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The effect  of 24 imidazo le  compounds on activity on the phosphod ies t e rase  (3 ' , 5 ' -AMP 
phosphohydrolase ;  EC 3.1.4.1) f r o m  r a t  b ra in  and skele ta l  musc l e s  of Rana t e m p o r a r i a  
was invest igated.  Imidazole  compounds were  shown to have both an act ivat ing and an 
inhibi tory  action on the enzyme.  Imidazole  i t se l f  and seven  of i ts  alkyl subst i tut ion p r o -  
ducts ac t iva ted  phosphodies te rase .  Of the inhibi tors ,  t e t r a c h l o r o - 2 - t r i f l u o r o m e t h y l -  
benz imidazole  had the s t ronges t  act ion on the enzyme.  

KEY WORDS: 3~,5~-AMP phosphod ies te rase  of b ra in  and ske le ta l  musc les ;  imidazole  
and i ts  de r iva t ives .  

Phosphod ies t e ra se  (PDE) (EC 3.1.4.1) is  the only known enzyme which can hydro lyze  cycl ic  adenosine-  
3 ' , 5 ' -monophospha te  (cyclic AMP) [15]. It  has  been  shown that  cycl ic  AMP pa r t i c ipa t e s  as " s econda ry  m e d -  
i a to r "  in hormona l  act ions and also plays  an impor tan t  ro le  in the regulat ion of m e m b r a n e  pe rmeab i l i t y  [13, 
16]. Imidazole  has  been shown to act ivate ,  and methylaxanthine to inhibit  PDE act ivi ty  of bovine hea r t  [2]. It  
was shown l a t e r  that  imidazole  s t imula tes  PDE of r a t  b ra in  [6, 10, 12], of rabbi t  skele ta l  musc l e s  [7], and of 
pig co rona ry  a r t e r i e s  [17]. However ,  the m e c h a n i s m  of the act ivat ing action of imidazole  is unknown. 

The effect  of s e v e r a l  imidazole  de r iva t ives  on PDE act ivi ty was a s s e s s e d  in this invest igat ion.  P r e p -  
a ra t ions  of PDE f r o m  r a t  b ra in  and f r o m  skele ta l  musc l e s  of the f rog  Rana t e m p o r a r i a  were  used  as the t e s t  
objects .  

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

Rat  b ra in  was  homogenized in 0.9% NaC1 (1 p a r t  of b ra in  to 10 pa r t s  of solution, w/w).  PDE act ivi ty  
was de t e rmine  d by  a modif ied Cheung's  method [4], in which a p repa ra t ion  of venom f r o m  the Centra l  Asia t ic  
v ipe r  Echis car ina tus  [1] was used  as the source  of the 5 ' -nuc leo t idase .  The incubation medium (volume 0.5 
ml) contained the following components :  T r i s - H C 1  (pH 7.8) 50 mM, MgC12 5 raM, cycl ic  AMP 1 raM, homog-  
enate 0.7-0.8 mg prote in ,  venom 100 ~zg. The imidazole  de r iva t ives  fo r  tes t ing were  added in a concen t ra -  
tion of 20 mM, except  where  spec ia l ly  s ta ted to the con t ra ry .  The reac t ion  was init iated by the addition of 
subs t ra te .  Af t e r  incubation fo r  15 min at 37~ the reac t ion  was stopped by the addition of 0.05 ml  55% TCA. 
After  centrffugat ion at  1200g for  20 min the content  of inorganic phosphate in the supernatant  was m e a s u r e d  
by the method of Chen et  al. Samples  to which cycl ic  AMP was added a f te r  fixation with TCA acted as the 
control .  The pro te in  concentra t ion  was de te rmined  by Lowry ' s  method [9]. PDE act ivi ty was e x p r e s s e d  in 
nanomoles  cycl ic  AMP hydrolyzed  p e r  m i l l i g r a m  pro te in  p e r  minute (activity units). 

The effect  of some  compounds on PDE of r a t  b ra in  homogenate  was compa red  with the i r  action on p a r -  
t ia l ly  pur i f ied PDE f r o m  f rog  skele ta l  musc le s .  Pa r t i a l  pur i f icat ion of the supernatants  a f t e r  centr i fugat ion 
of musc le  homogenate  fo r  40 rain at 10,000g and subsequent  d ia lys is  [7] was under taken  by sal t ing out with 
ammonium sulfate.  Act ivi ty  of the musc le  PDE was de te rmined  as desc r ibed  above in samples  of 2-3 mg in-  
cubated fo r  60 rain. 
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PDE of r a t  bra in  (A) and f rog muscles  
(B) as a function of pH: 1) 0.1 M Tris ;  2) 0.08 
M Tr i s  + 0.02 M imidazole.  
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Fig. 2. Effect  of var ious concentrat ions of 
TTFB (left) and theophylline (right) on act iv-  
i ty of r a t  bra in  PDE. 

The subs t ra te  used  when test ing the effect  of imidazole compounds on 5 ' -nucleot idase  activity was 5 ' -  
AMP-Na (1 raM). The composi t ion of the incubation mixture  (15 rain, 37~ was s imi la r  to that descr ibed  
above. 

Commerc ia l  p repara t ions  of his tamine,  histidine, imidazole,  pi locarpine,  theophylline, 2 -methy l imi -  
dazole,  benzimidazole ,  2-methylbenzimidazole ,  t e t rach loro-2- t r i f luoromethy lbenz imidazo le  (TTFB), and m-  
chlorocarbonyl -cyanide  phenylhydrazone (CCCP) were  used.  The remaining 15 compounds were  synthesized 
by methods descr ibed  in the l i t e ra ture .  The constants of these products  agreed  with values given in the l i t e r -  
ature.  The puri ty of the substances was ver i f ied  in a thin l aye r  of s i l ica-gel  (Merck) and by paper  ch roma-  
tography in a sys tem of n -bu t ano l - ace t i c  a c i d - w a t e r  {4 : 1 : 5). 

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

PDE of r a t  b ra in  homogenate had a specific activity of 16.3 ~= 0.7 units. In the p re sence  of EDTA (1 miVl), 
which select ively  binds Ca ++ ions, activity of the enzyme was reduced by 30-40%. EDTA (1 raM) complete ly  
suppressed  PDE activity.  The pH optimum for  PDE of bra in  homogenate was 8.5. Imidazole (20 mM) shifted 
the pH optimum only negligibly (Fig. 1A). Par t i a l ly  purif ied PDE f rom frog skeletal  musc les  had a specific 
activity of 0.72 • 0.08 unit and pH optimum of 8,0, which was not changed by the addition of imidazole  (Fig. 1B). 

P re l imina ry  tes ts  showed that the imidazole der ivat ives  had no effect  on the snake venom nucleotidase.  

Of the 24 imidazole  compounds tested,  imidazole and 7 of i ts  alkyl substitution products ,  namely 1- 
methylimidazole,  1-ethyl imidazole ,  1-propyl imidazole ,  1- isopropyl imidazole ,  4 ,methyl imidazole ,  4 -e thy l -  
imidazole,  and 2-methyl imidazole ,  act ivated PDE (Table 1); 2-methyl imidazole  and 1- isopropyl imidazole  had 
a weaker  action than imidazole i t se l f  on bra in  PDE. The dif ference between the action of the remaining alkyl 
imidazoles  and imidazole  was not significant. On the introduction of e l ec t ron -accep to r  substi tuents (the ni tro 
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TABLE i. 

Compound, substituents ~20 raM) 

E f f e c t  of  I m i d a z o l e  C o m p o u n d s  o n  R a t  B r a i n  and  F r o g  M u s c l e  P D E  (M ~: m)  

Rat brain PDE 
Number of Change in activity, 
experi- in % of Control 
ment$  

1. Imidazole 
2. 1-Methylbenzimidazole RI= CH~ 
3.1-Ethylimidazole R1 = CH~CHs 
4. 1-Pr6pylimidazole- 

RI=CH~--CH2--CH.q 
5. l-lsopropylimidazole 

CH~ - -  
I 

R i =CH--CH 3 
5.2- methylimidazole 

R~=CH~ 
7. 4-Methylimidazole R4=CHs 
8. 4-Ethylimidazole R4=CH2--CH.~ 
9. 4~Hy~koxymethylimidazole - 

R4=CH~--OH 
10. 4-Bromoimidazole R4=Br 
11. 1- Methyl-4-nitroimidazole 
R~=CH a" R~:NO~ 
12. 1 - M~'thyI- 5- mxroimidazole 
Ra=CH,~; Rs=NOz 
13. 4-Iraidazoleearboxylic acid 
R~=COOH 
14. Histamine R ~=CH2--CH2--NH~ 
15. Histidine 

NH._, 

Ra=CH2--CH--COOH 
16. Carnosine 

COOH 
I 

R ~ =CH~--CH--N H --CO-CH~--CH ~-NH 
17. Homocamosine 

COOH 
I 

R ~ =CH ~--CH --N H--CO--CH z--CH,- 
--CH._--NH! 

18. Pilocarpine 
R4= [ I C~-Hs 

\ O ~ O  
19. ~ - Methyl- 3 - ethylimidazoliumiodid 
Rt=CH~I R~=CH2--CHs 
20. Benzlmi~azole 
21. I- Ra=CH s 
22. 2-methylbenzimidazole R2=CHa 
23. TTFB ** 
Ro=CF~" R~=R~**R-=Rs=C1 - 
24. The~'phy'nine ' 
25. CCCP ~* 

271 
,0 

4 

II 

8 
4 
4 

4 
6 

4 

Frog muscle PDE 
Number of Change in activity, 
experiments in % of control 

143,8~-4,1" 
137,4----- 4,Z* 
135,6~-4,1" 
140,725,7" 

123• 

122,3+---3,5 * 

149,0• 
130,2+5,5 * 
99,1= t,7 

84,6-~3,4 * 
86,0-- 4,0* 

80,8=3,1" 

98,0--- +3,2 

96,4~-2,9 
103,3+2,5 

104,6-+-2,8 

100 

99,2-----3,9 

89,3----- 3,7* 

85,4m3,6" 
62,8 
75,0 
43,3=8,7" 

41,8• 
94,4 ~- t ,7 

3 

t 

1 

2 
4 

2 

2 

3 

132,9= 4,2* 
121,4---+2,4 * 
127,6-~-3,3" 
126,6~-0,7" 

I09,3-~4,8 

90 

100 

104, I~  1,9 
I03,5--7,4 

108,2--2,I* 
P <0,05 

94 

I07,1~2,9 

103,0--3,0 

38,9-----2,2* 

56,1• 

L e g e n d .  1) S u b s t a n c e s  1 - 1 9  a r e  d e r i v a t i v e s  o f  t h e  s t r u c t u r e :  

R~ 1 I R5 
N N--R, 

R~ 

S u b s t a n c e s  2 0 - 2 3  a r e  d e r i v a t i v e s  of  t h e  s t r u c t u r e :  

R5 
I 

R8 

2) R a d i c a l s  differing from hydrogen f o r  t he  s t r u c t u r e s  g i v e n  a b o v e  a r e  s h o w n  in  
T a b l e  1. 

O n e  a s t e r i s k  d e n o t e s  P < 0.05 ( c o m p a r e d  w i t h  t h e  c o n t r o l  w i t h o u t  a d d i t i o n  o f  t h e  
t e s t  s u b s t a n c e s ) ;  two  a s t e r i s k s  d e n o t e  T T F B  and C C C P  in  a c o n c e n t r a t i o n  of  0.1 
m M  and  t h e o p h y l l i n e  in  a c o n c e n t r a t i o n  of  10 m M .  

g r o u p  and b r o m i n e )  i n to  t h e  i m i d a z o l e  m o l e c u l e  i t s  a c t i v a t i n g  p o w e r  w a s  l o s t  and t h e  r e s u l t i n g  c o m p o u n d s  b e -  

c a m e  w e a k  P D E  i n h i b i t o r s  ( 1 - m e t h y l - 4 - n i t r o i m i d a z o l e ,  1 - m e t h y l - 5 - n i t r o i m i d a z o l e ,  and  4 - b r o m o i m i d a z o l e )  
( T a b l e  1). T h e  p o s i t i v e l y  c h a r g e d  1 - m e t h y l - 3 - e t h y l i m i d a z o l i u m  i o n  a l s o  h a d  a s l i g h t  i n h i b i t o r y  a c t i o n .  
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TABLE 2. Effect  of  Imidazole  Der iva t ives  (20 mM) 
on Bra in  PDE Activi ty in Conjunction with Theophyl-  
line (1 mM) 

i Change% of controlin PDE activity, 

Compound t in absence l in p~eseae-e o~-- 
of theophvl- theophylline 
line " 

i ? 

2- Methvlimidazole I 119, l [ 123,7 
i- Ethytimidazote I 120,2 ] 159,7 
4- Ethylimidazote 125,8 160,9 

Act iv i ty  in p r e s e n c e  of theophylline taken as 100%. 

Benzimidazole  and i ts  de r iva t ives  1-methylbenz imidazole  and 2-methy lbenz imidazo le  had an inhibi tory 
action on PDE in a concentra t ion  of 20 raM, whereas  TTFB,  also a subst i tuted benzimidazole ,  inhibited the en-  
zyme in a concentra t ion of 0.1 mM (Table 1). The effect  of theophylline, the m o s t  commonly  used PDE inhi-  
b i tor ,  and of TTFB on PDE activi ty is compared  in Fig. 2. To obtain the s a m e  degree  of inhibition of the en-  
zym e the theophylline concentra t ion had to be a lmos t  two o r d e r s  of magnitude h igher  than the T T F B  concen-  
t rat ion.  This  applied to both musc le  and b ra in  PDE. An inc rease  in the Ca ++ ion concentra t ion (1 raM) did 
not weaken the inhibi tory action of theophylline and TTFB.  TTFB is known to be a powerful  uncoupler  of oxi-  
dative phosphorylat ion.  The quest ion a ro se  whether  the inhibition of this enzyme is a quality of o ther  un-  
couplers  also. To shed light on this p rob lem an even more  powerful  uncoupler  of oxidative phosphorylat ion,  
namely  CCCP, was used.  However,  in a concentra t ion of 0.1 mM it had v i r tua l ly  no effect  on the r a t e  of 
uncoupling of cycl ic  AMP (Table 1). Inhibition of PDE was thus evidently not connected with the uncoupling 
action of TTFB.  

Several  o ther  imidazole  de r iva t ives  also were  invest igated:  4 - Imidazo leca rboxyl ic  acid, p i locarpine,  
hist idine,  h is tamine ,  4 -hydroxymethyl imidazo le ,  ea rnos ine ,  and homocarnos ine  also were  tes ted.  These  c o m -  
pounds had no apprec iab le  effect  on the enzyme (Table 1). I t  was shown prev ious ly  that  the l as t  th ree  c o m -  
pounds did not affect  PDE of mouse  bra in  homogenate,  whereas  hist idine,  4 -  imidazo lecarboxyl ic  acid, and h i s -  
t amine  were  ac t iva to rs  [14]. His tamine  is known to block PDE in isola ted ra t  fat  ce l l s  [11]. 

It  is  in te res t ing  to note that  imidazole  de r iva t ives  with s i m i l a r  chemica l  s t r u c t u r e s  (Table 1) had oppo- 
si te effects  on PDE activi ty.  The mos t  common dif ference between ac t iva to rs  and inhibi tors ,  to judge f r o m  
these  findings, was pe rhaps  the m o r e  bas ic  c h a r a c t e r  of the f o r m e r  (PKa l > 6.9) than of the l a t t e r  (pKa I < 6.2). 

The  ef fec t  of ac t iva to rs  could be demons t ra ted  in the p r e sence  of PDE inhibi tors;  fo r  example ,  the ac -  
tion of imidazole  ac t iva to rs  was mani fes ted  in the p r e s e n c e  of theophylline (1 mM) (Table 2). 

I t  will be reca l l ed  that  a natural  pro te in  ac t iva to r  of PDE exis t s  [5, 8]. Since e i ther  t i s sue  homogenate  
or  the par t i a l ly  purif ied p repa ra t ion  was used  as the source  of the enzyme it is  poss ib le  that  a na tura l  ac t iva -  
tor  was p r e sen t  in these  s y s t e m s .  The values  obtained fo r  act ivat ion of PDE by the imidazole  compounds may  
the re fo re  be too low. 

Imidazole  compounds can thus be useful  during the invest igat ion of PDE, fo r  they include both ac t iva tors  
and inhibi tors  of enzymic  hydro lys i s  of cycl ic  AMP~ 
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RESPIRATION OF MITOCHONDRIA AND STATE OF PHOSPHORYLATION 

OF RAT LIVER ADENINE NUCLEOTIDES AFTER REPEATED 

ADMINISTRATION OF 3-METHYLCHOLANTHRENE 

AND PHENOBARBITAL 

A. V. P a n o v ,  Yu.  M. K o n s t a n t i n o v ,  V. N. S o l o v ' e v ,  
V. A. V a v i l i n ,  and  V. V. L y a k h o v i c h  

UDC 612.35:612.26] .014.46:[ 615. 
277.4+214.24 

After four injections of phenobarbital (PB) and 3-methylcholanthrene (MC) in olive oil and a 
single injection of olive oil into rats the acyl-CoA content in the liver (in % of the control) 
was 73, 167, and 230 respectively. The Iiver mitochondria of rats receiving injections of 
oil and MC were character ized by a decrease  in the respiration rate in Chance's 3rd me- 
tabolic state, but this was abolished by preincubation with carnitine. The blood ketone body 
level after injection of PB, MC, and oil was 31, 136, and 342% respectively. The phosphate 
potential was lowered only after injection of oil, when the ATP concentration in the liver 
was considerably reduced. The AMP concentration in the l iver was doubled after injections 
of PB and oil. Comparison of the data for induction of microsomal monooxygenases of PB 
and MC leads to the conclusion that acyl-CoA metabolism proceeds in different directions in 
the two cases. 

KEY WORDS: induction; injection of oil; adenine nucleotides of the liver; respiration of mito- 
chondria; l iver  acyl-CoA. 

Mitochondrial adenine-nucleotide t rans locase  (ANT) controls both the kinetics of the phosphorylating 
respirat ion of the mitochondria [1] and the level of the cytoplasmic phosphate potential [8]. It has accordingly 
been postulated that inhibition of the mitochondrial c a r r i e r  of ATP and ADP by acyl-derivatives of coenzyme 
A, especially by palmitoyl-CoA, plays an important role in the mechanisms of regulation of energy metabolism 
during adaptation to altered metabolic conditions [11]. 

The object of this investigation was to study the connection between changes in the aeyl-CoA concentra- 
tion and respirat ion of the mitochondria and the state of phosphorylation of cytoplasmic adenine nucleotides 
after injection of 3-methylcholanthrene (MC) and phenobarbital (PB) into rats. 

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

Male Wistar rats  were given daily injections of PB (10 mg/100 g body weight in 0.9% NaC1 solution) and 
MC (2 mg/100 g body weight in 0.5 ml olive oil) for 4 days. Some animals received injections of olive oil only. 
Before the experiments the rats  were deprived of food for  24 h. Mitochondrial respirat ion was determined 
polarographically as described ear l ie r  [10]. The concentrations of ATP, ADP, and AMP in the liver were de- 
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