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Summary 

A working hypothesis on pathogenesis of ischemic heart damage has been 
proposed. According to this hypothesis, a crucial role in conversion of reversible 
damage into irreversible damage is played by cardiomyocyte membrane destruc- 
tion caused by the so-called "lipid triad". The latter comprises activation of lipid 
peroxidation, activation of phospholipases, and the detergentlike action of exces- 
sive amounts of free fatty acids and lysophospholipids. Marked activation of lipid 
peroxidation in experimental myocardial infarction, as well as reoxygenation fol- 
lowing transitory ischemia, have been demonstrated. The proposed hypothesis and 
experimental data underly successful application of synthetic free radical scaven- 
gers (antioxidants) for heart protection against experimental myocardial infarction, 
transitory ischemia, and emotional, painful stress. 
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I n t r o d u c t i o n  

L i p i d  p e r o x i d a t i o n  (LPO) is a con t i nuou s  phys io log ica l  p rocess  occur-  
r ing  in  cel l  m e m b r a n e s .  A p a r t  f rom be ing  a m e m b r a n e  r e ne w a l  factor ,  th is  
p roce s s  is an  e s sen t i a l  s t ep  in  b io syn the s i s  of p r o s t a g l a n d i n s  a n d  l euko-  
t r i enes  as we l l  as in phagocy tos i s ,  p inocy tos i s ,  d i s a s s e m b l y  of i n t r ace l lu l a r  
m e m b r a n e s ,  etc. (6, 26, 27, 52, 53). Recen t  s tud ies  have  d e m o n s t r a t e d  tha t  
e x c e s s i v e  ac t iva t ion  of L P O  p lays  an  i m p o r t a n t  a n d  s o m e t i m e s  a k e y  ro le  
in  t he  d e v e l o p m e n t  of m a n y  diseases .  P r i m a r i l y  the  ac t iva t ion  of L P O  has  
b e e n  f o u n d  to be  i n v o l v e d  in  va r ious  d a m a g e s  i n d u c e d  b y  h y p e r b a r i c  
o x y g e n a t i o n  (16, 22), X- rad i a t i on  (10, 55), and  de f i c i ency  of v i t a m i n  E, t he  
p r e d o m i n a n t  na tu r a l  free r ad ica l  s cavenge r  (4, 13). 
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It  has recent ly  been  repor ted  that  L P O  activat ion inevi tably occurs  in 
the heart  and other  organs  of animals  exposed  to stress (45); the s tressory 
damages  can be prevented  by adminis t ra t ion  of natural  and synthet ic  free 
radical scavengers  (44, 46). Since the  role of s t ressory si tuations in the 
et iology of the main  endogenous  noninfect ious  diseases is quite obvious,  
L P O  act ivat ion appears  to be a c o m m o n  pa thogenet ic  m e c h a n i s m  of these 
d is turbances  (40). Indeed,  there  are some li terature data  on the impor tan t  
role of this process  in the deve lopmen t  of gastric m u c o s a  ulcerat ion (47), 
retinal damage  (54), s t ressory damage  of brain metabol i sm (7), neoplasms 
(28, 32), a therosclerosis  (15, 58), and, finally, cardiac ischemia (9, 31, 43). 

The aim of the present  invest igat ion was to s tudy  the role of L P O  
activat ion in pa thogenes is  of ischemic,  hypox ic  and reoxygena t ion  dam- 
ages of the heart  and to evaluate the possibil i ty of appl icat ion of free 
radical scavengers  for prevent ion  of such damage.  F r o m  this v iewpoin t  we  
shall cons ider  the three following points:  i) present-day concepts  on the 
pa thogenes is  of ischemic heart  damage  and  the role of L P O  in this 
process,  ii) the nature  of LPO, and iii) the use of synthet ic  free radical 
scavengers  for prophylaxis  of ischemic,  hypox ic  and reoxygena t ion  dam- 
ages of heart  muscle.  

Pathogenes i s  of i s chemic  heart  d a m a g e  and the  role of LPO a c t i v a t i o n  
in this  process  

The concep ts  on pa thogenes is  of i schemic  hear t  damage  are far f rom 
being u n a m b i g u o u s  and are rapidly  changing.  The  scheme  presented  
below is a work ing  hypothes is  which  sums up the data obta ined in the last 
few years  (1-3, 49, 50). Accord ing  to the authors  of the present  article, the  
format ion  of the pa thogenet ic  chain of myocard ia l  infarct ion comprises  
four  steps (fig. 1). 

The first step is a switch-on of the main  pa thogenet ic  factors. As can be 
seen in figure 1, the two etiological factors - env i ronmenta l  s t ressory 
situations, on  the one hand,  as well as heredi tary  and  a l imentary  disorders  
of lipid metabo l i sm and  of its control,  on  the o ther  hand,  p roduce  at least 
three pr imary  shifts in the organism,  namely  s tenosing coronary  vascular  
atherosclerosis ,  stress syndrome,  and, finally, changes  in the rheological  
propert ies  of the blood, and more  or less p r o n o u n c e d  coronary  ar tery 
thrombosis .  The main  event  const i tut ing the essence of the disease, i.e., 
myocard ia l  ischemia,  is p roduced  either indirect ly by  the stress s y n d r o m e  
(coronary vascular  spasm) or directly by the other  two above-ment ioned  
shifts. Beside its main  manifestat ion,  switch-off of the mi tochondr ia l  
respira tory chain, myocard ia l  i schemia is inevi tably associated wi th  pain 
which,  in turn,  enhances  or switches on the stress synd rome  again and  
causes considerable  s t imulat ion of adrenergic  regulat ion and  catechoL 
amine excess in the organism. In  this connec t ion  the concep t  pu t  forward 
by  Professor  E. I. Chazov 's  clinic tha t  " infarct ion is a lways stress" seems 
to be mos t  plausible. It  should only be added  that  such stress is essentially 

Fig. 1. A schematic representation of pathogenesis of myocardial infarction. For 
details see Text. 
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emotional,  painful  stress, i.e., it is caused by  pain and  by fear of death  (11, 
51). The p roposed  scheme  demons t ra tes  that  this stage results  in two 
events, namely,  switch-off of the mi tochondr ia l  respira tory chain in the 
ischemic zone of the m y o c a r d i u m  and appearance  of ca techolamine  
excess, which  is caused  by  the stress syndrome.  

These two events  give rise to a second step consis t ing in p r imary  
def ic iency of ATP, inhibi t ion of the t r icarboxyl ic  acid cycle, glycolysis,  
ATP-dependen t  cat ion p u m p s  and fatty acid accumulat ion.  Fig. 1 shows 
that  the switch-off of the respiratory chain at this stage directly causes the 
inhibi t ion of the t r icarboxyl ic  acid cycle and  def ic iency of energy-r ich 
phospho rous  compounds .  The latter two shifts induce  act ivat ion and  
subsequen t  inhibi t ion of glycolysis  and fatty acid accumula t ion  via a well- 
es tabl ished sequence  of reactions. This process  is paralleled by simultane- 
ous inhibi t ion of the  slow channe l  of e lectrogenic Ca 2+ influx into car- 
d iomyocy tes  and by  ins tantaneous  depress ion  of hear t  contractili ty, 
which  is fol lowed by  inhibi t ion of the A T P - d e p e n d e n t  cat ion p u m p s  and, 
consequent ly ,  initial modera te  excess  of Ca 2+ in the  sarcoplasm. 

All these shifts appear  to be reversible; they  produce,  however ,  essen- 
tial changes  in the lipid bilayer of the myocard ia l  cells. These  changes,  
which  may  be t e rmed  as " the lipid triad of m e m b r a n e  damage" ,  form a 
basis for the third step shown  in the  scheme,  i.e., convers ion  of reversible 
myocard ia l  lesions to irreversible lesions. The lipid triad is essentially 
potent ia ted  by  ca techolamine  excess,  and  consists  in act ivat ion of lipases 
and phosphol ipases ,  detergent l ike act ion of fatty acids and lysophos-  
phol ipids  on the membranes ,  and,  finally, act ivat ion of LPO.  When 
evaluat ing the triad components ,  one should  consider  two facts. Firstly, 
the act ivat ion of L P O  and phosphol ipases  occurs  in card iomyocytes ,  
while the effects of the third c o m p o n e n t  of the tr iad are b rough t  about  by  
ca techolamine- induced  act ivat ion of lipases in adipose and  other  extracar-  
diac tissues. The result ing increase of fat ty acid conten t  in the blood unde r  
infarct ion and  stress is an indirect  cause of m e m b r a n e  damage.  Secondly,  
in contras t  to phosphol ip id  hydrolys is  L P O  is an irreversible process,  
since the cell is devoid  of mechan i sms  capable  of utilizing L P O  end  
products .  It  can also be seen f rom the scheme that  the lipid triad brings 
about  labilization of lysosomes;  as well as lesions of sarcolemma,  sarco- 
plasmic re t icu lum and mi tochondr ia ;  and causes increased permeabi l i ty  
of these m e m b r a n e  s t ructures  for  Ca 2§ Apparent ly ,  the  reversibil i ty or 
irreversibili ty of these damages  depends  on the degree of their  severity. 

In  p ro longed  ischemia,  the s t ructural  m e m b r a n e  damages  are aggra- 
vated  and const i tu te  a prerequisi te  for the four th  step of the process,  i.e., 
occur rence  of necrobiosis.  The scheme shows that  the excess of Ca 2+ 
accumula ted  as a result  of s t ructural  damage  of sa rco lemma and  other  
m e m b r a n e  s t ructures  of the  cell causes cont rac ture  of myofibri ls  and their  
des t ruct ion by  myofibri l lar  proteases;  this addit ional  act ivat ion of the  
lipid triad thus  st imulates m e m b r a n e  destruct ion.  The m e m b r a n e  destruc-  
t ion eventual ly  results in irreversible damage  of all the main  organelles of 
ca rd iomyocytes  and  in dea th  of these cells, which  underl ies  irreversible 
cessat ion of the contract i le  func t ion  of i schemic  hear t  musc le  and myocar-  
dial infarction. 
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One of the consequences  of the above considerat ions  consists  in the 
following. Proper ly  t imed inhibi t ion of the lipid triad, in particular,  LPO,  
phosphol ipases  and  lipases, can reduce  m e m b r a n e  damage  and thus  pre- 
vent  the convers ion  of reversible ischemic damage  to irreversible damage.  
In clinical cardiology the significance of LPO and inhibi t ion of L P O  by 
free radical scavengers  should  therefore be evaluated f rom this viewpoint .  

Mechanisms of act ivat ion and damaging effect of l ipid peroxidat ion 

When consider ing the p rob lem of the nature of LPO,  one should  
cons ider  that  oxygen  utilization in the organism occurs  via two pathways.  
The first one, the oxidase pathway,  has been widely investigated and  
consists  in oxidat ion of energy  substrates  by  the terminal  c o m p o n e n t  of 
the respiratory chain, cy toch rome  oxidase. As a result of this process,  
oxygen  accepts  four electrons and is r educed  to form H20. The oxidase  
pa thway  does not  involve 02 incorporat ion into the oxidizing subst ra te  
molecule;  unde r  normal  condi t ions  it is coupled  with ATP synthesis,  thus  
serving as an energy  source for living systems.  Therefore, this pa thway  has 
always at t racted the a t tent ion of biologists and, particularly, of cardiolog- 
ists. 

The second,  m u c h  less invest igated pathway,  the oxygenase  pathway,  
does not  involve comple te  four-electron reduc t ion  of 02, but  consists in a 
s tepwise reduc t ion  and format ion  of act ivated oxygen  species via accept-  
ance of one, two or three electrons by  O2. The respective products  are 
superox ide  anion radicals, hyd rogen  peroxide  and hydroxyl  radicals. 
These act ivated oxygen  species can interact  with endogenous  substra tes  
in the cell; this process  is a ccompan ied  by  incorporat ion of one a tom or of 
the whole  molecule  into the oxidizing substrate.  Endogenous  lipids play 
an essential role in free radical oxidation.  The free radical oxidat ion of the 
lipids gives rise to peroxyder ivat ives ;  therefore the whole process  has 
been  t e rmed  LPO. 

In  order  to unde r s t and  the m e c h a n i s m  of superf luous damaging  activa- 
t ion of LPO,  one should  consider  tha t  unde r  certain condit ions the process  
of oxygen  utilization can be swi tched f rom the oxidase (respiratory) path- 
way  to the oxygenase  pa thway;  the latter forms a basis for LPO. Indeed,  
the four-electron reduct ion  of O2 to H20 in cy tochrome  oxidase only 
succeeds  wi th  con t inuous  and well-coordinated funct ioning of the whole  
ensemble  of the respiratory chain carriers. When the terminal  c o m p o n e n t  
of the respira tory chain is inhibited (e.g., in ischemia, anoxia), the inevi- 
table reduc t ion  of NAD to N A D H  and that  of respiratory chain carriers 
m a y  eventual ly  result  in reduc t ion  of molecular  oxygen  dissolved in the 
lipid mat r ix  of the membrane .  However,  this reduct ion  will be other  than  a 
four-electron, comple te  reduc t ion  of 02 to H20; it will be incomple te  
reduc t ion  coupled  with the format ion of activated oxygen  species. Of 
course,  the p roduc t ion  of such  species is only possible w h e n  i schemia  is 
not  associated with exhaust ive  anoxia and w h e n  the lipid mat r ix  contains  
sufficient amoun t s  of 02. 

It  seems essential to point  out  that  enhanced  p roduc t ion  of free radicals 
in the whole  organism can occur  not  only in ischemia or anoxia,  bu t  also in 
an entirely different si tuation as well, namely,  unde r  hyperbar ic  oxygena-  
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tion. In  such  a si tuation the a m o u n t  of 02 dissolved in the m e m b r a n e  lipid 
matr ix  is sharply elevated and the possibil i ty of 02 interact ion with the 
reduced  electron carriers in mi tochondr ia l  and  mic rosomal  e lectron trans- 
port ing chains is cor responding ly  increased despite  the small n u m b e r  of 
carriers. 

P r e sumab ly  the s t rongest  act ivation of the LPO process  could be 
expec ted  w h e n  both  of the above condi t ions  occur  s imultaneously,  that  is, 
when  pro longed  anoxia  and a considerable  accumula t ion  of r educed  
carriers are followed by excessive supply  of 02, i.e., in reoxygena t ion  
preceded  by pro longed  hypoxia  or ischemia.  Hence,  LPO activation can 
result  f rom two opposi te ly  directed changes  in 02 balance  in the cell. In  
i schemia  or anoxia  LPO activat ion is due to the excess of electron donors,  
i.e., r educed  carriers, while in hyperbar ic  oxygena t ion  LPO act ivat ion is 
due to the excess of the electron acceptor,  i.e., molecular  02. And,  finally, 
dur ing  reoxygena t ion  L P O  act ivat ion is a result  of s imul taneous  act ion of 
these two factors. It  is no tewor thy  that  the condi t ions  of pos t i schemic  or 
pos thypox ic  reoxygena t ion  (which is present ly  t e rmed  "oxygen  paradox")  
have been  s tudied in great detail. I t  has also been shown that  these 
reoxygena t ion  si tuations are associated wi th  intensive accumula t ion  of 
LPO produc ts  (17, 18) which  cause severe damage  to cell s t ructures  of the 
heart  and  other  organs  (20, 21). 

In  our  opinion, this observat ion of marked  accumula t ion  of LPO pro- 
ducts  is very  impor tan t  for cardiological  pract ice since reoxygena t ion  is a 
c o m m o n  p h e n o m e n o n  in the course  of deve lopmen t  of i schemic  disease. 
Reoxygena t ion  is inevitably concomi tan t  with the final stage of a stenocar-  
diac a t tack result ing f rom coronary  vasospasm,  and with reactive hyper-  
thermia,  collateral opening,  or natural  reperfus ion under  condi t ions  of 
coronary  artery occlusion. 

The scheme shown in figure 2 illustrates the format ion of p r imary  
molecular  p roduc t s  of LPO (phosphol ipid  hydroperoxides)  which  occurs  
as a result  of incorpora t ion  of the O2 molecule  into unsa tura ted  fat ty acid 
residues. The thus - formed  hydrope rox ides  are uns table  and  are readily 
d e c o m p o s e d  to form a large n u m b e r  of secondary  and end products  of 
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Fig. 2. Interaction of phospholipid (1) with 02 and formation of phospholipid 
hydroperoxide (2). 
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LPO.  The effects of LPO on b iomembranes  can be classified in at least 
four  groups:  a) changes  in the lipid mic roenv i ronmen t  of membrane-  
b o u n d  enzymes,  receptors  and ion channe l  formers,  wh ich  can bo th  
activate and inhibit  the funct ional  activity of such proteins;  b) format ion  
of new permeabi l i ty  channels  (see below); c) format ion  of cross-links 
be tween  proteins  and phosphol ip ids  of b iomembranes ,  coup led  with 
irreversible inact ivat ion of the protein and; d) oxidat ion of SH-groups  in 
the active sites of m e m b r a n e - b o u n d  enzymes,  and a resul t ing loss of 
enzyme  funct ional  propert ies  (5, 24, 33-35, 41, 48). One of these effects, the 
format ion  of peroxide  clusters, is presented  schematical ly in figure 3. It  
can be seen that  as phosphol ip id  hydroperox ides  are accumula t ed  in the 
membrane ,  their lateral diffusion first results in their associat ion in each 
monolayer ,  and  subsequen t ly  in the  format ion  of t r ansmembrane  pe roxy  
clusters;  the clusters serve as ion permeabi l i ty  channels,  part icularly for 
Ca 2+ (25, 35, 38, 48). It  m a y  be a s sumed  that  the format ion of such  clusters 
dur ing  L P O  activat ion induced  by  ischemia,  stress or other disorders  can 
play  an essential role in C a  2+ excess  accumula t ion  in myocy tes  and  in 
manifes ta t ion of the  damaging  effect of these cations. 

A fur ther  rise in the a m o u n t  of L P O  produc ts  in the clusters (fig. 3) can 
lead to f ragmenta t ion  and des t ruct ion of sarcolemmal  and sarcoplasmic 
re t icu lum membranes .  Hence,  this effect first modifies the funct ions of the 
ca rd iomyocy te  m e m b r a n e s  and subsequen t ly  becomes  the cause of mem-  
brane  destruct ion.  

% 

Fig. 3. Formation of lipid peroxide clusters and mem- 
brane fragmentation upon induction of lipid peroxida- 

tion. For details see Text. 
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When attempting to elucidate the m e c h a n i s m  of LPO activation as 
manifested by  its damaging action on  cell membranes ,  and by  m y o c y t e  
death, in stress, i schemia and reoxygenat ion,  one  should bear in mind that 
this lipid triad c o m p o n e n t  is c lose ly  connected  with  the other c o m p o n e n t s  
and pathogenet ic  l inks of i schemic  heart damage.  For instance, LPO 
activation causes  labilization of the ly sosomal  system,  in which  the bulk  of 
cell phosphol ipases  is localized. The phospho l ipases  which  are released 
from the l y s o s o m e s  as wel l  as the  activated membrane -bound  phosphol ip-  
ases can play an important role in destruction of the membrane  lipid 
bilayer and in formation of ly sophosphol ip ids  and free fatty acids (30). The 
lysophosphol ip ids  and high concentrat ions of fatty acids occurring in the 
b lood  in stress and infarction can destroy the highly  ordered phosphol ip id  
arrangement of the phosphol ip id  membrane  through their detergentl ike 
action and thus induce  LPO activation. The  increase of m e m b r a n e  per- 
meabi l i ty  for Ca z+ resulting from this chain of reactions, and the thus 
produced  Ca 2+ excess  in the cell, activate in turn the phosphol ipases  and 
LPO (23, 57). This results in closure of the v ic ious  circle which  plays a 
crucial role in the d e v e l o p m e n t  of cell  m e m b r a n e  damage,  the  convers ion  
to irreversible damage,  and m y o c y t e  death. 

In practically every  cell of an aerobic organism there are condit ions  
conduc ive  to LPO induction.  However ,  damaging  activation of LPO, or 
cell m e m b r a n e  destruction, does  not  occur in healthy organisms.  In 
routine stress situations and in relative hypox ia  caused by considerable  
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physical  load this activation is quite l imited and  does not  cause irrevers- 
ible damages.  

Such  limitation, which  provides  for active behavioral  responses  of an 
organism in complex  envi ronmenta l  situations, is due  to the  exis tence of a 
con t inuous ly  funct ioning,  reliable antioxidative sys tem which  restricts 
practical ly all the steps of the LPO process  (fig. 4). 

The ant ioxidat ive sys tem only  proves to be insufficient  unde r  exces- 
sive (with respect  to dura t ion and intensity) s t ressory influences,  chronic  
anoxia,  i schemia and subsequen t  reoxygenat ion.  The result  is enhanced  
L P O  activation, deve lopment  of the whole lipid triad and irreversible 
damage.  I t  is exact ly  in such  si tuations tha t  effective protec t ion of the 
heart  and  other  organs  can be achieved by adminis t ra t ion of L P O  
inhibitors,  i.e., natural  and synthet ic  free radical scavengers  (antioxid- 
ants). The g roup  of natural  ant ioxidants  may  be associated with vi tamins  
of the E and  E: groups,  steroid hormones ,  biogenic  amines, sulfur-contain- 
ing amino acids, etc. The mos t  effective synthet ic  free radical scavengers  
are L P O  inhibitors of the phenol ic  type,  e.g., butyla ted hyd roxy  toluene 
(BHT), bu ty la ted  h y d r o x y  anisole, hydroxypyr id ine  derivatives, etc. 
Fur ther  on we shall cons ider  the use  of one  of such  compound ,  BHT, for 
prevent ion  of hypoxic ,  i schemic  and reoxygena t ion  damages  of the heart. 

The  u s e  of a n t i o x i d a n t s  for  p r e v e n t i n g  d a m a g e  c a u s e d  by e x p e r i m e n t a l  
i n f a r c t i o n  and  r e o x y g e n a t i o n  

Acute  myocard ia l  i schemia caused by occlusion or spasm of the coro- 
na ry  ar tery is character ized by  a n u m b e r  of factors which, when  acting 
s imultaneously,  m a y  induce  LPO activation. 

Indeed ,  accumula t ion  of reduced  carriers by  switch-off of the respira- 
tory chain is concomi tan t  with the presence  of molecular  oxygen. The 02 
tension does not  fall be low 5-10 m m  Hg even in the focus of ischemia; and 
in natural  r eoxygena t ion  result ing f rom cessat ion of the spasm or f rom 
reactive hyperemia  02 tension may  be cons iderably  elevated. Hence  the 
two main  condi t ions  necessary  for free radical format ion and LPO induc- 
tion, i.e., excess of e lectron donors  - r educed  carriers - and the electron 
acceptor  - O2 - are given in the case of ischemia.  Fur thermore ,  accompany-  
ing emotional ,  painful  stress provides  for increased release of 
catecholamines.  Under  these condi t ions  epinephr ine  oxidat ion to 
ad reeochrome  can give rise to epinephr ine  semiquinone,  which  can 
donate  electrons to O2 and thus  generate  a superoxide  anion radical (8), an 
inducer  of LPO. 

In  accordance  with the above considerat ions it has been demons t r a t ed  
that  emotional ,  painful  stress, wh ich  is originally not  associated wi th  
ischemia,  can cause a manyfo ld  increase of LPO products  in the myocar -  
dittm (45). I t  should  thus  be expec ted  that  ischemia in combina t ion  with 
reoxygena t ion  and  stress, which  is the case in any acute  myocard ia l  
infarction, should  lead to s t rong activation of L P O  in heart  muscle.  

Indeed,  24 hours  fol lowing the onset  of myocard ia l  infarct ion caused  
by  l igation of the descend ing  left coronary  artery of the rat, the  ther- 
mochemi luminescence  of lipids in the i schemic  zone of the m y o c a r d i u m  is 
increased 3-4-fold - an indirect  indicat ion of L P O  activation. The  increase 
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reaches its m a x i m u m  on the 3rd day after coronary  ar tery ligation and  
gradually disappears  by  the 30th day. The degree of the rmochemi lumines -  
cence activation, the size of the infarct ion zone, and typical  i schemic  
changes in the ECG can be cons iderably  reduced  by  pre l iminary  adminis-  
tration of ant ioxidants  - sod ium selenite, a- tocopherol  and  the combina-  
tion of these two drugs  (31). Ev idence  for this not ion was  also obta ined in 
the laboratory of the  present  authors  (26, 27). 

When evaluat ing this impor tan t  data, one should  consider  that  the 
t he rmochemi luminscence  of lipids isolated f rom the heart  reflects the 
LPO process  occurr ing  in vitro unde r  aerobic condit ions.  Consequent ly ,  
the increased t he rmochemi luminescence  of lipids obta ined f rom the 
ischernic zone is only suggest ive of the fact  tha t  i schemia creates prere- 
quisites for the more  intensive occurrence  of this process  in the presence  
of O2. This shift is not  an unequivoca l  proof  of L P O  act ivat ion in vivo; such  
activation may  also be reflected in increased content  of unsa tura ted  fat ty 
acids, substra tes  of LPO, and  lipids of the i schemic  zone; or by  decreased  
activity of natural  ant ioxidat ive systems,  etc. In  order  to find out  whe ther  
or not  LPO activation takes place in the ischemic or ext ra ischemic  zone, it 
is apparent ly  necessary  to measure  the con ten t  of L P O  produc t s  accumu-  
lated in myocard ia l  lipids as a result  of L P O  activation. We thus deter- 
mined  the conten t  of p r imary  (hydroperoxides)  and end produc ts  of L P O  
(Schiff bases) in the ischemic and  ext ra ischemic  zones 24 hours  after 
l igation of the descending  left coronary  ar tery of the rat, i.e., unde r  
condi t ions  of exper imenta l  myocard ia l  infarction. The state of enzymat ic  
ant ioxidat ive sys tems in these zones was evaluated s imul taneous ly  (43). 
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Fig. 5. Accumulation of lipid hyd- 
roperoxides (a) and Schiff bases (b) 
in heart muscle in experimental 

myocardial infarction. 
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T h e  d i a g r a m  s h o w n  in  f igure  5a d e m o n s t r a t e s  t h a t  24 h o u r s  af ter  
c o r o n a r y  a r t e ry  o c c l u s i o n  t he  h y d r o p e r o x i d e  c o n t e n t  i n  the  i s c h e m i c  zone  
is i n c r e a s e d  3.5-fold, t h a t  i n  t he  e x t r a i s c h e m i c  zone  2-fold. 

As c a n  be  s e e n  f r o m  f igure  5b, the  c o n t e n t  of Schi f f  bases ,  t h e  e n d  
p r o d u c t s  of L P O ,  in  t he  i s c h e m i c  a n d  e x t r a i s c h e m i c  z one s  is i n c r e a s e d  13- 
fold a n d  5-fold, r e spec t ive ly .  S u c h  exces s ive  a c t i v a t i o n  of L P O  in  m y o c a r -  
d ia l  infarction is accompanied by decreased activity of the main enzymatic 
antioxidative systems which restrict the intensity of LPO under normal 
conditions. 

Figure 6 (a-c) shows that the activity of the two antioxidative enzymes, 
superoxide dismutase and catalase, restricting the production of activated 
oxygen species is reduced by 16-18 %, while that of glutathione peroxi- 

Fig. 6. Decrease in the activity 
of the main antioxidative enzy- 
mes of heart muscle in experi- 
mental  infarction: a - superox- 
ide dismutase, b - catalase, c - 

glutathione peroxidase. 
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dase, which  responsible  for utilization of lipid hydroperoxides ,  is 
decreased more  than 2-fold. 

Thus, exper imenta l  myocard ia l  infarct ion is character ized by  a consid- 
erable accumula t ion  of p r imary  and end produc ts  of LPO and by partial 
inact ivat ion of certain enzymat ic  sys tems which  restrict  the L P O  process  
under  normal  condit ions.  It  should  be noted  that  such an extensive 
activation of LPO in m y o c y t e  m e m b r a n e s  conta in ing polyenoic  phos-  
pholipids,  the main  substrates of LPO,  is in no way  fortuitous; this process  
is inevitably associated with act ivat ion of phosphol ipases  and  detergent-  
like act ion of fat ty acids and  lysophosphol ip ids .  This lipid triad should, in 
its turn, cause extensive des t ruc t ion  of the m e m b r a n e  lipid bilayer. 

These considerat ions  are in good agreement  with the latest reports  (12). 
It  has been  shown  that  12 hours  after the onset  of i schemia  the total 
phosphol ip id  conten t  in the heart  is decreased by  1/3, while there is a 50 % 
fall in the conten t  of the main  substrate  of LPO,  phospha t idy l  
e thanolamine,  and  only a 25 % fall of phospha t idy l  choline. Such  a loss of 
m e m b r a n e  phosphol ip ids  is associated with a 10-fold increase of sar- 
co l emma permeabi l i ty  for Ca 2+. This is only natural,  since the mos t  sig- 
nif icant  decrease of the phosphol ip id  conten t  takes place in the sar- 
co lemma,  where  the des t ruc t ion  of the lipid bilayer p robab ly  occurs  at the 
earliest stages (56). 

There  is same evidence  that  act ivation of LPO and des t ruc t ion  of the 
lipid bilayer of hear t  muscle  m e m b r a n e s  can take place not  only in 
exper imenta l  infarction, but  m ay  occur  in h u m a n  subjects  as well. Clinical 
invest igat ions by  E. R. Katsanovich  (29) demons t r a t ed  that  the conten t  of 
lipid hydrope rox ides  in the b lood under  acute  myocard ia l  infarct ion is 
increased more  than  4-fold. This is in ag reement  with data f rom earlier 
studies (19) suggest ing that  the ca rd iomyocy tes  of autops ied  myocard ia l  
infarct ion pat ients  have a decreased conten t  of phospha t idy l  
e thanolamine,  the main  substrate  of LPO. 

The exper imenta l  data given above demons t ra te  that  the LPO process  
in myocard ia l  infarct ion is not  act ivated in the ischemic zone alone; it is 
cons iderably  increased in the ext ra ischemic  zone as well. The act ivat ion in 
the ext ra ischemic  zone is p robably  due to stress, on the one hand,  which 
causes ca techolamine  excess, and  to natural  r eoxygena t ion  result ing from 
reactive hyperemia  and  collateral opening,  on the other  hand. I t  is also 
possible that  such act ivat ion associated wi th  decreased activity of the 
ant ioxidat ive sys tems can be responsible  for the en la rgement  of the 
myocard ia l  necrot ic  zone under ly ing  the so-called recurrent  or p ro longed  
infarct ions which  have been widely reported.  In  light of this not ion it 
seems wor thwhi le  to examine  the recent  results on the use of free radical 
scavengers  in cardiological  pract ice a imed at myocard ia l  protect ion 
against  exper imenta l  infarction, t ransi tory ischemia,  hypox ia  and hypox ic  
contracture.  

The data presented  in table 1 show that  a pre l iminary  inject ion of the 
ant ioxidant  did not  significantly affect the size of the infarct ion zone 
48 hours  after l igation of the left coronary  artery descending  branch.  BHT 
only decreased the degree of fe rmentemia  associated with the infarction; 
the same effect of BHT was, however ,  observed  in the case of emotional-  
painful stress. It  may  therefore  be a s sumed  that  the fe rmentemia  observed  
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Table 1. Effect of preliminary injection of BHT on the size of ischemic necrotic zone 
and degree of fermentemia after ligation of the left descending coronary artery of 

the heart (M • m). 

Infarction BHT + infarction P 
( n =  11) ( n = 9 )  

Square of necrotic zone under 
the epicardium/square of the 
left ventricular wall, % 

Square of necrotic zone under  
the endocardium/square of the 
left ventricular  wall, % 

Activity of aspartate amino- 
transferase in blood serum, U/1 

63.3 • 2.0 59.5 • 3.1 >0.05 

50.9 • 1.9 43.7 • 3.2 > 0.05 

130.4 • 12.2 97.2 _+ 7.1 < 0.05 

48 h o u r s  a f t e r  t h e  o n s e t  of  m y o c a r d i a l  i n f a r c t i o n  is m a i n l y  d u e  to s t r e s s  
d a m a g e  of  v a r i o u s  t i s s u e s  a n d  i ts  d e c r e a s e  is a r e su l t  of  t h e  a n t i s t r e s s o r y  
e f f e c t  of  B H T .  

T h e  c u r v e s  s h o w n  in  f i g u r e  7 r e f l e c t  t h e  d y n a m i c  of t h e  p r e s s u r e  
d e v e l o p e d  in  t h e  le f t  v e n t r i c l e  d u r i n g  r e l a t i v e  r e s t  a n d  a t  m a x i m a l  l o a d  
c a u s e d  b y  t e n s i o n  a f t e r  25-sec c l a m p i n g  of  t h e  aorta .  I n  a n i m a l s  w i t h  
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e x p e r i m e n t a l  in fa rc t ion  the  va lue  of th is  p r e s s u r e  and  the  ve loc i ty  of i ts 
d e v e l o p m e n t  are s ign i f ican t ly  d e c r e a s e d  as c o m p a r e d  to the  control .  This  
d e p r e s s i o n  caused  b y  in fa rc t ion  is m a x i m a l  at the  25th s econd  af ter  aor ta  
l iga t ion  w h e n  an fa t igue  of the  safe pa r t  of the  m y o c a r d i u m  is deve loped .  
The  m o s t  e s sen t i a l  e x p e r i m e n t a l  f ind ing  cons i s t s  in  the  fact  tha t  a p re l imi-  
na ry  in jec t ion  of the  a n t i o x i d a n t  c o n s i d e r a b l y  p r e v e n t s  the  d e v e l o p m e n t  
of th is  con t rac t i l e  func t ion  damage .  The  h a t c h e d  area  in the  f igure  7 
des igna te s  the  p ro t ec t i ve  response .  

S ince  the  size of the  i s c h e m i c  nec ro t i c  zone  is d e c r e a s e d  b y  the  ant iox-  
i dan t  only  ins ign i f ican t ly ,  we have  s u p p o s e d  t ha t  th is  effect  m a y  be  due  to 
the  a n t i o x i d a n t  p ro t ec t i on  of the  safe, non - i s c he m i c  zones  of the  myoca r -  
d i u m  aga ins t  the  s t r e s s - i nduced  d a m a g e s  c o n c o m i t a n t  wi th  m y o c a r d i a l  
infarc t ion .  In  o the r  words ,  it s eems  p r o b a b l e  tha t  in  th is  case  we  dea l  wi th  
a p ro t ec t i on  of the  in tac t  d iv i s ions  of the  m y o c a r d i u m  aga ins t  s t ress  
damage .  To ver i fy  th is  a s s u m p t i o n  we  s t u d i e d  the  con t rac t i l i t y  of the  
e x p e r i m e n t a l l y  non - i s chemic  zones  of the  heart ,  n a m e l y  the  r igh t  aur ic le  
of an ima l s  wi th  e x p e r i m e n t a l  in fa rc t ion  of the  left  vent r ic le .  

The  t ab l e  2 shows  tha t  24 hours  af ter  the  onse t  of e x p e r i m e n t a l  infarc-  
t ion  in  ra t  left  ven t r i c l e  the  con t rac t i l e  func t ion  of the  r igh t  aur ic le  is 
s t rong ly  d i s t u rbed ,  showing  in a 2-fold dec rease  of the  m a x i m a l  p r e s s u r e  
d e v e l o p e d  b y  the  i so la ted  aur ic le  d u r i n g  i some t r i c  con t rac t ion .  A pre l imi -  
na ry  in jec t ion  of the  ~-blocker  i nde ra l  p r even t s  th is  defec t  of the  cont rac-  
t i le  funct ion .  Consequen t ly ,  the  aur icu la r  d a m a g e  is due  to c a t e c h o l a m i n e  
excess ,  t ha t  is, to ad r ene rg i c  s t ress  effect  a s soc i a t ed  wi th  infarc t ion .  The  
t ab le  2 also d e m o n s t r a t e s  tha t  BHT p r e v e n t s  the  d i s t u r b e d  con t rac t i l e  
func t ion  of the  aur ic le  in  the  s ame  deg ree  as indera l .  In  th is  w a y  the  
a n t i o x i d a n t  p r e v e n t s  the  d e p r e s s i o n  of con t rac t i l e  func t ion  of the  non-  
i s chemic  pa r t  of the  hea r t  u n d e r  acu te  p e r i o d  of m y o c a r d i a l  in fa rc t ion  and  
the  a n t i o x i d a n t  p r o t e c t i o n  of the  hea r t  is in  th is  case  an  an t i s t r e s so ry  one. 

Trad i t iona l ly ,  p ro t ec t i on  of the  hea r t  aga ins t  e x p e r i m e n t a l  in fa rc t ion  is 
a m o d e l  of p r e v e n t i o n  of m y o c a r d i a l  in fa rc t ion  in  m a n  and,  co r r e spond-  
ingly,  hea r t  p ro t ec t i on  aga ins t  e x p e r i m e n t a l  t r a n s i t o r y  i s c h e m i a  is a m o d e l  
of p r e v e n t i o n  of c o r o n a r y  a t tacks .  

F i g u r e  8 shows  the  d y n a m i c s  of p r e s s u r e  d e v e l o p e d  in the  left  ven t r i c l e  
a n d  the  i n t ens i t y  of func t ion ing  of s t ruc tu re s  af ter  30 ra in  occ lus ion  of the  
lef t  d e s c e n d i n g  co rona ry  a r t e ry  of the  rat, and  the  effect  of BHT on this  
process .  I t  is e v i d e n t  t ha t  i s c h e m i a  causes  c o n s i d e r a b l e  d e p r e s s i o n  of 
hea r t  con t rac t i l i t y  a n d  s u b s e q u e n t  s tab i l i za t ion  at  a low level;  th is  da t a  is 

Table 2. Effect of preliminary inderal or ionol administration on contractile function 
of heart auricle in experimental left ventricle infarction. 

Series Developing tension, mg 
(n = 9) 

Control 382 +_ 13 
Infarction 198 +_ 5*) 
Inderal + infarction 331 +_ 15 
Ionol + infarction 315 _ 15 

*) P <0.01 
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Fig. 8. Effect of the free radical scavenger BHT on the depression of left ventricular 
contractility in transitory ischemia and subsequent reperfusion. 

suppor ted  by  reports  f rom other  laboratories (39). Removal  of the coronary  
artery occlus ion and fur ther  reperfusion and reoxygenat ion  of the myocar-  
d ium fail to restore the contracti le function,  and even cause fur ther  slow 
depress ion which,  in all probabil i ty,  is due to the maximal  activation of 
L P O  and  m e m b r a n e  des t ruc t ion  dur ing reoxygenat ion.  

I t  is of interest  that  the animals receiving a relatively low (20 mg/kg) 
dose of BHT prior to exper imenta l  t ransi tory ischemia showed practical ly 
the same response  to acute i schemia  as the controls; however ,  BHT 
comple te ly  p reven ted  the reoxygena t ion  depression of contracti le func-  
t ion and, moreover ,  p rovided  for considerable restoration of heart  contrac-  
tility dur ing reoxygenat ion.  

This data reveal a prerequisi te  for the possible use of synthet ic  free 
radical scavengers  in the the rapy  of coronary  disease and indicate that  the 
inhibitors of free radical oxidat ion provide for exceedingly  effective pro- 
tect ion of the hear t  under  reoxygena t ion  condit ions,  w h e n  anoxia  is 
followed by  a sufficient or excessive supply of O2. The latter observat ion  
was convinc ing ly  conf i rmed  by the use of free radical scavengers  for hear t  
protec t ion against  hypoxia ,  pos thypox ic  reoxygena t ion  and, finally, 
hypox ic  contracture.  
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Table 3. Dynamics of Schiff base content in myocardium under hypoxia and 
subsequent reoxygenation (fluorescence intensity in arbitrary units). 

Exptl. animals Artificial res- Cessation of res- Resumption of res- 
piration (aerobic piration (hypoxia) piration (reoxy- 
conditions) genation) 

Control 8.1 _ 2.0 13.4 __ 2.2 16.0 _+ 3.2 
BHT 3.9 _+ 1.9 3.3 _ 2.4 3.04 _ 0.99 

Recent  studies have demons t ra t ed  that  pre l iminary  adminis t ra t ion of 
free radical  scavengers  has no substant ial  inf luence on the impaired 
contract i l i ty of animal  hear t  caused by cessat ion of artificial respiration, 
bu t  significantly affects contracti le funct ion  in the course  of subsequen t  
reoxygenat ion.  While the restorat ion of this funct ion  is slow and  incom- 
plete in control  animals, contract i l i ty is res tored immedia te ly  after 
r e sumpt ion  of respiration, and  is inevi tably associated with superrestora-  
tion, in animals pre t reated wi th  ant ioxidants  (42). 

Fur ther  analysis demons t r a t ed  that  the ability of ant ioxidants  to pre- 
vent  r eoxygena t ion  damage  to hear t  contract i l i ty and to provide  for super- 
res torat ion of this funct ion  after cessat ion of hypox ia  is based on inhibi- 
t ion of LPO,  as m a y  be expected.  

The data of table 3 suggest  that  5 min  hypox ia  alone causes an insig- 
nif icant  increase in the conten t  of L P O  end  p roduc t s  in myoca rd ium;  
u p o n  reoxygena t ion  the conten t  is cons iderably  increased and  excedes  the 
original level by  2-fold. BHT decreases  the  f luorescent  Schiff  base content  
even under  condi t ions  of normal  respiration, and comple te ly  prevents  
accumula t ion  of such  const i tuents  in hypox ia  and  reoxygenat ion .  

The pos t i schemic  and  pos thypox ie  reoxygena t ion  damage  which  is 
effectively p reven ted  by  antioxidants ,  as well as hypox ia  itself, plays an 
impor tan t  role in the pa thogenes is  of hear t  disease. In  open  heart  surgery  
for instance,  the res torat ion of the b lood  supply  impaired  by  pro longed  
hypox ia  of the m y o c a r d i u m  can cause reoxygena t ion  cont rac ture  of the 
h u m a n  heart;  the resul t ing "s tone  hear t"  (14) effect underl ies  acute  cardiac 
failure which  develops in the course  of surgery.  It  therefore  seems essen- 
tial to evaluate the possible use of ant ioxidants  for hear t  pro tec t ion  against  
hypox ic  cont rac ture  unde r  condi t ions  in which  the amoun t  of available O2 
is absolutely  insufficient  for the respira tory resynthes is  of ATP required  
for normal  contract i le  funct ion  of the heart, but  is sufficient to p roduce  
L P O  activat ion w h e n  the r educed  carriers are accumula ted  in a partially 
inhibited respira tory chain of mi tochondr ia .  Such  a cont rac ture  can virtu- 
ally be r ep roduced  on the isoalated isovolumic  heart. Our  data  demons-  
trated that  a pre l iminary  inject ion of the watersoluble  ant ioxidant  HP-6 to 
rats p rovided  a lmost  comple te  pro tec t ion  against  hypox ic  contracture.  

In  this way, the inhibit ion of L P O  prevents  bo th  pos thypox ic  damage  
of heart  contract i l i ty in r eoxygena t ion  and  the deve lopmen t  of hypox ic  
contracture.  I t  should  be noted  that  the  cont rac ture  which  results f rom a 
more  severe hypox ia  unde r  similar condit ions,  i.e., a lmost  comple te  
anoxia  of the isolated heart,  cannot  be p reven ted  by  free radical scaven- 
gers (40). 
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In  other  exper iments  in the isolated heart, bo th  BHT and HP-6 were  
injected into the animals for 3 days prior to hear t  excision and failed to 
prevent  the hypox ia - induced  depress ion of contractili ty. But  the agents  
did sharply increase the rate and degree of r e sumpt ion  of contract i le  
funct ion  dur ing  reoxygena t ion  (42). 

Our  results  are in agreement  with other  b iochemical  data  (17, 18) 
suggest ing that  molonic  dialdehyde,  a LPO product ,  does not  accumula te  
in the m y o c a r d i u m  in chronic  anoxia of the isolated heart;  u p o n  subse- 
quen t  reoxygenat ion,  malonic  d ia ldehyde is rapidly accumula ted  in 
amoun t s  propor t ional  to the dura t ion of preceding anoxia. For  instance, 
the malonic  d ia ldehyde  content  is increased 4-fold under  condi t ions  of 80 
rain anoxia  wi th  subsequen t  reoxygenat ion.  

Thus,  the data suggest  that  the ant ioxidants  - free radical scavengers  - 
protec t  the heart  musc le  only in case of excessive LPO activation, namely,  
under  stress, reoxygenat ion,  and, possibly,  in modera te  hypoxia.  In  severe 
ischemia and  anoxia, w h e n  the a m o u n t  of O2 dissolved in m e m b r a n e  lipids 
is insufficient  to p roduce  L P O  activation, this activation and, correspond-  
ingly, the  protect ive effects of ant ioxidants  are either not  p roven  or 
a l together  absent.  This, however ,  does not  contradict  the fact that  prelimi- 
nary  inject ion of ant ioxidants  limits the size of exper imental  myocard ia l  
infarction. I t  has already been men t ioned  that  this protective effect can be 
due to a switch-off of the s tressory and  reoxygenat ion  componen t s  of 
heart  damage  or to a possible increase of resistance of the peripheral  
infarct ion zone to mild hypoxia .  Successful  applicat ion of free radical 
scavengers  to the the rapy  of heart  ischemia not  only depends  on the 
p roper  choice and  reasonable  dosage of free radical scavengers,  but  also 
on the well-balanced combina t ion  of such agents with other  factors as 
well. The above-descr ibed pa thogenet ic  chain of ischemic heart  damage  
suggests  that  the mos t  p romis ing  are the following combinat ions  are those  
of the ant ioxidants  wi th  a) central  inhibitors of the stressory response  
(tranquilizers, GOBA, seduxen,  tazepam, elenium); b) B-blockers; c) l ipase 
and phosphol ipase  inhibitors; and  d) factors blocking the slow elec- 
t rogenic  channel  of Ca 2+ t ranspor t  (verapamil, dil thiazem nifidepine). 

C o n c l u s i o n s  

It  may  be conc luded  that  in the whole  organism subjected to myocar-  
dial infarct ion the act ivat ion of L P O  and other componen t s  of the lipid 
triad which  are involved in irreversible destruct ion of the ca rd iomyocy te  
membranes ,  is not  due  to the effect of ischemia alone, but  to the c o m b i n e d  
action of stress, r eoxygena t ion  and ischemia. Free radical scavengers  
suppress  L P O  act ivat ion dur ing stress, r eoxygena t ion  and p robab ly  in 
modera te  i schemic  hypox ia  and can therefore limit the size of the 
ischemic necrot ic  zone of myocard ium.  The use of natural  and  synthet ic  
free radical scavengers  in the therapy  of ischemic disease and their combi-  

�9 nat ion wi th  o ther  factors protect ing the hear t  against  i schemic damage  is 
of great  practical  impor tance  and should be examined  in cl inico-phy- 
siological trials. 
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Zusarnmenfassung 

In der vorl iegenden Studie wird eine Arbei tshypothese zur Pathogenese der 
i sch~nischen Herzsch~digung aufgestellt. Nach dieser Hypothese ist ein 
entscheidender Faktor fiir den Ubergang yon der reversiblen zur irreversiblen 
Sch~idigung eine Membrandestrukt ion der Herzmuskelzellen, welche durch sog. 
Lipid-Triaden verursacht  wird. Letztere beinhaltet  eine Aktivierung der Lipid- 
Peroxidation und der Phospholipase sowie eine Detergenz-ghnliche Wirkung 
exzessiver Mengen yon freien Fetts~uren und Lysophospholipiden.  Eine ausge- 
pr~gte Aktivierung der Lipid-Peroxidation beim experimenteUen Herzinfarkt 
sowie eine Reoxigenierung nach vori ibergehender  Isch~imie wurden demonstriert.  
Die vorgelegte Hypothese und die experimentel len Daten legen eine Anwendung 
yon Radialf~ngern (Antioxidantien) nahe fiir die Protektion des Herzens gegen 
exper imentel len Myokardinfarkt, vorftbergehende Isch~rnie und emotionalen 
StreI~ bei Schmerzsituationen. 
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