homologs 
tested when observed within 6 hr after administration 
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Fig. 6. Effects of O,O,S-tri-n-alkyl phosphorodithioates on the hepatic microsomal cytochrome P-450 
system at 24 hr (A) and 48 hr (B) after administration of 1 .O mmoles/kg. Each column represents the 
mean t SD (N = 3). A single asterisk indicates P < 0.05 vs control: double asterisks indicate P < 0.01 
vs control. Kev: (m)cyt. P-450; (m)aniline p-hydroxylase; (m) aminopyrine N-demethylase: 

( 1) NADPH-cyt. c reductase: (0) cyt. b,: (JJV) NADH-cyt. bi reductase. 
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Table 2. Effects of O,O,O-tri-n-alkyl phosphorothioates 
and O,O,S-tri-n-alkyl phosphorodithioates on serum GPT 

activity at 24 hr after administration of 1 .O mmoles/kg 

Compound (I(%$, 

Expt. 1 
Control 
OOO-Me(S) 
OOO-Et(S) 
ooo-Pr(Sj 
OOO-Bu(S) 

Expt. 2 
Control 

34.7 rt 1.5 
27.3 r 7.8 
27.0 t 4.4* 
34.0 rt 6.1 
32.3 2 3.1 

23.7 t 3.8 
52.0 it 8.R 

141.0 rt 30.3t 
00%Me(S) 
OOS-Et(S) 
00spr(sj 40.3 i: 9.3* 
OOS-Bu(S) 35.3 rt 4.0* 

Values are the means f SD for three rats, 
* P < 0.05 vs control. 
* PC 0.01 vs control. 

of a dose of 1.4mmoles/kg. However, the present 
subacute study showed that OOS-Et(S) is the most 
toxic and OOS-Me(S) is next. No death occurred in 
rats treated with less than 4.0 mmoles/kg of OOS- 
Me(S), and rats recovered from the intoxication 
(data not shown). 

Hepatic toxicity of trialkyl phosphorothioates. To 
examine the possibility of liver injury, serum GPT 
activity was determined in the rats treated with tri- 
alkyl phosphorothioates and trialkyl phosphoro- 
dithioates. As shown in Table 2, treatments with 
O,O,O-tri-n-alkyl phosphorothioates had no influ- 
ence on serum GPT activity. On the other hand, 
treatments with O,O,S-tri-n-alkyl phosphoro- 
dithioates caused a significant increase of serum GPT 
activity. These data indicate that some hepatic 
damage occurred especially in the administration of 
OOS-Et(S). 

DISCUSSION 

Many xenobiotics, including drugs, pesticides and 
industrial chemicals, are known to inhibit the hepatic 
microsomal cytochrome P-450 system in mammals, 
whereas most of the compounds known to act as 
inhibitors, such as 2-diethylaminoethyl-2-2-diphenyl 
valerate (SKF-525A) and metyrapone, also act as 
inducers of the same enzyme system in a subchronic 
or chronic phase [17,18]. In the present study, OOO- 
Et(S), a potent inhibitor of cytochrome P-450, also 
appears to act as an inducer in the subacute phase. 
The inducing effect of this compound was char- 
acterized by a rapid increase of NADPH-cyto- 
chrome c reductase activity. The data shown in Fig. 3 
and Table 1 suggest that the increase of the reductase 
activity is not caused by activation but by de nouo 
synthesis of this enzyme, as has been observed in the 
induction by phenobarbital. 

The same induction of the reductase was also 
observed with the alkyl homologs and the oxygen 
analog (Figs. 4 and 5) but not with carbon disulfide. 
These results may indicate that the trialkyl ester 

structure of phosphate or the phosphorothioate is 
required to cause the rapid induction of the reductase 
and that the biosynthesis of the enzyme was not 
related to the loss of cytochrome P-450 caused by 
the thiono-sulfur moiety. Similar to the metabolism 
of parathion, a thiophosphate insecticide [4], OOO- 
Et(S) may be transformed partly to triethyl phos- 
phate via oxidative desulfuration mediated by the 
cytochrome P-450 system. The inducing effects of 
OOO-Et(S) on the reductase cannot be explained 
by metabolic production of its oxygen analog, 
because the induction of OOO-Et(S) was more effec- 
tive than triethyl phosphate. According to Madhukar 
and Matsumura 1191, some thiophosphate insec- 
ticides, diazinon and malathion, act as potent indu- 
cers of NADPH-cytochrome c reductase when rats 
are treated with the pesticides consecutively at sub- 
lethal doses. Our results suggest that the charac- 
teristic induction pattern of these pesticides orig- 
inates, in part, with phosphorothioate structures. 

Similar to the reductase induction, subchronic 
induction of the other drug-metabolizing enzyme 
components cannot be explained by its oxygen 
metabolite. This is because the induction patterns 
of OOO-Et(S) are different from that of triethyl 
phosphate. For example, OOO-Et(S) caused a 
higher elevation of aminopyrine ~-demethylase than 
of aniline p-hydroxylase and cytochrome P-450. This 
may depend in part on the induction of NADPH- 
cytochrome c reductase and cytochrome b5, because 
cytochrome &-synergism is known in N-demethyl- 
ation of aminopyrine but not in aniline hydroxylation 
[20,21]. Another possibility is that the cytochrome 
P-450 species responsible for catalyzing demethyl- 
ation was selectively induced. Although OOO-Et(S) 
was the most effective as an inhibitor and also as 
an inducer of the cytochrome P-450 system among 
homologous compounds, the potency of the two 
effects did not correlate with these compounds. For 
example, OOO-Me(S) was a strong inhibitor (Fig. 
4A) but not an effective inducer (Fig. 4B). This 
observation indicates that the inhibition and the 
induction of enzymes of the cytochrome P-450 system 
may be controlled by some independent charac- 
teristics of the compounds. 

The effects of O,O,S-tri-n-alkyl phosphorodi- 
thioates are more complicated. In the rats treated 
with these dithioate triesters, some severe toxic 
symptoms were seen and only NADPH-cytochrome 
c reductase was induced. In the recent decade, 
unique toxicities of some trimethyl phosphoro- 
thioates containing the thiolate-ester structure, such 
as O,O,S-trimethyl phosphorothioates, O,S,S-tri- 
methyl phosphorodithioate and O,O,S-trimethyl 
phosphorodithioate [OOS-Me(S)] have been 
reported [22-261. Although OOS-Me(S) is reported 
to be fairly low in toxicity among these trimethyl 
esters [22,23,25], our present study shows higher 
toxicity of the triethyl ester accompanied by some 
hepatic damage. Considering the strong induction 
ability of OOO-Et(S), OOS-Et(S) may also be 
expected to have strong inducing activity for 
NADPH-cytochrome c reductase. However, the 
induction of OOS-Et(S) was most likely repressed 
by its own toxic effects. In our previous report [6], 
no significant increase of NADPH<ytochrome c 
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reductase activity was observed in the rats treated 8. M. Torres, J. Jarvisalo and J. Hakim, Explmolec. Path. 
with OOS-Et(S) or OOS-Bu(S) at a dose of 34, 331 (1981). 
1.4 mmoles/kg. Our present result indicates that the 9. T. Yoshida, K. Homma, Y. Suzuki and M. Uchiyama, 

induction of the reductase was repressed by some Chem. pharm. Bull., Tokyo 23, 2155 (1975). 

hepatic damage and/or indirect toxic effects such as 10. T. Omura and R. Sato.J. biol. Chem. 239,237O (1964). 

loss of intake of food and water. 11. Y. Imai, A. Ito and R. Sato, .I. Biochem., Tokyo 60, 

Konno et al. [26] reported that a single oral 
417 (1966). 

administration of O,O,S-trimethyl phosphoro- 
12. J. Cochin and J. Axelrod, J. Pharmac. exp. Ther. 125, 

dithioate caused a dose-unrelated alteration in the 
105 (1959). 

activity of NADPH-cytochrome c reductase in liver 
13. T. Omura and S. Takesue, J. Biochem., Tokyo 67,249 

(1970). 
and lung microsomes. It may also be the case that 14. S. Takesue and T. Omura, J. Biochem., Tokyo 67,267 
an inducing property of this compound was limited (1970). 

by physical conditions resulting from its toxicity. 15. 0. H. Lowrv, N. J. Rosebrough, A. L. Farr and R. J. 
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