
Res Exp Med (Berl) (1981) 179:23-33 

Research in 

Experimental Medicine 
(~ Springer-Verlag 1981 

Four Stages of Mitochondrial Deterioration 
in Hemorrhagic Shock* 

Y. Shimahara 1, K. Ozawa 1, T. Ida 2, M. Ukikusa 1, and T. Tobe 1 

1 Dept. of Surgery, Kyoto University Faculty of Medicine, 54-Kawara-cho, Shogoin, Sakyo-ku, 
Kyoto 606, Japan 

2 Dept. of Surgery, Shimane Medical School 

Summary. It is of great importance to define the manner in which cells are 
damaged and how intracellular derangement becomes irreversible during 
shock. When supply of both oxygen and substrates to cells is limited during 
shock, cellular energy metabolism of vital organs is severely depressed. In this 
experiment, the relationship was clarified between the reversibility of shock and 
the cellular energy status, from the viewpoint of hepatic energy charge, 
mitochondrial redox state, ATP synthesis of isolated mitochondria, and 
fragility of mitochondrial membrane in rat livers. The derangement of energy 
metabolism passed through a series of four stages during hemorrhagic shock. 
At Stage I (initial stage), the cellular energy level decreased greatly due to 
marked energy consumption, without any organic damages in the mitochon- 
dria. Stage II (cell distress stage) showed that cellular energy imbalance 
occurred due to the depressed mitochondrial activity in vivo, although it was 
reversible when the blood supply was restored. Stage III (transitional stage) was 
the phase at which mitochondrial fragility increased severely. At Stage IV 
(terminal stage), mitochondria were markedly damaged organically and 
cellular energy metabolism was not remedied by any intensive therapies, which 
inevitably meant the death of vital organs. 
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Introduction 

Many investigations have been made to clarify the mechanisms by which shock 
results in cell necrosis [1-3]. As oxygen availability inside a cell decreases due to 
impaired tissue perfusion in shock, the oxidation of NADH to molecular oxygen 
through the electron carrier system decreases, resulting in the inhibition of the 
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Krebs  cycle o f  m i tochond r i a  [4]. The energy avai lable  to the cell is thus l imited to 
the enhanced  p roduc t ion  of  A T P  by the glycolyt ic  pa thways .  However ,  enhanced  
glycolysis  is merely a p o o r  yield of  A T P  in l imited dura t ion .  Wi th  the deple t ion  of  
ATP,  the life of  the cell is again  endangered  as a great  n u m b e r  of  endergonic  
b iologic  react ions  cease and  cell m e m b r a n e  star ts  to mal func t ion  [3,5]. F ina l ly ,  the 

energy deficit and  acidosis  cont r ibu te  to  cellular  derangements ,  some o f  which are  
i rreversible [6]. In  these processes,  while cer tain forming  of  metabol ic  abe r ra t ion  in 
shock is remedied  with the res to ra t ion  of  no rma l  perfus ion,  their  re la t ionship  to 
i rreversible cell damage  remained  to be clarified. 

I t  has been found  tha t  i rreversible cell injury occurs when there is a progress ive  
decline in c i rcula tory  homeostas is ,  which cannot  be remedied  in spite o f  the 
res to ra t ion  of  n o r m a l  per fus ion  [7]. Such c i rcula tory  failure has been found  to 
occur  concomi t an t  with the impa i rmen t  of  liver mi tochondr i a l  funct ion [8, 9]. It 
has also r epor ted  that  mi tochondr i a l  damage  resul t ing f rom the fai lure o f  oxidat ive  
p h o s p h o r y l a t i o n  is a cri t ical  deve lopment  and may  be regarded  as a p recursor  of  
cell necrosis  [5, 8, 10, 11]. Thus,  this s tudy will suggest that  by  careful  analysis  of  the 
pa t te rns  o f  funct ional  abnormal i t i e s  and  their  changes over  t ime, a general  pa t t e rn  
emerges by which the magni tude  o f  such impa i rmen t  can be quant i ta t ive ly  s taged,  
thus p rov id ing  a key to the clinical  c lassif icat ion and  staging of  the hemor rhag ic  
shock process.  

Fu r the r  evidence will be presented  indica t ing  that  there are four  stages ( ranging 
f rom no rma l  to i rreversible impa i rmen t )  in mi tochondr i a l  funct ions  fol lowing 
hemor rhag ic  shock.  This classif icat ion could  serve as a pa thophys io log ic  register  
of  the quant i ta t ive  na ture  of  the severi ty of  the shock process.  

Materials and Methods 

Male albino rats of Wistar strain weighing 240-260 g were allowed water but no food for about 
16 h prior to the experiment. Both sham-operated and experimental animals were anesthetized by 
i.p. injection of 30 mg pentobarbital/kg of body weight. The left femoral artery was cannulated 
with polyethylene tubing, and 500 units of heparin sodium was injected. The cannula was 
connected to a three-way cock; one valve was connected to a syringe used as a reservoir for shed 
blood, the other to a mercuric manometer for monitoring arterial blood pressure. Animals were 
fixed in supine position and rapid bleeding was induced for up to 1 min until mean arterial blood 
pressure had reached 30 mm Hg; the amount of initially shed blood averaged 3,7 ml. For the 
following 1-2 h, it was necessary to continue extracting small amounts of blood to keep blood 
pressure at 30 mm Hg. At a certain point, however, small amounts of shed blood had to be 
reinfused in order to maintain blood pressure at 30 mm Hg. 

Five groups of hemorrhagically shocked rats were designated on the basis of reinfusion rate 
(= amount of reinfused shed blood to maintain blood pressure at 30 mm Hg/maximal amount of 
shed blood during hemorrhagic shock), since the mortality of the shocked rats corresponds well 
with the amount of reinfused shed blood, and since the reinfusion rate generally represents the 
degree of severity in hemorrhagic shock [5]. 

Five groups were as follows (Fig. 1): Group A, 0% reinfusion; Group B, 25% reinfusion; 
group C, 50% reinfusion; Group D, 75% reinfusion; Group E, 100% reinfusion. In each group, 
the following parameters were examined: 

[1] Energy Charge and Mitochondrial Redox State of the Liver 

For the assay of the adenine nucleotides and the calculation of the redox state, 2 g of liver sample 
was clamped and pressed immediately to about 1 mm thickness with stainless steel tongs 
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precooled in liquid nitrogen, and the procedure was completed within 10 s. The frozen tissue was 
then powdered with a mortar and pestle in a liquid nitrogen bath. The powdered tissue was 
weighed and homogenized in a cold solution of 6% (W/V) perchloric acid at 0 ° C. The extract was 
then centrifuged at 10,000g for 15 rain at 0°C. The precipitate was washed with ice-cold 3% 
perchloric acid to minimize the analytic error due to retention of residual compounds in the pellet, 
and recentrifuged as described above. The two supernatants were then pooled and adjusted to pH 
6.0 with cold 69% K2CO3 and recentrifuged at 10,000g for 5 min at 0°C. The amounts of ATP, 
ADP,  and AMP were measured enzymatically [12, 13], and energy charge was calculated 
according to the formula proposed by Atkinson [14, 15]. 

Energy charge = (ATP + 1/2 ADP) / (ATP + ADP + AMP) 

The mitochondrial redox state was calculated as follows: 

Mitochondrial  redox state = Free NAD+/Free NADH = (acetoacetate/fl-hydroxybutyrate) 
x 1/K 

Acetoacetate and fl-hydroxybutyrate were determined by the methods of Williamson and 
Mellanby [16]. Here, the K value of the equilibrium constant was 4.93 x 10 -2 for fl-hydroxy- 
butyrate dehydrogenase. Energy charge and mitochondrial  redox state were examined both 
before and after the reinfusion of residual shed blood. 

[2] Function of Isolated Mitochondria 

Liver mitochondria were prepared by the method reported previously [17]. Oxygen consumption 
was measured polarographically according to a previously reported method [18]. The respiratory 
control ratio (RC = State 3 respiration r a t e /S t a t e  4 respiration rate) was calculated from the 
polarographical tracings by the method of Chance [19]. Oxidative phosphorylative activity (ATP 
synthesis = State 3 respiration rate x ADP/O)  was calculated. These determinations were made 
both  before and after a 60 min incubation at 22 ° C. Mitochondrial  protein concentration was 
measured by the method of Lowry et al. [20]. 

[3] Swelling and Shrinking of Mitochondria 

Swollen mitochondria have a lower optical density due to water uptake. The swelling and 
shrinking of mitochondria were determined according to the change in optical density per 
mitochondrial protein concentration, at 520 nm wave length in KC1 medium [21, 22]. Optical 
density was measured for three points: first, for spontaneous swelling, brought  about by 
incubating 1.4-1.8 mg/ml  of mitochondria in the medium at 22 ° C for 30 rain; next, for maximal 
swelling induced by the addition of phosphate (Pi); and finally, for the reversal effect (shrinking) 
by the administration of ATP, bovine albumin, and Mg ÷÷. 
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Fig. 2. Changes  in hepat ic  energy charge levels o f  shocked  rats bo th  before and  after  re infus ion 
o f  residual  shed blood.  Resul ts  are mean  _+ SEM. N u m b e r s  o f  rat appear  in parentheses ,  a = 
P <  0.001 compared  with the control  value; b = P <  0.001, b' = not  significant,  compa red  with the  
value  before re infus ion 

Fig. 3. Changes  in mi tochondr ia l  redox state fol lowing hemor rhag ic  shock  bo th  before and  after  
re infus ion o f  residual  shed blood.  Resul ts  are means  + SEM. N u m b e r s  o f  rat  appear  in pa ren-  
theses, a = P < 0.001, a'  = no t  significant,  compared  with the control;  b = P < 0.001, b' = not  signifi- 
cant ,  c = P <  0.05, compared  with the  value before re infusion 

[4] Dinitrophenol (DNP)-induced ATPase Activity 

Dinitrophenol(DNP)-induced ATPase activity was determined as the release of inorganic 
phosphate in a reaction solution containing ATP. Mitochondria were incubated in the reaction 
medium for 10 rain at 22°C, and the reaction was stopped by adding trichloroacetic acid (TCA) 
solution. Phosphate was determined by the method of Fiske and Subbarow [23]. 

All results are expressed as mean values and standard errors of the mean (SEM). The 
statistical significance between the mean values was determined by Student's t-test. 

Results 

Figure  2 shows the changes in the hepat ic  energy charge before  and  af ter  the 
re infusion of  res idual  shed b lood .  The energy charge level fell rap id ly  f rom 0184 to 
0.50 within 2 h after  the onset  of  bleeding,  and  gradua l ly  con t inued  to decrease,  
showing 0.4 in G r o u p  E ( P <  0.001). However ,  energy charge levels were a lmos t  
comple te ly  res tored  to n o r m a l  leyels immedia te ly  when the shed b l o o d  was 
re tu rned  in groups  A and  B (P<0 .001) .  In  G r o u p s  C and D,  the energy charge 
levels were not  res tored  to no rma l  levels even af ter  re infusion of  res idual  shed 
b lood .  In  G r o u p  E, the add i t iona l  therapies ,  such as infusion o f  b lood ,  serum 
a lbumin ,  or  lac ta te  Ringer  solut ion,  d id  not  result  in a s ignif icant  e levat ion  of  the 
energy charge levels. 
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Table 1. Changes in mitochondrial functions of rat liver following hemorrhagic shock both 
before and after a 60 min incubation at 22 ° C 

Groups RC ST3 ADP/O PR 

Control (7) before 5.18_+0.32 40.8_+3.8 2.74+_0.07 113.1_+13.0 
after 2.44_+0.19 33.5_+3.9 2 .32_+0.18 78.2_+13.1 

Group A (5) before 6.06_+0.58 40.1_+3.9 2.72_+0.21 109.6_+13.2 
after 2.78_+0.51 35.8___3.7 2.03-+0.18 73.1-+10.3 

Group B (5) before 5.51+0.94 39.3-+3.8 2.68+_0.16 105.3_+11.6 
after 2.71 _+ 0.32 34.3 _+ 4.0 2.37 _+ 0.21 79.8 _+ 10.8 

Group C (5) before 4.94+0.42 39.8___4.6 2.49_+0.17 103.1_+16.9 
after 2.63_+0.48 U-38.2 -+ 4.2 1 .60_+0.39 62.1_+17.0 

Group D (5) before 4.88+0.47 42.9___4.5 2.45+_0.16 105.4-+12.7 
after 1.35-+0.25"* U-30.4 +- 4.3 1.08_+0.50" 33.5_+17.0" 

Group E (7) before 3.12_+0.16"** 36.5_+4.2 1.62+_0.08"** 59.7+_ 8.6** 
after 1.34_+0.25"* U-31.7 -+ 3.0 0.53_+0.34*** 16.9_+ 9.1"** 

Mitochondrial activities were measured at 22 ° C, pH 7.4 in a medium containing 0.3 M mannitol, 
0.01 M KC1, 0.004 M MgC12, 0.01 M Tris-HC1 buffer, 0.2 M EDTA, 0.05 M potassium phosphate 
buffer, and 230 jaM ADP. Glutamate was added at a concentration of 4 mM. Values are means + 
SEM. Numbers of rat appear in parentheses. RC: Respiratory control ratio, ST3: State 3 respira- 
tion rate (nat/mg protein/rain), PR: Phosphorylation rate (nmol/mg protein/min), before or 
after: before or after the incubation at 22 ° C for 60 min, U: Uncoupling; * P< 0.05, ** P< 0.01, 
• ** P< 0.001 compared with the control value 

Changes  in m i tochond r i a l  redox state,  bo th  before  and  after  the re infusion o f  
res idual  shed b lood ,  are shown in Fig. 3. Before reinfusion,  the value of  
mi tochondr i a l  redox  state r ema ined  unchanged  in g roup  A,  but  had  decreased 
s ignif icant ly in G r o u p s  B, C. D,  and  E (P < 0.001). Immed ia t e ly  after  re infusion,  
the mi tochondr i a l  redox  state reached a h igher  value  than  no rma l  in g roup  A 
(P<0 .001 ) ,  and  was res to red  to app rox ima te ly  no rma l  level in G r o u p  B 
(P < 0.05). In  G r o u p s  C and  D,  while the mean  values o f m i t o c h o n d r i a l  redox  state 
were e levated af ter  reinfusion,  these values were not  s ignif icant  as c o m p a r e d  to 
those p r io r  to reinfusion.  In  G r o u p  E, the add i t iona l  infusion of  b lood ,  serum 
a lbumin ,  or  lacta te  Ringer  so lu t ion  did not  affect the mi tochondr i a l  redox  state. 

In Table  1, the changes  in RC,  State  3 resp i ra t ion  rate,  A D P / O  and  
p h o s p h o r y l a t i o n  rate  are recorded.  These assays were pe r fo rmed  bo th  before  and  
af ter  the incuba t ion  of  m i tochond r i a  at  22 ° C for  60 min. Before incuba t ion ,  RC,  
A D P / O ,  and  p h o s p h o r y l a t i o n  rate  showed signif icant  decrease  only  in G r o u p  E 
( P < 0 . 0 0 1 ,  P < 0 . 0 0 1 ,  P < 0 . 0 1 ,  respectively).  As to State  3 respi ra t ion ,  no 
signif icant  change  was observed  in any groups ,  indica t ing  tha t  the decrease  of  
p h o s p h o r y l a t i o n  rate  was due to the decrease  of  A D P / O .  On the o ther  hand ,  
m i tochondr i a l  funct ions  de te r io ra ted  for  every g roup  af ter  incuba t ion ,  a l though  to 
different  degrees.  In  G r o u p s  D and  E, RC,  A D P / O ,  and p h o s p h o r y l a t i o n  rate  
decreased  s ignif icant ly as c o m p a r e d  with the con t ro l  values ( G r o u p  D,  P < 0.01, 
P < 0.05, P < 0.05; G r o u p  E, P < 0.01, P < 0.001, P < 0.001). In  G r o u p s  C, D,  and  E 
incuba ted  m i t o c h o n d r i a  were of ten observed  to be in the uncoup l ing  state. 
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Table 2. Changes in swelling and shrinking of mitochondria of rat liver following hemorrhagic 
shock 

Groups Before Sp-S Pi-S Shrink 

Control (8) 0.512+0.052 0.451_+0.062 0.205_+0.083 0.487_+0.058 

Group A (5) 0.525_+0.060 0.472_+0.060 0.212_+0.088 0.480_+0.045 

Group B (5) 0.501 _+0.048 0.444_+0.050 0.196_+0.060 0.471 _+0.047 

Group C (5) 0.480 _+ 0.040 0.402 _+ 0.039 0.123 _+ 0.082 0.353 _+ 0.075 

Group D (5) 0.452+0.051 0.410_+0.058 0.110_+0.090 0.333_+0.065 

Group E (5) 0.381 _+0.050 0.251 _+0.065* 0.103 _+0.085 0.132_+0.033"* 

Test system consisted of 5 ml of 0.125 M KC1-0.02 M Tris, pH 7.4, temperature 22°C. Pi was 
added at a concentration of 0.01 M as a swelling agent. Additives for shrinking were 0.05 M ATP, 
2 mg/ml of bovine serum albumin, and 0.003 M MgC12. Before: before the onset of swelling 
reaction, Sp-S: spontaneous swelling after 30 min, Pi-S: Pi-induced swelling after 30 min, Shrink: 
shrinking 30min after the addition of ATP, bovine serum albumin, and Mg ÷+. Values are 
mean+ SEM of optical density per mg protein of mitochondria. Numbers of rat appear in 
parentheses. * P< 0.05, ** P< 0.01, *** P< 0.001 compared with the control value 
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Fig. 4. Changes in DNP-induced ATPase 
activity of mitochondria of rat liver 
following hemorrhagic shock. Assay 
system consisted of 0.25 M mannitol, 
0.01 M KCI, 0.2 mM EDTA, 0.01 M Tris- 
HCI buffer, and 1.5 mM DNP. 25 mmol of 
ATP was added as a substrate, and released 
Pi was determiend after 10 min incubation 
at 22°C. Values are mean + SEM. 
Numbers of rat appear in parentheses. 
* P<0.02, ** P<0.01, *** P<0.001 
compared with the control 

Mi tochondr ia l  swelling and shr inking were studied in every group (Table 2). 
Active swelling of mi tochondr ia  was greatly s t imulated by Pi, and  the swollen 
mi tochondr ia  shrank or contracted again after the addi t ion  of ATP,  bovine serum 
a lbumin  plus Mg +÷. Before the onset of the swelling reaction, the mi tochondr ia  
from G r o u p  E had a lower optical density than those of other groups, a l though not  
significantly. In  group E, significant spontaneous  swelling was observed (P < 0.05), 

whereas it was not  as marked  in the other groups. As to Pi- induced swelling, there 
were no significant differences in each group, a l though mean  values were lower 
than the control  in groups C, D, and E. In  this assay system, mi tochondr ia  seemed 
to be exhibit ing maximal  swelling by Pi. In  Groups  A and  B, Pi- induced swelling 
was completely restored to control  values by the addi t ion  of ATP,  bovine a lbumin ,  
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and Mg ++. In Groups C and D, the shrinking was incomplete, and in Group E no 
shrinking was observed (P< 0.001). 

Figure 4 shows the changes in DNP-induced ATPase activity in the mito- 
chondria. DNP-induced ATPase activity remained unchanged in Groups A and B 
and decreased in Groups C (P<0.02) and D (P<0.01). In Group E the values 
then dropped markedly to about 20% of the control level (P< 0.001). 

Discussion 

The Wiggars model of hemorrhagic shock is preferable when studying the effect of 
prolonged arterial hypotention, since this model considers the amount of reinfused 
shed blood to be representative of the severity of shock, eliminating the factors 
which comprise affective homeostatic responses [24, 25]. 

Many investigations have dealt with hemorrhagic shock in terms of the 
decrease and depletion of hepatic adenine nucleotides [26, 27, 28]. The amounts of 
adenine nucleotides, however, are not so sensitive indicators as to be able to 
represent clearly the dynamic alterations of cellular energy metabolism. As 
reported elsewhere, the restoration of energy charge is possible through the 
reinfusion of shed blood [29]. In the present experiment, there was a significant 
decrease in the energy charge level even from the early stage of shock, which 
progressively declined until the terminal stage. The degree in restoration of energy 
charge level by reinfusion of residual shed blood is noteworthy. The early stage of 
shock showed complete recovery of energy charge within 5 min after reinfusion of 
shed blood. As shock proceeded, however, the restoration of energy charge became 
incomplete. At the terminal stage, no therapy applied could restore the level of 
energy charge; all animals died within a few minutes without any restoration of 
systemic arterial blood pressure. From these results, it seems possible to conclude 
that the stages represented by Groups A and B are reversible, whereas the stages 
represented by Group E are irreversible. These data are consistent with the 
mortality reported by Baue et al. in early and late shock, respectively [5]. 

Mitochondrial redox state is also a suitable parameter in vivo when discussing 
the pathophysiology of shock from the energy metabolic point of view. The NAD 
pool in the mitochondrial compartment becomes further reduced as shock 
proceeds [30]. Presumably this change is the result of the lower rate of oxidative 
phosphorylation and the mitochondrial reoxidation of NADH. Mitochondrial 
redox state remained unchanged in Group A, but dropped in Groups B, C, D, and 
E. Mitochondrial redox state was restored to a higher than normal value in group A 
after the reinfusion of shed blood. The reason for this is not clear but it can be 
hypothetically proposed that mitochondria continued to work in compensation 
even when sufficient blood was resupplied. In Group B, the restoration of 
mitochondrial redox state was still complete, whereas it was incomplete in Groups 
C and D. The final and most serious metabolic derangement associated with 
progressive shock may be the saturation of the hydrogen shuttle mechanism. Thus, 
it seems possible to conclude that the recovery of energy charge and mitochondrial 
redox state is an essential factor when discussing whether or not shock is reversible. 
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Fig. 5. Four stages of mitochondrial 
deterioration of rat liver in hemorrhagic 
shock 

There are many investigations reporting that the alterations of mitochondrial 
function occur at earlier stages [9, 10, 11]. In this experiment, the changes in those 
parameters showed a nearly identical pattern. ATP synthesis of isolated mito- 
chondria showed no decrease in groups A, B, C, and D, although Group E showed 
marked decrease. The incubation of mitochondria at 22°C for 60min was 
conducted to examine the fragility of mitochondrial membrane. In Groups C and 
D, RC and oxidative phosphorylative activity showed significant decrease after the 
incubation, and the fragility of mitochondrial membrane had significantly 
increased as compared with that of control group. 

Mitochondria are highly susceptible to swelling during respiration in the 
absence of ATP or ADP [31], and in that condition several compounds, such as free 
fatty acid, Pi, and Ca, tend to accumulate [21]. Vogt et al. reported Ca-induced 
swelling and shrinking of isolated mitochondria in the ischemic kidney. However, 
they did not find significant difference in the osmotic properties of these 
mitochondria [32]. However, in the present experiment, severely damaged 
mitochondria showed different responses from that of control. It was observed that 
the mitochondria from Group E showed marked spontaneous swlling and little 
shrinking by the addition of ATP, serum albumin, and Mg ++. Our conjecture is that 
this is attributable to the accumulation of large amounts of fatty acid which acts as 
a natural uncoupler [33]. 

Since DNP-induced ATPase activity correlates with the respiration level of 
mitochondria [34], it was measured as one of the parameters in vitro in shocked rat 
livers. In this experiment, such activity showed marked depression at the terminal 
stage of shock, while showing no alteration at the early stage. 

In the light of the results of these parameters, both in vivo and in vitro, a 
hypothetical classification of the stages of mitochondrial deterioration in the 
hemorrhagic shock might be as follows (Fig. 5): 

Stage I (Initial Stage) 

Energy charge decreases significantly, whereas other parameters maintain normal 
levels. This is the stage at which mitochondrial activity in vivo is not affected but 
relative increase of energy consumption is predominant as compared to energy- 
generating reactions. One reason why energy consumption increases relatively is 
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the increase in metabolic load for the liver from other organs, such as ischemic 
intestine or muscles. Another  reason is that increased metabolites due to 
accelerated catabolism in hepatocytes accumulate markedly. In this stage, cells fall 
into the state of  energy deficit in spite of  no organic changes in the mitochondria.  
Thus, cellular energy derangement can be said to be reversible at this stage. 

Stage H (Cell Distress Stage) 

Energy charge and mitochondrial redox state show significant decrease. This 
indicates that mitochondrial oxidative phosphorylation is being markedly de- 
creased. In this stage, cellular energy imbalance becomes more serious. Usually, 
hyperglycemia due to hyperglycolysis occurs between Stage I and Stage II; the 
supply of ATP is provided anaerobically, but the total energy supplied is not 
sufficient to compensate the decreased aerobical energy supply. However, energy 
charge and mitochondrial redox state can be restored to normal levels when 
residual shed blood is reinfused. Other parameters of isolated mitochondria show 
normal values. Thus, cellular energy metabolism at this stage is decreased due to 
decreased aerobic energy generating reaction. These changes are also reversible, as 
at Stage I. 

Stage III (Transitional Stage) 

It  can be said that functional structures of  mitochondrial membrane  begin to be 
affected at this stage, as shown by the fact that the reversal effect by addition of 
ATP, albumin, and Mg ++ was incomplete. Further, mitochondrial oxidative 
phosphorylat ion showed marked decrease after a short period incubation, and 
finally, DNP-induced ATPase activity is significantly decreased. Thus, mito- 
chondrial fragility is increased markedly at this stage, when some rats die whereas 
others survive by intensive treatment, such as cardiovascular adjustment or steroid 
administration. 

Stage IV (Terminal Stage) 

At this stage, oxidative phosphorylat ion of isolated mitochondria has decreased 
even before incubation and to such a degree that energy charge and mitochondrial 
redox state do not respond to any form of intensive therapy. Here, it is evident that 
mitochondria have undergone severe damage to their organic structure. Thus, it is 
difficult to remedy the deficiency in cellular energy metabolism, which inevitably 
means death for the vital organs. 
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