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The development of ischemia was shown to be accompanied by inhibition of the Ca 2+ enzyme t r ans -  
port sys tem (ETS) (a decrease  in the Ca2+/ATP rat io  and in activity of Ca2+-dependent ATPase) ,  
which cor re la t e s  with accumulation of the p r imary  and secondary molecular  lipid peroxidation 
products (POL) in vivo and in the membranes  of the sarcoplasmic  ret iculum (SR) of the skeletal 
muscles .  Administrat ion of antioxidants (2 ,6-di- ter t -butyl-4-methylphenol ,  ~-toeopherol) pre-  
vents activation of POL in the ischemic muscle and part ial ly protects  the Ca 2+ ETS against 
injury. Restorat ion of the blood flow after  prolonged ischemia leads to further  inhibition of the 
Ca 2+ ETS while the concentrat ion of POL products remains  unchanged. 
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An important  factor  in muscle pathology is a disturbance of the function of the sarcoplasmic  ret iculum 
(SR) of the muscle  fiber [2, 20], which links the p rocesses  of excitation and contract ion through regulation of 
the concentrat ion of Ca 2+ cations in the sa rcop lasm by means of an enzyme t ranspor t  sys tem (ETS) [19]. The 
function of this sys tem is dependent on the presence  of a calcium pump (Ca2+-dependent ATPase) and low 
passive permeabil i ty  of the SR membranes  to Ca 2+ ions [18, 21]. Molecular oxygen [7] and its active forms 
generated by s ingle-e lec t ron c a r r i e r s  [8, 16], a re  natural  modifiers of the s t ruc tura l  and functional cha r ac -  
te r i s t ics  of the SR membranes .  In ischemic t issues the level of the natural  inhibltors of f r ee - rad ica l  oxidation 
is lowered and the concentrat ion of lipid peroxidation products (POL) r i s e s ;  the intensity of these p rocesses ,  
moreover ,  co r re la tes  with the functional activity and s t ruc tura l  damage of the organ [1, 3]. 

The object of this investigation was to study the connection between various pa ramete r s  of the Ca ~+ ETS 
and POL in the SR membranes  in experimental  ischemia of the skeletal muscles .  

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

Experiments  were ca r r i ed  out on 96 male August ra ts  weighing 150-170 g. Ischemia of the hind limbs 
was induced by application of a tourniquet to the upper third of the thigh to a r r e s t  the blood flow completely for 
1, 3, and 6 h. Tissue for  investigation was removed immediately after the end of the period of ischemia or 4 h 
after r emova l  of the tourniquet.  In experiments to study survival ,  the animals remained under observation for 
1.5 months af ter  removal  of the tourniquet. Ionol (2 ,6-di- ter t -butyl-4-methylphenol)  was injected in t raper i -  
toneally in a dose of 120 mg /kg4  h before application of the tourniquet; a - tocophero l  was given by in t raper i -  
toneal injection in a dose of 50 rng/kgdai ly  for 3 days; the value of PO2 in the limb muscles was investigated in 
vivo by a polarographic method using a pair  of Cu/Hg and Cd electrodes with a type M-95 microammete r .  The 
electrodes  were cal ibrated in physiological saline at a tmospher ic  p res su re  (pO 2 = 155 mm Hg) and in a solution 
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T A B L E  1. I nd i ce s  of Ca 2+ ETS and POL in SR of  Ra t  S k e l e t a l  M u s c l e s  du r ing  I s e h e m i a  
(M • m) 

Series of 
investigations 

Control 

Ischemia: 
lh 
3h 
6h 

lonol 
a-Tocopherol 

Activity of [ 
Ca2+-ATPase,/ 
~moles Pinorg ! 
min/mg protein 

4,50--0,16 

4.53-~- 0.33 
4.28• 
2,77---0.12"}" 
3.97--+0,25 
4,29-- + 0,45 

Ca~+/AT p 

0,7~0,15 

0,46~0,05 
0,35• 
O, 25• 0,09* 
0,48• 
0,44--0,C6 

Hydroperoxides.[ Dienc 
nmoles/mg conjugation 
lipids products 

3,6~0,5 2,19--~0,2 

8,9• 0,81" 
11,4• 1,55 
11,0• 0,75 
5,9_+0.1 �9 * 
4 , 2 ~ 0 , 7 5 5  

2,88----- 0,63 
3.16-+-0,26 t " 
3,26-----0,14 $ 

1 .9m0,21y t  
2.34~-0,31 

iPO2 n muscle, 
mm Hg 

50,0+--7.7 

4,2--+0,75 
2.3-- + 0,2 :I: 
2,2--  0.2:1,: 

Survival 
rate of 
rats. % 

100 
IC0 
0 

Note :  H e r e  and in T a b l e  2, d i e n e  con juga t ion  p r o d u c t s  m e a s u r e d  in o p t i c a l  d e n s i t y  uni t s  
of s o l u t i o n  of I ip ids  (1 mg/ml )  a t  w a v e l e n g t h  of 232 rim. 
* P < 0 . 0 5 .  
-~P< 0.01. 
SP < 0.001 c o m p a r e d  with  c o n t r o l .  

**P < 0.05.  
t ~ P  < 0.01 be tween  e x p e r i m e n t s  wi th  and wi thout  ionol ,  a f t e r  i s c h e m i a  fo r  3 h. 
.*.~P < 0.01 be tween  e x p e r i m e n t s  wi th  and without  a - t o c o p h e r o l ,  a f t e r  i s c h e m i a  fo r  3 h. 
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Fig. I. Accumulation of POL products �9 in lipids of SR of ischemic muscles. A) 
Polarographic determination of lipids (2 mg/ml; methanol+benzene, 1 : 2; 0.25 M 
LiCI) isolated from muscle SR membranes of control animals (0) and after isehemia 
for 3 and 6 h (3 and 6). LP-7 Polaz~ograph; B) emission (continuous line)and exci- 
tation (broken line) fluorescence spectra of same lipids (0.1 mg/ml; heptane+ metha- 
nol, i : 5); Hitachi MPF-2A speetrofluometer. 

Fig. 2. Changes in pH of incubation medium (5 mM Tris-HCl; 100 mM NaC1; 5 mM 
Na oxalate; 2 mM MgCI2; 2 mM ATP; 0.5 mg SR protein; 37~ during Ca2+kdepen - 
dent hydrolysis of ATP by SR membranes from control and isohemic muscles. 

f r o m  which oxygen  was r e m o v e d  by a c u r r e n t  of n i t r o g e n  (pC 2 =0 m m  Hg) [4, 12]. The  f r a c t i o n  of SR m e m b r a n e s  
was  i s o l a t e d  f r o m  the  m u s c l e s  by d i f f e r e n t i a l  c e n t r i f u g a t i o n  [22] and the  p a r a m e t e r s  of the  Ca 2+ ETS w e r e  r e -  
c o r d e d  in v i t r o  with a p H - m e t e r  d u r i n g  a c i d i f i c a t i o n  of the  incuba t ion  m e d i u m  in the  c o u r s e  of CaZ+7, Mg ~+- 
dependen t  h y d r o l y s i s  of A T P  [9]. The  p r o t e i n  c o n c e n t r a t i o n  of SR was d e t e r m i n e d  by  the  b i u r e t  r e a c t i o n  [171. 
L ip ids  w e r e  i s o l a t e d  [15] and t h e i r  p e r o x i d a t i o n  p r o d u c t s  w e r e  a n a l y z e d  ( h y d r o p e r o x i d e s  of l i p ids  p o l a r o g r a p h -  
i c a l l y  [5]; d i ene  c o n j u g a t i o n  p r o d u c t s  U V - s p e c t r o p h o t o m e t r i e a l l y  [13]; s e c o n d a r y  F O L  p r o d u c t s  of  the  Schiff  
b a s e  type  f l u o r o m e t r i c a l l y  [14]). 

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 s u l t s  in T a b l e  1 and F ig .  1 show tha t  as  a r e s u l t  of  i n t e r r u p t i o n  of the c i r c u l a t i o n  in the  l imbs  the 
Ca 2+ ETS was inh ib i t ed  and p r i m a r y  and s e c o n d a r y  m o l e c u l a r  POL p r o d u c t s  a c c u m u l a t e d  in r i v e .  The  i n t ens i t y  
of the  two e f f ec t s  depended  on the du ra t i on  of i s c h e m i a .  W h e r e a s  a c o n c e n t r a t i o n  of POL p r o d u c t s  r o s e  s t e a d i l y  
d u r i n g  1, 3, and 6 h of  i s c h e m i a ,  the c h a n g e s  in the  p a r a m e t e r s  of ETS d i f f e r e d  q u a l i t a t i v e l y  a f t e r  d i f f e r e n t  
p e r i o d s  of i s c h e m i a :  A f t e r  1 and 3 h of i s e h e m i a  t h e r e  was  a t endency  for  Ca 2+ t r a n s p o r t  to be  inh ib i ted  whi le  
a c t i v i t y  of Ca2+-dependen t  A T P a s e  was  unchanged ,  w h e r e a s  a f t e r  i s e h e m i a  f o r  6 h a f u r t h e r  d e c r e a s e  
in the  C a 2 + - t r a n s p o r t i n g  a b i l i t y  of the  SR f r a g m e n t s  was  a c c o m p a n i e d  by  inh ib i t ion  of Ca2+-dependen t  A T P a s e  
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TABLE 2. Indices of Ca 2+ ETS and POL 
in SR of Rat Skeletal Muscles during 
Ischemia  for 6 h before and after  Res to ra -  
tion of Blood Flow (M :L m) 

Activity of 
Ca2+-ATPase 
pt moles 
Pinorg/min/ 
mg protein 

Diene 
z+- , I conjuga- 

Ca /ATP tion 
products 

Series of 
investiga- 
tions 

Control I 4,88+ 0,23 0,34+0,03 1,87m 0,38 
Ischemia for 

6 h 2,79+---0,24 0 3,48• 
Ditto 4 restora- 

tion of blood 
flow for 
4 h 1,86-- 0,09~" 0 3,45-----0,61 

*The sha rpe r  changes are  probably due to 
the fact that the experiments  were ca r r i ed  
out in spring. 
CP < 0.01 between experiments  before and 
after  res tora t ion  of blood flow. 

E 

�9 

o 

0 

; n  

Without 
additives 

I r 
5 1o 15 20 rain 

Fig. 3. ACcumulation of lipid 
hydroperoxides during incu- 
bation of SR fragments  in the 
p resence  of NADH (0.5 mM), 
NADPH (0.5 raM), and without 
additives. Conditions of incu- 
bation: 100 mM NaC1; 10 /~M 
FeSO4; 50 mM Tr i s -HCt ;  pH 
7.4; 37~ 

also (Fig. 2). These resu l t s  provide an explanation of the sharp decrease  in the ATP concentrat ion and increase 
in the inorganic phosphate concentrat ion in ischemic muscles  [6, 10]. The decrease  in the level of "coupling" 
of Ca 2+ t ranspor t  with ATP hydrolysis  observed during 3 h of ischemia,  i.e., the decrease  in efficiency of the 
calc ium pump, although activity of Ca2+-dependent ATPase  remained high, must inevitably lead to-rapid exhaus- 
tion of the pool of endogenous ATP, whose synthesis under anoxic conditions cannot compensate for these 
unproductive losses of energy.  

The experiments  in v i t ro  showed that accumulation of products of f r ee - rad ica l  lipid oxidation in the SR 
membranes  was accompanied in the initial stages (up to 10 nmoles hydroperoxide/mg lipids) by inhibition of 
Ca 2+ t r anspor t  by the SR f ragments  (as a resul t  of an increase  in the permeabi l i ty  of the SR memb~:anes for 
Ca 2+ ions), whereas  later  (over '20 nmoles hydroperoxides/mg lipids) it was also accompanied by inhibition of 
Ca2+-dependent ATPase  [7]. The accumulation of POL products observed in SR membranes  in vivo during 
ischemia co r re l a t e s  with the degree of injury to ETS ( r = - 0 . 7 3 ;  P < 0.01) less s trongly than during induction of 
POL in SR membranes  in vi t ro  by a nonenzymie sys tem of Fe2++ascorbate  ( r = - 0 . 9 9 ;  P<0.01).  It must be 
r emembered ,  however, that the concentrat ion of lipid peroxides recorded  in vivo represents  on ly the i r  s teady-  
state concentrat ion,  ref lect ing both the accumulation of hydroperoxides and their  breakdown catalyzed by 
reduced ions of metals  of var iable  valency and ve ry  likely to occur  under conditions of isehemia,  i.e., when the 
redox potential of the muscle  t i ssue is negative [11]. 
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The contribution of accumulation of POL products to the damage caused by ETS in the SR membranes can 
be estimated by the use of antioxidants inhibiting POL in rive. Experiments showed (Table 1) that the products 
of free-radical oxidation of lipids accumulating in vivo were evidently only part of the mechanism of damage to 
ETS taking place during 3 h of ischemia. 

The possible mechanisms of the more intensive generation of lipid peroxides during ischemia are an 
important problem. In principle, a decrease in pC 2 in the ischemic muscle can only reduce the rate of POL. 
However, even at a comparatively low pC 2 level, generators of active forms of oxygen, with high affinity for 
02 [8], are able to catalyze the POL reactions provided that sources of reducing equivalents are present. It is 
pertinent to reca l l  that the content of reduced pyridine nucleotides in skeletal muscles is relat ively high during 
ischemia of short  duration [6]. Accordingly the possibili ty of NADH- and NADPH-dependent POL .taking place 
in SR membranes  was investigated and the resul ts  showed that SR membranes  of the skeletal muscles  contain 
enzyme sys tems  capable of acting as POL genera tors  and activated by reduced pyridine nucleotides (Fig. 3). 

Restorat ion of the blood flow after  prolonged ischemia of organs does not Cause the concentrat ion of POL 
products to fall to their initial level [1]. A s imi lar  effect was observed in the SR membranes  of skeletal  
muscles  after  ischemia for 6 h and res tora t ion  of the blood flow for 4 h (Table 2). Meanwhile removal  of the 
tourniquet frequently leads to a fur ther  decrease  in enzyme activity [6]. In this respec t  the ETS of the SR 
membranes  was no exception, for during 4 h of the post ischemic period the Ca- t ranspor t ing  capacity remained 
completely blocked and fur ther  inhibition of Ca2+-dependent ATPase  developed. Correla t ion between the t ime 
of the fall in Ca2+-dependent ATPase  activity and the t ime of death of the animals with an ischemic limb, as 
well as the fur ther  decrease  in this index after  removal  of the tourniquet after  6 h of ischemia suggests  that 
this c r i te r ion  can be used to assess  the degree of revers ib i l i ty  of ischemic damage in skeletal muscles.  

It can be concluded that damage to the Ca 2+ ETS in the membranes  of SR, due part ly to accumulation of 
POL products,  can lead to an increase  in the Ca 2+ concentrat ion in the sa rcop lasm and can thus be a cause of 
hypertonia of the skeletal  muscles  in ischemia.  
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