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The effect  of glutamic acid on activi ty of glutamate  dehydrogenase and of Mg ++- and 
dinitrophenol (DNP)-ATPases  in the mitochondria  of the l iver ,  hear t ,  and kidneys of 
albino r a t s  was invest igated during acute and chronic  hypoxia. Acute hypoxia inhibits 
the act ivi ty of both A T P a s e s  in the mitochondria  of these  organs  as well  as glutamate 
dehydrogenase in the l i ve r  and kidneys. During adaptation to hypoxia, Mg + +  and DNP- 
dependent A T P a s e s  of the hear t  mitochondria  and DNP-dependent  ATPase  of the l i ve r  
mi tochondr ia  d e c r e a s e d  the i r  act ivi ty.  However ,  the act ivi ty of glutamate  dehydrogenase 
of the kidney mitochondr ia  is increased .  Under the influence of glutamic acid,  in ex-  
pe r imen t s  with acute hypoxia the act ivi ty of glutamate dehydrogenase and of both A T P a s e s  
in the mi tochondr ia  of the kidneys,  hear t ,  and l ive r  i nc r ea se s .  During adaptation of 
an imals  receiving glutamic acid to hypoxia, the act ivi ty of both A T P a s e s  and of glutamate 
dehydrogenase in the hear t  mi tochondr ia ,  of g lutamate  dehydrogenase and of DNP-de -  ++ 
pendent ATP as e  in the l ive r  mi tochondr ia ,  and of Mg -dependent  A T P a s e  of the kidney 
mitochondr ia  was inc reased .  

This invest igat ion is a continuation of previous  work [1, 2] to study the m e c h a n i s m  of action of glu-  
t amic  acid on aerob ic  energy-y ie ld ing  oxidative p r o c e s s e s  during acute hypoxia and during adaptation to it. 

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

Exper imen t s  were  c a r r i e d  out on male  albino r a t s  weighing 180-250 g. Hypoxia was produced in a 
p r e s s u r e  chamber  where ,  in the expe r imen t s  with acute hypoxia, the a i r  p r e s s u r e  was reduced  to c o r r e -  
spond to an altitude of 8000 m. The an imals  r ema ined  under  these  conditions fo r  1 h. Adaptation to hypoxia 
was produced by keeping the r a t s  in a p r e s s u r e  chamber  at an "alt i tude" of 6000 m for  6 h daily for  2weeks .  
In the expe r imen t s  with acute hypoxia sodium glutamate  was injected subcutaneously,  while during adap-  
tat ion to hypoxia it was  given daily by gas t r i c  tube in a dose of 1 m g / g  body weight 30 min before  the r a t s  
were  placed in a p r e s s u r e  chamber .  Glutamate  dehydrogenase (1 �9 4" 1 �9 2) act ivi ty was de te rmined  spec t ro -  
photometr ica l ly  [4] and e x p r e s s e d  in p m o l e s / m l  mitochondria i  prote in / ra in .  ATPase  (3 �9 6" 1 "4) act ivi ty 
was de te rmined  f r o m  the inc rease  in inorganic phosphorous during hydrolys is  of ATP [5]. The incubation 
mixture  (2 ml) contained: 3 m m ol e s  ATP;  0.05 mmole  t r i s  buffer  (pH 7.4); 0.1 mmole  2,4-dini trophenol  
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TABLE 1. Effect  of Glutamic Acid on Activity of Mg ++- and DNP- 
dependent A T P a s e s  in Mitochondria of L iver ,  Hear t ,  and Kidneys 
in Acute and Chronic Hypoxia 

d 
Z 
g~ 

�9 

Mv~ mit~176 ~ Heart mitochondria i Kidney mitochondria 

+ 

Exptl. 
conditions 

Normal, physiological 4,34.0,3 6,54.0,3 
saline given (10) (9) 

+ 

'13, 14.0,616,04.0,9 7,2:i:0,4 
(9) (IO) (9) 

e 

+ 
+ 
% 

I0,34.0,5 
(9) 

�9 Acute hypoxia, 
physiological 
saline given 

Acute hypoxia. 
glutamic acid 
given 

3,4=k0,2 
80 %5 %~ 

4,34.0, 
124% 

P~O,O~ 
(11) 

5,44.0,2 8,14.0,3 
829o 6290 

P<O,01 p<0,00J 
(12) (12) 

7,34.0,2 11,94.o, 
135% 132% 

p~o,ool P~O,OO 
(I0) (11) 

9,94-0,7 
61,9% 

p<o, OOl 
(12) 

I 
15,1 4.0,5 

151% 
P~0,001 

(11) 

Normal, physiological 3,84.0, i 7,4 15,04.I,718,44-2,0 
saline given (8) (~,  4 (8) (8) ; 

I 
r 

Adaptation to hypoxia,I 3, 34.0,1 
physiological 85% 
saline given P>0,05 

(18) 

5,64.0,3 8,5:k0,5 12,54.0, 
60% I 56% 67% 

P<O,OOI P<O,OOH P<O,01 
(:9) (2i) (2~) 

Adaptation tohypoxia. 
glutamic acid 
given 

3,84.0,2 
115% 

P~O, 05 
(9) 

6,94.0,4 lO,64.o, 
123% I 124% 

P<0,01 P<O,O1 
(12) (:4) 

I5,54.1, 
124% 

p<o, 05 
(:2) 

5,94 .0 ,3  7 ,54 .0 ,4  
81,7% 73% P<O,(ll)O 1 P ~ 0 , 0 1  

7,74-0,4 10,04.0,5 
131% 132% 

p~0,02 P 1 (9) 

8,4+0,4 11,84.0,6 
(8) (8) 

8,84.0,5 11,14.0,5 
104% 94% 

12, t4.0, 12,04.0,7 
137% 109% 

P<O, Ou P>O, 5 
(II) (14) 

Note. 1) Activi ty of enzymes  e x p r e s s e d  in pmoles  phosphorus / rag  
mi tochondr ia l  p ro te in /min ;  2) number  of expe r imen t s  given in p a r e n -  
t he ses .  

(DNP), and 3 m m o l e s  MgSO 4. Inorganic  phosphorus  was de te rmined  by the F i ske-Subbarow method and 
mi tochondr ia l  prote in  by L o w r y ' s  method.  Mitochondria were  isola ted f r o m  the organs  by different ial  een-  
t r i f iguat ion in 0.25 M sucrose  solution, made up in 0.01 M t r i s  buffer with 0.001 M EDTA (pH 7.4). 

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  

The r e su l t s  given in Table 1 (groups 1 and 2) show that keeping the an imals  for  1 h under  hypoxic 
conditions inhibits the act ivi ty  of both Mg ++- and DNP-dependent  A T P a s e s .  Under acute hypoxie conditions, 
a dec rease  in the act ivi ty of Mg ++- and DNP-dependent  A T P a s e s  was obse rved  in the mi tochondr ia  of the 
l iver ,  hear t ,  and kidneys.  During adaptation to hypoxta, on the other  hand, this  inhibition was detected only 
in the mi tochondr ia  of the hear t  for  Mg ++- and DNP-dependent  A T P a s e s ,  and also for  DNP-dependen tATPase  
in the mi tochondr ia  of the l iver .  

A T P a s e  act ivi ty  is regula ted  by the ATP :ADP ra t io ,  a dec rea se  which has an inhibi tory effect on 
act ivi ty of the enzyme [8]. Since ADP accumula tes  in the t i s sues  and the content of ATP  is reduced  in acute 
hypoxia [3, 6], this  shift in content of the adenine nucleotides is evidently the r eason  for  the dec rease  in 
act ivi ty of the A T P a s e s  detected in these  expe r imen t s .  During adaptation to hypoxia, the compensa tory  
b iochemical  and physiological  m e c h a n i s m s  of the o rgan i sm  help to r e s t o r e  energy  m e t a b o l i s m  in the l i ve r  
and kidneys,  thus r e s to r ing  act ivi ty  of the enzymes  in these  organs .  In the hea r t  musc l e ,  which is  sub-  
jected to intensive physiological  loading during exposure  to hypoxia, the energy-y ie ld ing  b iochemica l  oxi-  
dative p r o c e s s e s  cannot mainta in  the ATP :ADP ra t io  at a s teady level ,  with the resu l t  that the A T P a s e s  
of the hear t  mi tochondr ia  a re  inhibited. 

Acute hypoxia af fec ts  g lutamate  dehydrogenase  act ivi ty of the mi toehondr ia  of different  organs  dif- 
f e ren t ly  (Table 2, groups  1 and 2). Activity of the enzyme when oxygen is deficient in the o rgan i sm is r e -  
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TABLE 2. Effect  of Adminis t ra t ion  of Glutamic Acid on Glutamate 
Dehydrogenase Activity in Mitochondria of L ive r ,  Hear t ,  and Kidneys 
(in p m o l e s / m g  mi tochondr ia l  ) rotein/min)  

Group Exptl, conditions Liver Heart Kidney 
No. mitochondria mitochondria mitoehondria 

1 Normal, physiological 19,0:t: I, 1 (7) 7,54-0,5(10) 12,4:t:0,7 (10) 
saline given 

2 Acute hypoxia, physiological I5,04-1,3 (9) 7,84-0,5(8) 10,8=}=0,7(8) 
saline given --21% -}-4% --I3% 

P~O, 05 P~O, 5 P~O ,05 

3 Acute hypoxia, glutamic 23,04-1,0(9) I0,64-1,0 (8) 13,5=t:0,9 
acid given +53% +35% -}-25% 

P~0,001 P~0, 01 P~0,05 

4 Normal,  physiological 16,0~:1,5(10) 7,7+0,4(17) 12,1~=0,7(17) 
saline given 

5 Chronic hypoxia, 14,14-0,6 8 , 8 4 - 0 , 4  14,54-0,9 
physiologic al --10 % @ 14 % ~ 19 % 
saline given P~O,5 (18) P~O,05 (20) P~O,05 (12) 

6 Chronic hypoxia, 
giutamic acid given 

Liver mitochondria 

17,9+1,4 
126% 

P<0,01 (10) 

17,4=~I,9 
197% 

P~0,001 (14) 

14,8q-0,6 
102% 

P~0,5 (11) 

Note. 1)Two control  groups of an imals  (1 and 4) a r e  included in 
this  table .  This is because  expe r imen t s  of groups 1-3 and groups 
4-6 were  p e r f o r m e d  at different  t imes  of yea r .  2) Number  of 
expe r imen t s  given in pa ren theses .  

duced in the mi tochondr ia  of the l i ve r  (-21%) and kidneys ( - 1 3 ~  while in the mi tochondr ia  of the hear t  
musc le  it r e m a i n s  unchanged. These  di f ferences  in the changes in g lutamate  dehydrogenase act ivi ty a re  
probably due not only to the specif ic i ty  of the functions of these  organs ,  but a lso  to d i f ferences  in the r e l -  
ative quantitat ive ro le  of oxidative deaminat ion in g lu tamic  acid me tabo l i sm  in them.  In the hear t  mi to -  
chondria,  f o r  example ,  only about 10% of giutamic acid is metabol ized  with the par t ic ipat ion of glutamate  
dehydrogenase [7], so that  this enzyme evidently has  no m a j o r  role  to play in hear t  musc le  me tabo l i sm,  
and it does not change i ts  act ivi ty significantly under  the influence of acute hypoxia. Glutamic acid m e t a b -  
o l i sm in the mi tochondr ia  of the l i ve r  and kidneys,  on the other  hand, is l a rge ly  dependent on g lu tamate  
dehydrogenase ,  and r equ i r e s  oxidized f o r m s  of pyridine nucleotides (NAD and NADP), which a re  p resen t  
mainly in the reduced f o r m  when the re  is a deficiency of oxygen: This  fact ,  in all  probabi l i ty ,  is the r eason  
for  the lowered  activi ty of glutamate dehydrogenase in the mi tochondr ia  of the l i ve r  and kidneys.  

Whereas  the glutamate dehydrogenase act ivi ty in the mi tochondr ia  of l i ve r  and kidneys fal ls  in acute 
hypoxia, a f t e r  adaptation to hypoxia (Table 2, groups 4 and 5) its act ivi ty in the mi tochondr ia  of the kidneys 
was 19% higher than in the control  group of an imals ,  while in the mitochondria  of the l i ve r  it was close to 
the same  level .  

In the exper imen t s  with acute hypoxia, glutamic acid inc reased  the act ivi ty of g lutamate  dehydrogenase 
(Table 2, groups 2 and 3) and of both A T P a s e s  in the mi tochondr ia  of the l ive r ,  hear t ,  and kidneys (Table 1, 
groups 2 and 3). During adaptation to hypoxia, this  amino acid s t imula ted  act ivi ty of glutamate  dehydro-  
genase (Table 2, g roups  5 and 6) in the mi tochondr ia  of the hear t  and l ive r ,  of Mg ++- and DNP-dependent  
A T P a s e s  in the mi tochondr ia  of the hear t ,  of DNP-dependent  ATPase  in the mitochondria  of the l ive r ,  and 
of Mg++-dependent ATPase  in the mi tochondr ia  of the kidneys (Table 1, g roups  5 and 6). The enzyme ac -  
t ivi ty in mi tochondr ia  i so la ted  f r o m  the organs  of r a t s  exposed to acute and chronic hypoxia and rece iv ing  
glutamic acid thus approached  that obse rved  in the intact an imals .  

The inc rease  in glutamate  dehydrogenase act ivi ty under  acute and chronic hypoxic conditions can 
evidently be explained by the fact  that on adminis t ra t ion  of glutamic acid the i nc rea se  in i ts  concentrat ion 
in the organs  and t i s sues  was accompanied  by inductive s t imulat ion of the act ivi ty of this enzyme.  

Large  quanti t ies of g lu tamie  acid  a re  metabol ized  in the mi tochondr ia  through the t r i ea rboxy l i c  acid 
cycle.  T r a n s p o r t  of glutamic acid through the mi toehondr ia l  m e m b r a n e s  involves expenditure of ene rgy  and 
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the part icipat ion of ATPase .  The ent ry  of l a rg e r  quantities of glutamate inside the mitochondria a f te r  its 
adminis t ra t ion to the animal the re fo re  s t imulates  ATPase  activity.  In addition, by promoting oxidative 
p roces se s  in the body, glutamic acid inc reases  the content of high-energy compounds in the organs and 
t i s sues  [1-3], and this ,  in turn ,  must  be accompanied by an increase  in the ATP :ADP ra t io  and by s t im-  
ulation of ATPase  activity in the mitochondria .  The hypotheses regarding the stimulating effect  of glutamate 
on ATPase  activity requi re  exper imenta l  ver i f icat ion.  
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