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Abstract-The induction by the central stimulant picrotoxin of hepatic drug-metabolizing enzymes was 
studied in rats. The hepatic content of P450 and the activity of benzphetamine N-demethylation increased 
gradually after administration of picrotoxin dissolved in drinking water (2 mg/mL), to three-times higher 
levels than the initial values at the third day of treatment. The increase in benzphetamine iV-demethylase 
activity by picrotoxin was somewhat higher than the increase produced by phenobarbital. Supporting 
these results, immunoblot analysis showed that CYP2Bl and 2B2 proteins in the liver microsomes were 
increased by picrotoxin. Picrotoxinin and picrotin, which are components of the picrotoxin molecule, 
had the same ability to induce the hepatic activity of benzphetamine N-demethylation. The liver 
microsomal activities of testosterone 16~ and 16/%hydroxylation were enhanced significantly after 
treatment with picrotoxinin and picrotin. However, benzo[a]pyrene 3-hydroxylation, aniline 4-hydroxy- 
lation, and testosterone hydroxylations at the 2~ and 7qositions were not increased by picrotoxinin 
and picrotin treatment. In addition to monooxygenase, significant induction of glutathione S-transferase 
activity for 1-chloro-2,Cdinitrobenzene and UDP-glucuronyltransferase activity for 4-hydroxybiphenyl 
and 4-nitrophenol was also observed by pretreatment of picrotoxin. These results clearly indicate that 
picrotoxin is an inducer of phenobarbital-inducible liver enzymes. 

It is well known that phenobarbital (PBS) markedly 
induces the CYP2BII. subfamily of cytochrome P450 
(P450) in the rat [2,3]. While the evidence that PB 
enhances the transcription of genes coding P45Os of 
the CYP2B subfamily was provided [4-71, the 
mechanism(s) how this inducer increases the 
transcription has not yet been determined [8]. A 
number of diverse synthetic chemicals other than 
PB have been reported to induce CYP2B P45Os 
[3,9]. In addition, some natural products are also 
known to induce the CYP2B subfamily of P450, 
isosafrole [3, lo], flavonoids [ll] and terpenoids [12] 
are potent inducers for this family of P450. The 
activity of these natural products was suggested to 
be a cause of the evolutionary adaptation of the 
CYP2B subfamily P450 [12]. Connecting with this 
view, “animal-plant warfare” has been proposed for 
the evolution of some mammalian P450 enzymes 
[13,14]. However, natural products described above 
are less effective than PB as the inducer of CYP2B 
P450. We thought that the substances examined so 
far were comparatively non-toxic and tested whether 
more potent inducers for CYP2B P450 could be 
found in highly toxic plant constituents. 

* Present address: Fujisawa Pharmaceutical Co. Ltd, 
2-l-6 Kashima, Yodogawa-ku, Osaka 532, Japan. 

t Present address: Shionogi Pharmaceutical Co. Ltd, 
3-1 Futaba-cho, Toyonaka 561, Japan. 

$ Corresponding author. Tel. (092) 641 1151, ext. 6136; 
FAX (092) 641 8154. 

6 Abbreviations: P450. cytochrome P450; PB, pheno- 
barbital; GABA, y-aminobutyric acid; GST, glutathione 
S-transferase; GT, glucuronyltransferase. 

11 A new nomenclature system for designation of 
cytochrome P45Os [l] was used. 

Picrotoxin is a natural product contained in plants 
such as Cocculus indicus, Anamirta cocculus and 
Menispermum cocculus [15]. This material is a 
compound consisting of two components, pic- 
rotoxinin and picrotin in a ratio of 1: 1 (Fig. l), and 
the former is more toxic than the latter [16]. 
Picrotoxin is a stimulant of the central nervous 
system of mammals due to its inhibitory action 
toward y-aminobutyric acid (GABA) receptors 
[17,18]. The fact that plants containing such toxic 
substances are distributed all over the world [15,19] 
(Fig. 1) led us to examine the hypothesis mentioned 
above. The present study examined the inducibility 
of picrotoxin for CYP2Bl and 2B2. Further, the 
inducing potencies of picrotoxin components, 
picrotoxinin and picrotin, were compared. 

MATERIALS AND METHODS 

Materials. Picrotoxin, picrotoxinin and picrotin 
were purchased from the Sigma Chemical Co. (St 
Louis, MO, U.S.A.) Benzphetamine hydrochloride 
wasagenerousgiftfrom theUpjohnCo. (Kalamazoo, 
MI, U.S.A.). 3-Hydroxybenzo[a]pyrene and 2- 
hydroxytestosterone were kindly donated by Dr N. 
Kinoshita, (Kyushu University, Fukuoka, Japan) 
and from Dr Y. Nakamura (Shionogi Pharmaceutical 
Co., Osaka, Japan), respectively. The following 
chemicals were purchased from the sources indicated: 
testosterone, aniline hydrochloride, 4-nitrophenol 
and 4-hydroxybiphenyl (Wako Pure Chemical 
Industries, Co. Ltd, Osaka, Japan); 4-aminophenol 
hydrochloride, 1-chloro-2+dinitrobenzene, and 
benzo[a]pyrene (Nacalai Tesque Co. Kyoto, Japan); 
68, 7&-, 16ff-, 16j%hydroxytestosterone and 4- 
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Fig. 1. Structures of picrotoxinin, picrotin and related compounds. 

androsten-3, 17-dione (Steraloids Inc. Wilton, NH, 
U.S.A.). Rabbit anti-CYP2Bl immunoglobulin G 
was prepared by the method described elsewhere 
[20]. All other materials were the highest quality 
commercially available. 

Preparation of tissue subfractions. Male Wistar 
rats weighing 160-18Og were used. Picrotoxin was 
dissolved in deionized water at a concentration of 
2 mg/mL, and this solution was given to rats ad lib. 
together with commercial rat chow. Picrotoxin in 
(1 mg/mL) or picrotin (1 mg/mL) was similarly 
ad~nistered. The amounts of these toxic compounds 
ingested by rats were calculated from the volume of 
drug solution consumed. PB was administered i.p. 
to rats at a dose of 80mg/kg/mL saline for 3 
consecutive days. After the treatment with the drug 
for 1-4 days, rats fasted overnight and then the livers 
were removed. The liver was homogenized in 3 vol. 
of 1.15% KCI and centrifuged at 9000g for 20 min. 
The resulting supernatant was further centrifuged at 
105,OOOg for 60min to prepare microsomes and 
cytosol fractions. The microsomes were.washed once 
with 1.15% KC1 and resuspended m a volume 
equivalent to the original liver weight of 0.1 M 
potassium phosphate (pH 7.4) containing 20% 
glycerol. The subfractions were separated into small 
quantities and stored at -80” until use. 

Analytical methods. The activities of microsomal 
drug metabolism were assayed by the methods 
indicated as below: benzphetamine N-demethylation 
[21], benzo[a]pyrene 3-hydroxylation [22], aniline 4- 
hydroxylation [23], testosterone hydroxylations 
[24], 4-nitrophenol glucuronidation [25] and 4- 
hydroxybiphenyl glucuronidation [26]. Cytosolic 
activity of glutathione S-transferase (GST) for l- 

chloro-2,4_dinitrobenzene was determined by the 
method of Habig et al. [27]. The content of 
cytochrome P450 was measured spectrophoto- 
metrically by an established method [28]. Protein 
was determined by the method of Lowry et al. [29] 
using bovine serum albumin as the standard. Western 
blotting of CYP2Bl and 2B2 was carried out 
according to reported methods [30,31]. 

RESULTS 

Picrotoxin was dissolved in drinking water and 
given to rats for l-4 days. Daily changes of hepatic 
P450 content and benzphetamine N-demethylase 
activity were measured (Fig. 2). No rat died during 
the experimental periods, although the animals given 
picrotoxin lost body weight within the initial 24 hr 
of the treatment. From the volume of water 
consumed, the calculated amounts of picrotoxin 
ingested at day 1, day 2, day 3 and day 4 were 46.8, 
58.1, 64.1, and 84.0 pmol/animal, respectively. The 
P450 content and the activity of benzphetamine N- 
demethylation were found to increase progressively 
up to the third day from the beginning of treatment. 
As these two parameters at the fourth day were 
lower than those at the third day, the maximum 
effect of picrotoxin was indicated at the third day. 
The increase of CYP2Bl and 2B2 proteins with 
picrotoxin was confirmed by the western blot analysis 
as shown in Fig. 3A. The effects of picrotoxin on 
the induction of benzphetamine N-demethylase 
activity, P450 content (Fig. 2) and of the expression 
of CYP2Bl and 2B2 proteins (Fig. 3B) demonstrated 
that picrotoxin is an excellent inducer compared to 
PB. 



Picrotoxin 
(2 mglml as 
drinking water) 

Induction of P450 by picrotoxin 

Phenobarbital 
(80 mglkglday x 3) 

1785 

0 100 200 300 400 

Relative activity (%) to control 

Fig. 2. Change in the P450 content and benzphetamine N-demethylase activity of rat liver microsomes 
by picrotoxin treatment. Picrotoxin was administered to rats in drinking water (2 mg/mL) for the 
periods indicated. Water without picrotoxin was given to control animals ad lib. Phenobarbital, a 
reference inducer, was administered to rats (N = 4) at a dose of 80 mg/kg/day for 3 consecutive days, 
and rats in this group were killed on the day after the last injection. Each bar represents the relative 
value (%) to the control with a standard deviation (N = 4 or 5). The P450 content and benzphetamine 
N-demethylase activity in control animals were 0.69 ? 0.09 nmol/mg protein and 10.6 -C 0.7 nmol/min/ 

mg protein, respectively. *Significantly different from control (P < 0.01). 

When picrotoxinin and picrotin, which are highly 
toxic, and the less toxic component of picrotoxin, 
respectively, were administered to rats, no difference 
was observed between their abilities to induce 
benzphetamine N-demethylase activity (Table 1). 
Sincetheactivitiesofbenzo[a]pyrene3-hydroxylation 
and aniline 4-hydroxylation of rat liver microsomes 
were not increased by picrotoxinin and picrotin 
treatments (Table l), these chemicals were con- 
sidered not to induce the CYPlA and 2E subfamily. 
The changes in the microsomal activities of 
testosterone hydroxylations after picrotoxinin and 
picrotin administration are also shown in Table 1. 
As expected, the activities for 16~- and 16/I- 
hydroxylation which are catalysed by CYP2Bl and 
2B2 [32,33] were enhanced more than twice. 
Testosterone 6/3-hydroxylation and 17-oxidation 
were also increased by picrotoxinin and picrotin 
treatments, but to a lesser extent than the increase 
in the activities of 16~~- and 16@-hydroxylation. 

The ability of picrotoxin to induce GST and 
glucuronyltransferase (GT) activities is shown in 
Table 2. The cytosolic activity of GST towards l- 
chloro-2,4_dinitrobenzene was increased significantly 
by picrotoxin pretreatment. The same was true of 
the activities of microsomal 4-hydroxybiphenyl GT 
and 4-nitrophenol GT. In addition, the two GT 
activities were also induced by picrotoxinin and 
picrotin treatment (Table 2). Noticeable differences 
were not seen in the induction potency for GT 
activities by picrotoxin, picrotoxinin and picrotin. 

DISCUSSION 

The present studies showed that picrotoxin 

strongly induces rat hepatic CYP2Bl and CYP2B2. 
Picrotoxin blocks chloride ion channels which are 
coupled with GABA receptor, and this is considered 
to be a principle mechanism of picrotoxin toxicity 
[17,18]. On the contrary, PB promotes GABA- 
induced Cl- current, and picrotoxin antagonizes this 
effect of PB [34]. Therefore, because of the opposite 
effect of picrotoxin and PB on the Cl- ion current, 
it seems unlikely that the effect of Cl- ion channel 
is involved in the mechanism of CYP2B1/2 induction. 
Supporting this view, the highly toxic picrotoxinin 
and the less toxic picrotin induced CYP2Bl and 2B2 
equally. Since the suppression of the CYP2B 
subfamily by growth hormone and thyroid hormone 
has been reported [35--371, it seems possible that 
picrotoxin induces the CYP2B subfamily through 
the effect on secretion of these endocrine factors. 
However, our recent study indicated that picrotoxin 
competitively inhibits the specific binding of [3H]PB 
to rat liver,* suggesting picrotoxin directly interacts 
with the same factor as that involved in PB-mediated 
induction of the CYP2B subfamily. 

The information on the fate of picrotoxin in the 
animal is limited. However, early studies suggest 
that this toxin disappeared quickly from the blood 
by biotransformation [38,39]. Urinary excretion of 
the unchanged picrotoxin appears to be very limited 
[38]. If the absorption of picrotoxin from the 
gastrointestinal tract of rats was almost complete, 
the ingested dose would be approximately St& 
80 pmol/rat/day in the present study. This is 
comparable to the dose (6Oymol/rat/day) of PB 
which was administered intraperitoneally. Segelman 

* Hamaguchi T, Oguri K, and Yoshimura H unpublished 
observation. 
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Fig. 3. Immunoblot analysis of liver microsomes from picrotoxin- (A and B) and phenobarbital- 
pretreated (B) rats with anti-CYP2B1/2 immunoglobin G. Sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis was performed by using either 9% gel (experiment A) or 7% gel (B). Microsomes 
were applied to the wells in an amount of 0.5 pg protein. Purified CYP2Bl and 2B2 were electrophoresed 
in the amount of 0.1 pg of protein. In the experiment shown in A, animals were treated with picrotoxin 
for the periods indicated. See Materials and Methods and the legend of Fig. 2 for details of animal 
pretreatments. In the experiment B, picrotoxin-treated microsomes were prepared from rats which 
were treated with this toxin for 3 days. All microsomal samples were prepared from different animals. 

et al. [40] have reported that the administration of 
PB as 0.1% in drinking water causes maximal 
induction of rat P450 similar to the injection of 
lOOmg/kg. In our present study, picrotoxin was 
given to rats in 0.2% drinking water. This 
concentration is similar to that of PB in the drinking 
water described above. Taking the rapid metabolism 
of picrotoxin in the animal into consideration, the 
ability of picrotoxin to induce CYP2Bl and 2B2 was 
estimated to be comparable to PB or higher. 

Picrotoxin absorbed in the rat seems to be 
detoxified by the same enzymes as those responsible 
for the metabolism of strychnine [41]. Our recent 

studies indicated that the liver microsomes from PB- 
pretreated rats efficiently catalysed the metabolism 
of strychnine [20], and the alkaloid itself was an 
inducer of CYP2Bl and 2B2 [42]. These observations 
support the above view. It is known that testosterone 
6/3-hydroxylation is mainly catalysed by the CYP3A 
subfamily of P450 [43-45]. As this testosterone 
hydroxylation was weakly enhanced by picrotoxinin 
and picrotin, these compounds might induce some 
forms of P450 belonging to the CYP3A subfamily. 
The induction of P450 content with picrotin was 
significantly higher than that with picrotoxinin. This 
observation may mean that picrotin but not 
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Table 1. Induction by picrotoxinin and picrotin of hepatic microsomal activities of benzphetamine 
N-demethylation, benzo[a]pyrene 3-hydroxylation, aniline p-hydroxylation and testosterone 

hydroxylations 

Reaction 
Control 
(N = 4) 

Picrotoxinin 
(N = 5) 

Picrotin 
(N = 4) 

P450 content* 0.71 2 0.04 1.14 r O.llS§ 1.72 2 0.18$0 
Benzphetamine N-demethylationt 10.9 t 0.9 19.9 f 2.7$ 22.1 2 2.2$ 
Benzo[a]pyrene 3-hydroxylationt 0.15 * 0.01 0.19 2 0.02 0.16 2 0.01 
Aniline 4-hydroxylationt 1.20 + 0.06 1.25 ? 0.11 1.20 * 0.07 
Testosterone hydroxylationt 

2cu-Hydroxylation 0.18 t 0.01 0.20 -+ 0.03 0.19 + 0.02 
6B_Hydroxylation 0.40 ‘- 0.06 0.62 + O.Ol$ 0.51 2 0.10 
7&-Hydroxylation 0.36 f 0.01 0.35 I 0.06 0.30 -r- 0.04 
16&-Hydroxylation 0.75 * 0.03 1.81 t 0.45$ 1.75 2 0.49$ 
16B_Hydroxylation 0.40 ? 0.02 0.82 ” 0.14$ 0.88 2 0.13$ 
17-Oxidation 0.35 t 0.04 0.54 rt 0.08$ 0.49 t 0.12 

Picrotoxinin and picrotin were administered to rats in drinking water (1 mg/mL) for 3 days. 
Each value represents the mean +- SD of four to five animals. 

* nmol/mg protein. 
t nmol/min/mg protein. 
$ Significantly different from the control (P < 0.01). 
0 Significantly different with each other (P < 0.01). 

Table 2. Induction of hepatic GST and GT by picrotoxin, picrotoxinin, and picrotin 

Reaction 
Control 
(N = 4) 

Picrotoxinin 
(N = 5) 

Picrotin 
(N = 4) 

Picrotoxin 
(N = 4) 

Glutathione S-transferase 
Glucuronyltransferase 

4-Nitrophenol 
4-Hydroxybiphenyl 

0.78 f 0.02 ND ND 1.29 ? 0.08’ 

62.3 2 4.5 118.4 * 6.7’ 101.9 rt 7.8* 97.1 f 1.3’ 
30.7 2 1.3 52.8 2 1.6* 56.1 ? 2.4* 55.6 -+- 2.5* 

Picrotoxinin and picrotin were administered to rats in drinking water (1 mg/mL) for 3 days. 
Picrotoxin was administered as 2 mg/mL in drinking water for 3 days. Each value represents the 
mean f SD of four to five animals. All activities are shown as nmol/min/mg protein. 

ND not determined. 
* Significantly different from the control (P < 0.01). 

picrotoxinin induces P45O(s) other than CYPlA, 2B, 
2E and 3A subfamily isozymes. 

As shown in Fig. 1, picrotoxinin and the related 
compounds can be classified as terpenoids. Austin 
et al. [12] have studied inducibility by simple 
terpenoids such as camphor and pinene, and have 
reported that all the terpenoids are potent inducers 
of the CYP2B subfamily P450. The potencies were, 
however, less than that of PB [12]. Their results and 
our present findings suggest that toxic terpenoids 
might be stronger inducers of CYP2B P450 than the 
less toxic terpenoids. Thus, it may be possible to 
consider that simple prototype terpenoids made by 
plants evolve to make more toxic compounds such 
as picrotoxin to avoid being eaten by animals. If this 
is true, the reverse view that animals made the 
ancestor form of P450 co-evolve to CYP2B P450 for 
detoxifying the toxic ingredients of foods might be 
possible. The fact that picrotin, a less toxic 
component of picrotoxin, was equally as effective as 
picrotoxinin, a toxic component, as the inducer 
for CYP2B1/2 may not agree with the above 

consideration. However, the LDso value (mouse, 
i.p.) of picrotin was reported to be 135 mg/kg [16]. 
This value is far higher than that for picrotoxinin 
(3 mg/kg) [16], but is much less than the LDso values 
of the simple terpenoids such as camphor (2200- 
2400mg/kg, mouse, s.c.) [46] and menthol (5OOO- 
6000 mg/kg, mouse, s.c.) [46]. Therefore, it is 
possible to consider that picrotin is a toxic ingredient 
in plants. Besides picrotoxin, strychnine was an 
inducer for the CYP2B subfamily as mentioned 
above. Further, another plant constituent, canna- 
bidiol, was also shown to increase the hepatic content 
of the CYP2B subfamily P450 [47], although this 
drug initially inhibits hepatic monooxygenase activity 
[48]. The present results provide evidence for the 
hypothesis that plant toxins were the driving force 
for the evolution of the CYP2B subfamily in animals. 
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