
A C T I V A T I O N  O F  R E S P I R A T I O N  O F  L I V E R  M I T O C H O N D R I A  

IN V A R I O U S  M E T A B O L I C  S T A T E S  BY C Y C L I C  3 ' , 5 ' - A M P  

V.  ] .  K u l i n s k i i  a n d  L .  M.  Y o r o b ' e v a  UDC 612.262.014.46:547.963:32 

Cyclic 3 ' , 5 ' -AMP (10 -s M) ac t iva tes  r e sp i ra t ion  of the l iver  mitochondria  in all metabol ic  s ta tes  
and nei ther  changes  nor i n c r e a s e s  the  r a t e  of phosphoryla t ion  during oxidation of sa tura t ing  con- 
cent ra t ions  of i soc i t ra te  and suceinate .  For  the effect  to be manifested,  preincubat ion of the 
mitochondria  or  l iver  homogenate  with cyclic AMP is n e c e s s a r y .  The  fifth f rac t ion  of s e r u m  
albumin and EDTA do not abolish the effect.  Noradrena l in  (NA) inc rea se s  mitochondrial  r e s p i -  
ra t ion  only on incubation with the homogenate .  Effects  of NA and cyclic AMP do not undergo 
summation,  and the effect  of the f o r m e r  is p robably  media ted  by cyclic  AMP. The  r e su l t s  do 
not conf i rm the decis ive  ro l e  of  uncoupling of r e s p i r a t i o n  and phosphoryla t ion or accumulat ion 
of  the oxidation subs t ra te ,  but instead they sugges t  act ivat ion of mi tochondr ia l  enzymes .  
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Recent  r e s e a r c h  has demons t ra t ed  the un ive r sa l  control  of many types  of me tabo l i sm by cyclic  nucleo-  
t ides .  Agains t  this  background, one of the few exceptions is the regulat ion of oxygen consumption (Vo2). The 
exis t ing data a r e  ve ry  con t rad ic to ry  both for  whole cel ls  [6, 10] and for  mitochondria  [5, 7]; in mos t  cases ,  
m o r e o v e r ,  expe r imen t s  have been c a r r i e d  ou~ with nonphysiologieal  concentra t ions  of cye lie 3 ' ,5  ' -AMP (10 -2- 
10 .4 M). Meanwhile, admin i s t r a t ion  of cycl ic  AMP and dibutyryl  cyclic  AMP in vivo i nc rea se s  the 0 2 consump-  
tion of the body and reduces  pO~ in the t i s sues  [2]. Incubation of ca techolamines  and cyclic AMP with homog-  
ena tes  and cyclic  AMP with mi tochondr ta  ac t iva tes  NAD- i soe i t r a t e  dehydrogenase of severa l  t i s sues  [3, 8]. 

Since th is  enzyme is impor tan t  for  the regulat ion of the Krebs  cycle  it  was na tu ra l  to suggest  that  cyclic  
AMP may  affect  the oxygen consumption of the mitochondria .  The  object  of the p r e s e n t  invest igations was to 
t e s t  th is  hypothesis  and to choose  op t imal  conditions for  demons t ra t ion  of the effect .  

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

E x p e r i m e n t s  were  c a r r i e d  out on 80 noninbred male  r a t s  aged 3-4 months.  In some  cases  Wis ta r  r a t s  
also were  used.  Mitochondria f r o m  2 or 3 r a t s  we re  pooled in each exper imen t  in the s e r i e s  (6-15 exper iments  
in each se r i e s ) .  The l ive r  was homogenized in 8 volumes  of 0.25 M sucrose ,  made up in 1 mM EDTA and 10 mM 
Tr is -HC1,  pH 7.5. Cyclic AMP and noradrena l in  (NA) were  incubated with the homogenate or with the isolated 
mitochondr ia  for 12 min a t  28~ or  the subs tances  were  added to the po la rograph ic  cell.  The O 2 consumption 
was  de te rmined  po la rograph ica l ly  [1] in med ium consis t ing of 0.29 M sucrose ,  5.6 n ~  KC1, 3 mM KH2pO 4, 
10 mM Tr i s -HC1,  pH 7.5. The  following r e sp i r a t i on  ra tes  of the mitochondria  were  measured :  (initial veloci ty 
V~) - in med ium with the oxidation subs t ra te ;  the r a t e s  of r e sp i r a t i on  in Chance' s s ta te  3 (V3) and 4 (V4): V 3 on 
the addition of 100 #M ADP and V 4 a f te r  ut i l izat ion of all  the ADP; and also VDNP - a f te r  addition of 45 gM 
2,4-dini trophenol  (DNP). The r a t e  of phosphoryla t ion  [ADP] / t  also was calcula ted.  The  optical  density of the 
suspens ion of mi tochondr ia  was m e a s u r e d  a t  520 nm on the SF-4A spec t rophotomete r ,  [9]. 

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

NA and cyclic AMP in physiological  concentrat ion,  on incubation with the l iver  homogenates  (Table 1), 
and cyclic AMP, on incubation with mi tochondr ia  (Table 2), i nc reased  the O 2 consumption of the mi tochondr ia  
in all  metabol ic  s ta tes .  The  s t imulat ion not only of f r ee  (V 0 and V4), but also of phosphoryla t ing  (V~) and even 
of uncoupled (VDNP)resp i r a t ion  shows c l ea r ly  the hypothesis  that uncoupling i s  the bas ic  and only cause  
of the ca lor igenic  effect  of the ca techolamines  and cycl ic  AMP. A d e c r e a s e  in the r a t e  of phosphorytat ion was 
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TABLE 1. Inc rease  in Respirat ion Rate of Liver  Mitochondria of Wistar Rats after Incu- 
bation of Homogonates with NA and Cyclic AMP (M * m). Substrate:  5 mM Succtnate 

Co[iceIl~a - 
Regulator fion, p M Av~ 

NA 
Cyclic AMP 1,0 18,3+7,1" 
NA + cyclic AMP ! ,5+ 1,0 16.7+5,3" 

Legend to Tables  1-3: 

Increase in respiration rate 

av~ av 4 aVDN p change in [ADPJ/t 

t 
14,1+4,5" ] 7 ,7+2,1"  21 ,5+7 ,1"  --4,2.-+3,3 
18,3~-7,2" 1 17,27-8,0 2 2 , 2 ! - 9 , 6  48,6-+7;7 
20,94-6,8* 16,34-6,4" 28,2-+8,1" --2,4-+7,I 

1) V represen t s  difference between VO 2 in experiment  and control,  
Absolute values of V O in control  with 5 mM succinate:  V 0 = 29-50, V3= 40-68 nanoatoms 
O 2 / m i n / m g  mitochon~rial  protein; with 5 mM isoci t rate:  V0= 11.2 V3= 22.2; [ADP] / t  
expressed  in nanomoles ADP / r a i n / n a g  protein.  2) Values for  which P < 0.05 compared 
with control  marked by as ter i sk .  

TABLE 2. Increase  in Respira t ion Rate of Liver  Mitochondria on Their  Incubation with 
Cyclic AMP (10-6M) (M 4- m) 

Series 

A 
tsoci[rate 5 mM 
Succinate 5 mM 

B 
Succinate 5 mM 
Succinate 5 .mM + 

BSA 5 mg/ml 
Suceinate 5 raM+ 

0.4 mm EDTA 
sfm~inate + 

BSA+ EDTA 
Sueeinate 10 mM 

Legend. 

A V  o 

3,94-1,3" 
7,5-4-1,7" 

10,C-+3,2" 

9,1-+2,4" 

15,0-+0,9" 

4,9-+I ,4* 
11,8+2,1" 

A) Noninbred ra t s ,  B 

Increase in respirat!o u rate 

A V  3 

4,5_--4-1,2" 
7,4-+3,3* 

15,3-t-5,6" 

27,4-+5,2* 

17,9-+4,5" 

10,2-+2,'4" 
19,2__+6,6" 

A V  4 

5,54-f-0,94" 
6,4-+1,96 

10,5-+2,7" 

12,74-3,1" 

12,7-+3,9" 

12,0-+3,0' 
22,0-t-5,2" 

aVDNP 

10,9+;3,7" 

18,5_+3,8" 

23,3-+3,3" 

10,9-+4,5 

Wistar  ra ts ,  BSA) Bovine s e rum albumin. 

Change in 

[ADP]/t 

-[- 12,4+6,0 
+20,4-+9,2* 

+20,4-+9,0 

@ 11,4-+6,9 

--0,8-+5,5 

@28,1-+9,2" 
+1,13-+8,7 

TABLE 3. Respirat ion of Liver  Mit0chondria of Noninbred Rats on Addition of Cyclic AMP 

direct ly  to Polarographic  Cell (M 4- m). Substrate: 5 mM succinate 

v 0 in various concentrations of cyclic AMP 
Duration of preincubation of V 0 in control 
mitochondria Io -~ M Io -6 N Io -~ M 

Not incubated . 29,54-2,4 26,84-2,5 27,14-3,4 29,74-3,6 
5 min 30,14-0,7 30,04-0,9 28,7--+0,9 29,6_0,6 
12 rain 31,4__+1,4 31,4-+1,8 31.4-+1,8 30,0~2,0 

never observed,  and indeed it never  changed or increased (Tables 1 and 2). These facts a re  in agreement  with 
observat ions showing an increase  (of 21-24%) in the optical density of the suspension of mitochondria isolated 
f rom homogenate incubated with NA and (or) cyclic AMP, compared with the incubated control .  ATP is known 
to increase  the density of mitochondria  [9]. 

The experiments  with binding of potential uncouplers  by the mitochondria also provided evidence agains~ 
the hypothesis of uncoupling of respi ra t ion  and pho sphorylat ion by cycl ic  A MP. Neither  the fifth f ract ion of bovine 
s e rum albumin, with high affinity for fatty acids, no r  EDTA, which binds bivalent ions, no r  a combination of 
both caused any change, as a rule,  in the basic  effects o f t  ycl ic  AMP. The values of the r e sp i r a to ry  control  after  
Lardy  and Chance under these conditions increased both in the control and on incubation with cyclic AMP. 

The resu l t s  likewise do not conf i rm the other hypothesis  of  the mechanism of the effect of cyclic AMP on 
VO2, namely the accumulation of oxidation substrate .  In fact, an effect was observed in the p resence  of high 
concentrat ions of exogenous substrates ,  corresponding to saturat ion levels.  For  instance, with an inc rease  in 
the succinate concentrat ion to 10 mM the resp i ra t ion  ra tes  showed no significant change in the presence  and 
absence of cyclic A1VIP (Table 2), 

The coincidence of the effects of NA and cyclic AMP and the total absence of  summation of the effects 
of these two regula tors  (Table 1) are  evidence in support  of a single mechanism of action, at least  in the final 
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s tages .  However,  t he re  was a significant difference in the action of NA and cyclic AMP : the fo rm er  was com- 
pletely inactive on mitochondria (not shown in the Table  1), whereas  cycl ic  AMP c lear ly  activated the O 2 con- 
sumption when two different  subs t ra tes  - i soc i t ra te  and succinate - were  used (Table 2). Cyclic AMP can 
evidently act  d i rec t ly  on these  subcel lular  par t ic les ,  whereas  NA rea l i zes  its ef fect  through an ext ramitochon-  
dr ia l  factor,  most  probably through the adrenergic  r e c e p t o r - a d e n y l a t e  cyclase system, located in the plasma 
membrane .  This  ag rees  fully with the mechanism of activation of i soc i t ra te  dehydrogenase under the influence 
of catecholamines and cyclic AMP [3, 8]. 

Activation of resp i ra t ion  of the mitochondria by the use not only of i soci t ra te ,  but also of succinate,  con- 
f i rms  the w r i t e r s '  hypothesis [8] that catecholamines and cyclic AMP can act ivate not only i soc i t ra te  dehydro-  
genase,  but also other mitochondrial  enzymes,  in this case  succinate dehydrogenase.  

Unlike in the exper iments  with preincubation (Table 2), no effect of cycl ic  AMP was found even in high 
concentrat ions (Table 3). The need for preincubation of the mitochondria with cyclic AMP, which was not taken 
into account in ea r l i e r  investigations [5], shows that the effect  of cycl ic  AMP takes t ime for its rea l iza t ion.  
This  is evidence in support  of the indi rec t  action of cyclic AMP. 

The natural  hypothesis  that the intermediate  factor  is swelling of the mitochondria during incubation is 
opposed by the absence of effect  of cyclic AMP when added to the polarographic  cell  af ter  preincubation of the 
mitochondria under the Same conditions (Table 3). 

Cyclic AMP may exer t  its effect  on the mitochondria in two ways: 1) by its action on the outer  membrane  
of the mitochondria through cer ta in  sensi t ive cen te rs  ( receptor  proteins),  2) penetrat ion di rect ly  into the mito-  
chondrion and its influence on prote ins  of the matr ix  and (or) the inner membrane .  Although th e permeabi l i ty  
of the mitochondria to cyclic AMP is unknown, the second hypothesis appears  more  likely, for cyclic AMP ac-  
t ivates  i soci t ra te  dehydrogenase,  the enzyme of the matr ix .  This  last  fact  has also been found to apply also 
to a solubilizing enzyme isolated f rom mitoehondria l  Wghostsn [3]. 

It is natural  to suggest  that cyclic AMP exer ts  its influence on the mi tochondr ia through protein kinase: 1) 
the enzyme p resen t  in mitochondria [11], 2) the specif ic  prote in  inhibitor of protein kinase abolishes the action 
of cycl ic  AMP on i soc i t ra te  dehydrogenase [8]. Confirmation of this hypothesis  would be very  important,  for 
phosphoryla t ion of mitochondrial  prote ins  may not only change the activity of the enzymes,  bu~ may also sub- 
stantially affect  the level of the membrane  potential,  oxidative phosphorylat ion , and t r anspor t  p ro ce s s e s  in 
the mi tochondr ia .  

Activation by cyclic AMP of both NAD-isoci t ra te  dehydrogenase [3, 8] and mitochondrial  r e sp i r a t ion  on 
var ious subst ra tes  and in all metabolic s tates  (this investigation) shows that the cycl ic  nucleotides must  a t t rac t  
just  as much attention in mitochondriology as in other  fields of modern b iochemis t ry .  
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