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The intensi ty of the inducing action of phenobarbi ta l  on m i c r o s o m a l  monooxygenase depend- 
ing on the number  of binding s i tes  for  this inducer in the act ive  center  of cy tochrome P-450 
was investigated.  Choles tas is  accompanied  by the accumulat ion of hydroxyla ted  metabol i tes  
of choles tero l ,  p o s s e s s i n g  detergent  p r o p e r t i e s  and dis in tegra t ing the subs t r a t e  a r e a  for  phe -  
nobarbi ta l  in the P-450 molecule ,  was chosen as the model.  The abil i ty of phenobarbi ta l  to 
induce under conditions excluding the s tage of p r i m a r y  binding and m e t a b o l i s m  of monooxy-  
genase was demonst ra ted ;  this points to act ivat ion of the synthes is  of the spec i f ic  p ro te in  by 
the whole molecule  of the inducer and not by its p r i m a r y  hydroxylat ion products  in the m i c r o -  
s omes .  
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Among subs t r a t e s  undergoing oxidative convers ions  ca ta lyzed by cy tochrome P-450 in the l ive r  m i -  
c r o s o m e s  the re  a r e  some  with the abil i ty to induce the fo rmat ion  of that  enzyme de novo [5]. The under -  
standing of the mechan i sm of this phenomenon,  which is of clinical [13] as well  as of theore t ica l  impor -  
tance,  l a rge ly  depends on the d i scovery  of the nature  of in t race l lu la r  recep t ion  of the inducer and subse -  
quent act ivat ion of the genome [9]. For  phenobarbi ta l ,  the mos t  thoroughly studied m e m b e r  of this group 
of inducers [5], this r e cep t o r  is not yet known. On the other hand, modern  theor ies  of induced enxyme f o r -  
mutton at t r ibute  a key ro le  to the initial s tage of fo rmat ion  of the e n z y m e - s u b s t r a t e  (inducer) complex;  the 
ro le  a sc r ibed  to the subs t ra t e  is e i ther  that  of s tabi l iz ing the enzyme or of s t imulat ing synthes is  of the 
speci f ic  p ro te in  by the products  of its p r i m a r y  m e t a b o l i s m  [1]. In this connection it was natura l  to a s sume  
that  the act ive center  of cy tochrome P-450 i tself  acts as the r e c e p t o r  for  phenobarbi ta l .  

To tes t  this hypothesis  the intensi ty of the inducing action of phenobarbi ta l  was studied in re la t ion  to 
the number  of binding s i tes  for this and other type I subs t r a t e s  [15] in the act ive center  of cy tochrome P -  
450. Exper imenta l  choles tas i s  was chosen as the model ;  in this condition hydroxy-de r iva t tves  of bite sa l t s ,  
with detergent  p rope r t i e s  and the abil i ty to des t roy  the subs t r a t e  a r e a  for  ba rb i tu ra t e s  and pyrazo lone  de-  
r iva t ives  [4] in the P-450 molecule ,  accumula te  in the l iver  cel ls  [8]. 

E X P E R I M E N T A L  M E T H O D  

Male Wis ta r  r a t s  weighing 180-200 g were  used. The bile duct was l igated by the method of G r e t m  
et al. [8]. On the fourth day a f t e r  the operat ion some  animals  r ece ived  in t raper i tonea l  injections of pheno-  
barb i ta l  sodium (100 mg/kg)  daily for  3 days. Rats  undergoing a mock  operat ion,  who also r ece ived  phe-  
nobarbi ta l ,  acted as the control ,  Isolat ion of the l iver  m i c r o s o m e s  and de termina t ion  of the content of p r o -  
tein and of cy tochromes  P-450 and P-420,  of act iv i ty  of NADPH-cy tochrome c r educ tase  and NADPH-=cyto- 
c h r o m e - P - 4 5 0  reduc tase ,  of max ima l  binding (the AAmax constant) of phenobarbi ta l ,  aminopyr ine ,  and 
anil ine,  the r a t e  of N-demethyla t ion  of aminopyr ine  and of p-hydroxyla t ton  of anil ine,  and a lso  act ivi ty  of 
enzyme and ascorba te -dependen t  s y s t e m s  of peroxidat ion of m i c r o s o m a l  l ipids,  were  ca r r i ed  out as de- 
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Substrate-binding and metabolic activity of rot-  Fig. 1. 

crosomal  f ract ion of l iver  dttring development of eholes-  
tas is .  1) Content of cytochrome P-450 (100%=0.95 • 0.07 
nmole /mg  protein);  2) activity of NADPH-cy toch rome  e 
reduc tase  (100% =93 • 6 nmoles cytochrome reduced  in 1 
rain mg protein);  3) activity of NADPH-cy toch rome  P-450 
reductase  (100% =2.0 e: 0.1 nmoles cytochrome reduced  in 
1 rain/1 mg protein);  4) maximal binding of aniline (100% = 
27.0•  1.2 O. D. units between 430 and 500 nm.  10-z/rag 
protein);  5) maximal binding of aminopyrine (100% =13.8 • 
0.9 O.D. units between 421 and 500 nm x 10-3/rag protein);  
6) r a t e  of p-hydroxylat ion of aniline (100% =0.56 -~ 0.04 
nmole p-aminophenol formed in 1 rain/rag protein);  7) r a t e  
of N-demethylat ion of aminopyrine (100% =3.76 • 0.22 nmoles 
formaldehyde formed in 1 min /mg protein);  8) ra te  of enzymic 
preoxidat ion of lipids (POL) (100~ =164 • 10 natoms oxygen 
util ized in 1 rain/rag protein);  9) ra te  of ascorbate-dependent  
POL (100% = 180 • 14 natoms oxygen util ized in 1 rain/rag p ro -  
tein). Abscissa ,  t ime af ter  l igation of bile duct (in days); o r -  
dinate, spec t ra l  and kinetic p a r a m e t e r s  of exper imenta l  m ic ro -  
somes (in % of control).  

Fig. 2. Effect of phenobarbital  on content and enzyme activity 
of components of mic rosomal  monooxygenase f ro m  l iver  of con- 
t ro l  r a t s .  1) Content of cytochrome P-450; 2) act ivi ty  of NADPH- 
eytochrome c reductase ;  3) act ivi ty of NADPH- cytochrome P-450 
reductase ;  4) maximal  binding of aminopyrine;  5) ra te  of N-de-  
methylation of aminopyrine;  6) maximal  binding of aniline; 7) 
r a t e  of p-hydroxylat ion of aniline; 8) ra te  of enzymic POL; 9) 
ra te  of aseorbate-dependent  POL. For  values of control  indices, 
see Fig. 1. Ordinate,  inducing effect  of phenobarbital  (in % of 
control).  

sc r ibed  previous ly  [16, 17]. Activity of NADPH oxidase in the p resence  and absence of 1.6 mM phenobar-  
bital was determined byOr ren iu s ' s  method [11]. All spec t ra l  measurements  were  made on the Hitachi-356 
differential  spec t rophotometer .  Details of the exper iments  are  given in the captions to the f igures .  

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

As Fig. 1 shows, mic rosomal  enzyme sys tems sensi t ive to all forms of injury to the phospholipid 
component of the membranes  [6] have thei r  act ivi ty cons iderably reduced  during the development of eholes-  
tas is .  The r ea son  is evidently an excess ive  accumulat ion of secondary  cholates,  with a detergent  action on 
the mie rosomal  membrane  [4], in the l iver  cells .  
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TABLE 1. Effect  of Cholestasis  on Maximal 
Binding of Phenobarbi ta l  and on NADPH-Oxi-  
dase Act ivi ty  of Liver  Mic rosomes  (results  
of four exper iments ;  M -~ in) 

Experimental 
conditions 

Contr, ol 
Cholestasis (7 days) 
Same+ injection of 

phenobarbital, s t ag -  
ing on 4th day 

Control + injection of 
~henobarbital for 

days 

~Ama x * 

Rate of oxidation 
of NADPH~f 

ofpheno-  pheno- 
barbital barbital 

5,9 -+ 0,29 
0,1-+0,01 

3,4-+0,17 

3,9-+ 0,22 

11,8-+ 0,7: 
5,1-+0,4 

7,7-+0,5'. 

21,8-+ 1,2 

14,3-+0,8 
5,1-+0,4 

12,1-+0,7 

26,1-+ 1,3 

*Maximal  binding in AA42t_50 o. 103 in O.D. un i t s /  
m i n / m g  prote  in. 

Rate of oxidation of NADPH in n m o l e s / m i n / m g  
prote in .  

~00 
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Fig. 3. Effect  of induction of l ive r  
m t e r o s o m a l  monooxygenases  by phe-  
nobarbi ta l  during choles tas i s .  Ab-  
s c i s s a ,  content and act ivi ty  of mono-  
oxygenase components (legend, see  
Fig. 2); ordinate ,  intensi ty of inducing 
action of phenobarbi ta l  (in % of o r ig -  
inal act iv i ty  on seventh  day of eho les -  
tas  is). 

The choice of t ime for  the admin is t ra t ion  of phenobar -  
bi ta l  in these expe r imen t s  during the development  of choles-  
t as i s  was de te rmined  by two fac to r s .  F i r s t ,  in the per iod  be -  
tween the 4th and 7th days a f te r  l igat ion of the bile duct, in- 
dices such as the cy tochrome P-450 content, ac t iv i ty  of 
N A D P H - c y t o c h r o m e  c r educ tase ,  and binding of aniline, a 
subs t r a t e  using the ligand of heme iron of P-450,  c a m e o u t o n -  
to a p la teau  (Fig. 1). Second, in this per iod  the number  of 
binding s i tes  for  type I subs t r a t e s  e s t ima ted  f r o m  the value 
of AAmax [12], fel l  cons iderably  for aminopyr ine  (Fig. 1) and 
was vi r tual ly  indeterminable  for  phenobarbi ta l  (Table 1). 

F u r t h e r m o r e ,  during the development  of choles tas i s  the 
s t imula t ing  effect  of phenobarbi ta l  on the r a t e  of NADPH oxi-  
dation was not obse rved  (Table 1); according to Martin [10], 
this is evidence of inhibition of the hydroxylat ion of this b a r -  
b i tu ra te  by the enzyme s y s t e m  containing P-450.  The abil i ty 
of phenobarbi ta l  to induce m i c r o s o m a l  monooxygenase can 
thus be e s t ima ted  under conditions when the s tage of p r i m a r y  
binding and m e t a b o l i s m  of the inducer by the enzyme is ab-  
sent.  

The r e su l t s  given in Figs.  2 and 3 indicate that t r ip le  injection of phenobarbi ta l  into both control  and 
exper imenta l  animals  is followed by a marked  and p rac t i ca l ly  equal i nc rease  in the content and enzymic  
act ivi ty  of components  of m i c r o s o m a l  e l e c t r o n - t r a n s p o r t  chain. Meanwhile the r a t h e r  s m a l l e r  inc rease  in 
max imal  binding of aminopyr ine  can evidently be explained by compet i t ion between this subs t ra t e  and hy-  
droxylated metabol i tes  of choles te ro l ,  which a re  a lso  type I subs t r a t e s  with high affinity for  P-450 [8]. 
This conclusion is a l so  suppor ted  by the g r e a t e r  inc rease  in the r a t e  of the N A D P H - c y t o c h r o m e  P-450 r e -  
duetase reac t ion  in the l ive r  m i c r o s o m e s  of the exper imenta l  than of the control  r a t s .  On the other hand, 
the less  ma rked  inc rease  in binding and m e t a b o l i s m  of the type II subs t r a t e ,  anil ine,  obse rved  in the ex-  
pe r imen ta l  p r epa ra t ions  cannot be comple te ly  understood; in this connection the poss ib le  detergent  effect  
of deoxycholate on the  phospholipid-dependent  hydrophobic zone, incorpora t ing  the heme of cy tochrome P -  
450, cannot be ru led  out [3]. 

As Fig. 2 shows,  m i c r o s o m a l  m e m b r a n e s  f r o m  the l iver  of induced ra t s  have a low veloci ty of lipid 
peroxidat ion (POL) reac t ions .  This applies equally to the r a t e  of enzymic  POL by the exper imenta l  m i c r o -  
somes  (Fig. 3). As r e g a r d s  the act ivi ty  of a seo rba te -dependen t  POL, in this  case  the p ic ture  was s i m i l a r  
to that with the control  p r e p a r a t i o n s ,  when t r e a t m e n t  of m i c r o s o m e s  in vi t ro  with deoxycholate led to a 
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marked increase in the rate of POL, which was explained by the ,'loosening,, of the membrane and the easier 
breakdown of the resulting hydroperoxides of the unsaturated fatty acids by iron ions [2]. 

The data given in this paper thus indicate marked induction of microsomal monooxygenases by pheno- 
barbital, despite the absence of the stage of primary binding and metabolism in the active center of the en- 
zyme so very important for a lipophilic inducer [7, 14]. The facts described above suggest that activation 
of the genome and of subsequent synthesis of specific protein in the mechanism of phenobarbital induction 
are carried out bythe whole molecule of the inducer and not by the products of its pr imary hydroxylation 
in the microsomes. 
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