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Metabolite Status of the Heart in Acute Insufficiency due to 1-fluoro-2,4-dinitrobenzene x 

Whi le  a t t e m p t i n g ,  w i t h  t h e  a id  of a d i f f e r en t i a t ed  sub-  
s t r a t e  supp ly ,  to  d e m o n s t r a t e  t h e  s ign i f icance  of t h e  
va r ious  ene rgy  y ie ld ing  m e t a b o l i c  p a t h w a y s  for  ca rd iac  
c o n t r a c t i o n ,  ou r  a t t e n t i o n  was  d r a w n  t o  t h e  r epo r t s  of 
DAVIES eL a1.3-7 c o n c e r n i n g  t h e  effect  of 1-f luoro-2,4-di-  
n i t r o b e n z e n e  ( F D N B )  on  t h e  ske le ta l  musc le  of frogs. 
KUBY a n d  MAHOWALD S h a d  found  t h a t  F D N B  i n a c t i v a t e s  
A T P : c r e a t i n e  p h o s p h o t r a n s f e r a s e  (c rea t ine  kinase) .  Al- 
t h o u g h  F D N B  reac t s  non-spec i f ica l ly  w i t h  free a m i n o  
g roups  a n d  S H  g roups  of p ro te ins ,  DAVIES e t  al. p r o v e d  
t h a t  i t  c a n  also b e  e m p l o y e d  to  i n h i b i t  c r ea t i ne  k inase  in 
t h e  i n t a c t  t issue.  H a v i n g  p roduced  F D N B  po i son ing  in a 
n o r m o t h e r m i c  r a b b i t  h e a r t - l u n g  p r e p a r a t i o n ,  we hoped  
to  ob ta in ,  b y  ana lys i s  of t h e  m e t a b o l i t e  c o n c e n t r a t i o n s  
a n d  o b s e r v a t i o n  of f u n c t i o n a l  changes ,  f u r t h e r  i n fo rma-  
t ion  on  t h e  reac t ions ,  a s soc ia ted  w i th  b r e a k d o w n  of A T P  
in  t h e  con t r ac t i l e  e lement .  

Method. T h e  h e a r t s  were  pe r fused  b y  m e t h o d s  descr ibed  
p r e v i o u s l y L  As soon as insuf f ic iency  se t  in, a p p a r e n t  f rom 
d i l a t a t i o n  of t he  h e a r t  a n d  increased  pressure  in t he  
r i g h t  a t r i u m ,  t he  v o l u m e / m i n  of t h e  s igma  p u m p  was  
reduced .  W h e n  t h e r e  was no  f u r t h e r  o u t p u t  f rom t h e  lef t  
ven t r i c l e  a n d  t h e  a r t e r i a l  p ressu re  d ropped ,  a l t h o u g h  t h e  
a r t e r i a l  ex i t  t u b e  was cons t r ic ted ,  t h e  h e a r t s  were  f rozen  
b y  m e a n s  of m e t a l  forceps p rev ious ly  cooled in  l iquid  air.  
T h e  pe r fus ion  so lu t ion  cons is ted  of 7 p a r t s  of a p h o s p h a t e  
R i n g e r  so lu t ion  w i t h  t h e  a d d i t i o n  of 3 %  H a e m a c c e l  
( ]3ehringwerke)  a n d  of 3 p a r t s  of w a s h e d  b o v i n e  e r y t h r o -  
cytes .  To t h e  pe r fus ion  so lu t ion  t h e r e  were  a d d e d  10 m M  
glucose/1 a n d  5 m M  pyruva t e /1  of t he  e x t r a c o r p u s c u l a r  
space  as subs t r a t e s .  F D N B  was  dissolved in w a t e r  b y  
br ie f  boil ing.  T h e  so lu t ion  was  d e c a n t e d  f rom non -  
d issolved F D N B ,  t h e n  0.9 g %  NaC1 was  added .  F D N B  
so lu t ion  (5 ml)  was  p i p e t t e d  i n t o  100 ml  of pe r fus ion  solu- 
t i on  d u r i n g  perfus ion.  E v e r y  5 m i n  t h e  a d d i t i o n  of 2.5 ml  
was  r epea ted ,  usua l ly  a t o t a l  of 15 ml /100 ml  pe r fus ion  
solut ion,  as t h e  h e a r t s  c o m p l e t e l y  fa i led a f t e r  25-30 min .  
Fo l lowing  p u l v e r i z a t i o n  of v e n t r i c u l a r  muscle  in a m o r t a r  
in  t h e  p resence  of d ry  ice a n d  d e p r o t e i n i z a t i o n  b y  m e a n s  
of 6 vo lumes  of 0.33 ml  of perch lor ic  acid, t h e  c o n c e n t r a -  
t i ons  of A T P ,  A D P ,  AMP,  c r ea t i ne  p h o s p h a t e ,  Pi,  glu-  
cose, glucose-6-P,  g lucose - l -P ,  I ruc tose -6-P ,  f ruc tose-  
1, 6 -d iphospha te ,  d i h y d r o x y  a c e t o n e  p h o s p h a t e ,  p y r u v a t e  
a n d  l a c t a t e  were  d e t e r m i n e d .  E x c e p t  for  t he  ino rgan ic  
p h o s p h a t e  con t en t ,  t h e  m e t a b o l i t e  c o n c e n t r a t i o n s  were 
d e t e r m i n e d  w i t h  t he  a id  of op t ica l  e n z y m a t i c  t e s t s  9-12. 
The  m e t a b o l i t e  c o n c e n t r a t i o n s  are  g iven  as / ,Mol/g of 
t i s sue  (wet  weight ) .  T h e  di f ferences  of 2 ave rages  were  
t e s t e d  for  s igni f icance  w i t h  t -d i s t r ibu t ion .  

Results. T h e  A T P  c o n t e n t ,  a m o u n t i n g  to  5.82 /~Mol/g 
in t h e  con t ro l  hear t s ,  was  r educed  v e r y  s ign i f i can t ly  to  
3.22 / ,Mol/g in  t h e  po isoned  h e a r t s  a t  t h e  p o i n t  of t o t a l  
fa i lure  ( P  < 0.01). T h e  A D P  a n d  A M P  c o n t e n t s  were  
s imi la r ly  lower  t h a n  t he  con t ro l  values ,  a l t h o u g h  on ly  t h e  
di f ference in A M P  c o n t e n t  was  s t a t i s t i ca l ly  s ign i f i can t  
( P  < 0.05). The  t o t a l  of free a d e n i n e  nuc leo t ides  was 
r educed  f rom 4.644 to 3.953 ~uMol/g ( P  < 0.01). T h e  
c rea t ine  p h o s p h a t e  c o n c e n t r a t i o n  was  lowered  b y  1.2 
F, Mol/g. T h e  r e m a i n i n g  m e t a b o l i t e  c o n c e n t r a t i o n s  were  
iden t i ca l  in  b o t h  t e s t  series, w i t h  t h e  e x c e p t i o n  of t h e  
G - 1 - P  c o n c e n t r a t i o n ,  wh ich  was s ign i f i can t ly  inc reased  
a f t e r  i n tox ica t ion .  Card iac  fa i lure  occur red  a t  g lycogen,  
glucose, p y r u v a t e  a n d  l a c t a t e  c o n c e n t r a t i o n s  s imi la r  to  
those  of t he  controls .  

Discussion. T h e  decrease  in h igh -ene rgy  p h o s p h a t e  
c o m p o u n d s  shows t h a t  insuf f ic iency  a f t e r  a d m i n i s t r a t i o n  
of F D N B  is due  to  ene rgy  def ic iency,  n o t  to  i n h i b i t i o n  of 
A T P  u t i l i za t ion  13. Th i s  i nd i r ec t ly  con f i rms  t h e  f ind ings  
of INFANTE, KLAUPIKS a n d  DAVIES s t h a t  A T P  induced  
c o n t r a c t i o n s  of g lyce r i ne - ex t r ac t ed  myof ibr i l s  a n d  ac to-  
myos in  A T P a s e  a c t i v i t y  a re  n o t  i n h i b i t e d  b y  F D N B .  T h e  
f o r m a t i o n  a n d  c o n d u c t i o n  of e x c i t a t i o n  were  a p p a r e n t l y  
n o t  i n h i b i t e d  s ince t h e  g rea t ly  d i l a t ed  hea r t s ,  w i t h o u t  a n y  
f u r t h e r  v o l u m e  o u t p u t ,  st i l l  c o n t r a c t e d  regu la r ly .  T h e  
A T P  c o n t e n t  was  s ign i f i can t ly  dec reased  b y  on ly  1 5 - 2 0 %  
of t h e  con t ro l  va lue .  F r o m  th i s  we conc lude  t h a t  due  to  
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Fig. I. Compartmentation of adenine nucleotides and phos- 
phate transfer by the creatine/ereatine phosphatelereatine kinase 
system. 
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ATP ADP AMP ~TATP ADP AMP ATP/ADP CP Pi 

A 3.82 -V 0.42 0.574 4. 0.120 0.247 ~ 0.027 4.644 4- 0.538 6.8 4- 1.1 5.90 -4- 1.05 4.06 ± 0.83 

B 3.22 :t: 0.38 0.537 -/- 0.087 0.192 4. 0.057 3.953 ~ 0.463 6.1 :t= 0,7 4.73 4- 0.62 4.00 4- 1.03 

Glycogen Glucose G-6-P G-1 -P F-6-P FDP 

A 25.0 4- 6.3 5.15 4- 0.86 0.197 4. 0.061 0.0023 4- 0.0023 0.0405 4- 0.0151 0.03O4 4. 0.0223 

B 19.7 4- 4.5 5.20 -t- 0.72 0,192 :[: 0.074 0.0114 4. 0.0055 0,0306 4- 0.0174 0.0208 4- 0.0117 

DAP Pyruvate Lactate 

A 0.0123 4- 0.0081 0.183 q- 0.096 1.62 4. 0.17 

B 0.0142 4- 0.0044 0.180 4- 0.144 1.63 4. 0.30 

Metabolite concentrations in the ventricle muscle of the rabbit. Average values with standard deviations of the individual values: 
(A) sufficient hearts after 30 rain of perfusion (n ~ 7); (13) insufficient hearts after FDNB intoxication (n = 11). 

c o m p a r t m e n t a t i o n  t h i s  A T P  f r ac t ion  does n o t  r e a c h  t h e  
con t r ac t i l e  p ro t e in s  a n d  the re fo re  c a n n o t  be  exp lo i t ed  for  
t h e  con t r ac t i on .  Af te r  a s ingle m o v e m e n t  of t h e  2¢I. r ec tus  
abd .  of a frog, a t  0 °C, t h e  r a t i o  b e t w e e n  t h e  q u a n t i t y  of 
spl i t  A T P  a n d  t he  increase  of A D P  a n d  A M P  was  ba l -  
anced ,  t a k i n g  i n to  a c c o u n t  a f u n c t i o n i n g  a d e n y l a t e  k inase  
reac t ion% I n  c o n t i n u o u s  ca rd iac  s t ress  b y  r h y t h m i c  con-  
t r ac t ions ,  t h e  sp l i t  A T P  was found ,  on  t he  o t h e r  h a n d ,  
n e i t h e r  in  A D P  no r  in  AMP,  b u t  was  deg raded  b e y o n d  
t h e  A M P  step.  Th i s  ha s  also b e e n  s h o w n  b y  MARt~CItAL 
a n d  BECKERS-BLEUKX 14 in  t h e  s a r t o r i u s  of frogs a f t e r  
t e t a n u s .  

T h e  c r ea t i ne  p h o s p h a t e  c o n t e n t  was  dec reased  to  a 
m u c h  lesser e x t e n t  t h a n  in t h e  o t h e r  fo rms  of insuf f ic iency  
d u e  to  e n e r g y  def ic iencygm,  15,1~. T h e  r e l a t i ve ly  h i g h  
c o n t e n t  of c r e a t i n e  p h o s p h a t e  ind ica t e s  i n h i b i t i o n  of 
c r e a t i n e  kinase .  However ,  t h e  LOHMANN reac t ion  was n o t  
c o m p l e t e l y  b locked  (as in  t h e  e x p e r i m e n t s  of DAVIES e t  al. 
w i t h  p r ev ious  i n c u b a t i o n  of t h e  musc le  t issue),  because  
t h e  c r ea t i ne  p h o s p h a t e  v a l u e  of t h e  po i soned  h e a r t s  was  
be low t h a t  of t h e  cont ro ls .  T h e r e  was  no  c o r r e s p o n d i n g  
a c c u m u l a t i o n  of P i  or  hexose  p h o s p h a t e s  x~. 

I n  OLSO•'S scheme  is of ca rd iac  m e t a b o l i s m ,  t h e  crea-  
f ine  p h o s p h a t e / c r e a t i n e  s y s t e m  is s u b o r d i n a t e  to  A T P  
t~ormation b y  o x i d a t i v e  phosphorylation a n d  t o  sp l i t t i ng  
a t  a c tomyos in .  I f  i t  were  poss ib le  to  ut i l ize  t h e  A T P  
p r o d u c e d  b y  o x i d a t i v e  or  g tycoly t ic  s u b s t r a t e  b r e a k d o w n  
d i r ec t ly  for  c o n t r a c t i o n ,  t h e n  a n  i n h i b i t i o n  of c r ea t i ne  
k inase  shou ld  n o t  r e su l t  in  insuff ic iency.  T h e  fac t  t h a t  
c r ea t i ne  k inase  i n a c t i v a t i o n  leads  to  fa i lure  m e a n s  t h a t  
t h e  a d e n i n e  nuc leo t ides  do  n o t  diffuse b e t w e e n  t h e  s i tes  
of p h o s p h o r y l a t i o n  a n d  those  of b r e a k d o w n ,  a n d  t h a t  
c r ea t ine  p h o s p h a t e  ha s  t he  s igni f icance  of a t r a n s p o r t  
m e t a b o l i t e  for  a h i g h - e n e r g y  p h o s p h a t e .  F igu re  1 illus- 
t r a t e s  t h e  course  of A T P  r egene r a t i on  in t h e  myof ib r i l s  
v i a  c r ea t i ne  k inase  a n d  a d e n y l a t e  kinase.  

F r o m  t h e  i n t e r m e d i a t e  p r o d u c t s  of t h e  E m b d e n -  
Meyerhof  p a t h w a y  i t  was  n o t  possible  to  d e t e r m i n e  a n y  
p a r t i c u l a r  changes  in c o n c e n t r a t i o n  wh ich  would  i nd i ca t e  
a d i r ec t  effect  on  g lycogenoly t ic  m e t abo l i s m .  T he  glucose- 
1-P c o n t e n t  was  increased  on ly  b y  c o m p a r i s o n  w i th  t h e  
con t ro l  va lue  g rea t ly  r educed  b y  t h e  pe r fus ion ;  i t  was  n o t  
inc reased  c o m p a r e d  w i t h  t he  c o n t e n t  of h e a r t s  f rozen in  
vivo.  I n  t h e  case of a d i s t u r b a n c e  in o x y g e n  c o n s u m p t i o n  
as f o u n d  b y  INFANTE a n d  DAVIES in  t i le ske le ta l  musc le  
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Fig. 2. Comparison between metabolite concentrations in insufficient 
rabbit heaits after intoxication with FDNB (Mack colunms) and 
iodoacetate (white columns). CP, creatine phosphate; DAP, dihy- 
droxy acetone phosphate; FDP, fructose 1,6-diphosphate; Pi, inor- 
ganic orthophosphate. 

of t h e  f rog a f t e r  i n t o x i c a t i o n  4, t h e  l a c t a t e  c o n t e n t  shou ld  
increase,  as  F D N B  d id  n o t  i n h i b i t  t h e  g lycoly t ic  r eac t ions .  
I n h i b i t i o n  of o x i d a t i v e  m e t a b o l i s m  leads  to  insu f f i c i ency  
c h a r a c t e r i z e d  b y  g lycogen  b r e a k d o w n  a n d  increase  of 
l ac ta t e .  I t  is t h u s  no t i ceab le  t h a t  h e a r t s  t r e a t e d  w i t h  
F D N B  fai led w i t h  n o r m a l  g lycogen a n d  glucose  c o n t e n t .  

Of s igni f icance  is t h e  c o m p a r i s o n  b e t w e e n  t h e  m e t a b o -  
l i te  c o n t e n t  in  a c u t e  fa i lure  b y  F D N B  a n d  b y  i o d o a c e t a t e  
(Figure  2). T h e  d a m a g e  b y  t h e  l a t t e r  s u b s t a n c e  occurs  in  
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t h e  s equence  of e n e r g y  t r a n s f e r  p r io r  to  t h e  d a m a g e  b y  
F D N B ,  viz.  in  t h e  i n h i b i t i o n  of t h e  s u b s t r a t e  c h a i n  
p h o s p h o r y l a t i o n .  A m a j o r  decrease  in  c r ea t i ne  p h o s p h a t e  
c o n t e n t  was  assoc ia ted  w i t h  t h i s  t y p e  of  i n t o x i c a t i o n  ~. 
A l t h o u g h  t h e  A T P  c o n t e n t  was  s imi la r  in  b o t h  t y p e s  of 
poisoning ,  t h e  A T P / A D P  ra t io s  d i f fered  g rea t ly .  A f t e r  
a d m i n i s t r a t i o n  of iodoace ta te ,  t h e  A D P  c o n t e n t  was  in-  
c reased ;  F D N B  p r o d u c e d  a m a r k e d  t e n d e n c y  t o w a r d s  
decrease.  This ,  too, sugges ts  t h a t  t h e  r e d u c t i o n  of t h e  
A T P  c o n c e n t r a t i o n  b y  F D N B  is l imi t ed  to  t h e  f r ac t i on  
a t  t h e  c o n t r a c t i l e  p ro te ins ,  as t he  a d e n y l a t e  k inase  ac- 
t i v i t y  occurs  here.  T h e  p o i n t  of a t t a c k  of  i odoace t a t e  in  
t h e  b r e a k d o w n  of s u b s t r a t e  was  also m a r k e d  b y  t he  accu-  
m u l a t i o n  of f r u c t o s e - l , 6 - d i p h o s p h a t e  a n d  d i h y d r o x y  
ace tone  p h o s p h a t e  before  t h e  g lyce ra ldehyde  p h o s p h a t e  
d e h y d r o g e n a s e  r eac t ion .  T h e  q u a n t i t y  of p h o s p h a t e  

b o n d e d  in these  2 m e t a b o l i t e s  exp la ins  t h e  d i f fe rence  in 
t h e  i no rgan i c  p h o s p h a t e  c o n c e n t r a t i o n s .  

Zusammen/assung. N a c h  1-Fluor-2,  4 -d in i t robenzo l -  
V e r g i f t u n g  y o n  p e r f u n d i e r t e n  K a n i n c h e n h e r z e n  w a r e n  
bei  voUst / ind iger  Insuf f i z ienz  de r  A T P - G e h a l t  s eh r  signifi-  
k a n t  u n d  de r  K r e a t i n p h o s p h a t g e h a l t  wen ige r  s t a r k  ve r -  
m i n d e r t .  Glykogen- ,  Glucose-  u n d  L a c t a t g e h a l t  u n t e r -  
s ch i eden  sich y o n  den  K o n t r o l l w e r t e n  n ich t .  
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R e d u c t i o n  of  C y t o c h r o m e  c b y  t h e  
M e m b r a n e  

M i t o c h o n d r i a l  R e s p i r a t o r y  C h a i n  a c r o s s  a S e m i - P e r m e a b l e  

The  s u c c i n a t e - c y t o c h r o m e  c r e d u c t a s e  s y s t e m  has  b e e n  
def ined  as a f r a g m e n t  of t h e  r e s p i r a t o r y  cha in  c a p a b l e  of 
c a t a l y s i n g  t h e  o x i d a t i o n  of succ ina te  b y  e x t e r n a l  cy to -  
c h r o m e  c 1. 

T h e  c o m p o n e n t s  of such  a s y s t e m  a n d  t h e i r  i n t e r r e l a -  
t ions  h a v e  b e e n  e x t e n s i v e l y  s t ud i ed  2, b u t  i t  is n o t  y e t  
c lear  h o w  t h e  r e d u c t i o n  of t h e  accep to r  t a k e s  place.  

T h e  pu rpose  of t h i s  c o m m u n i c a t i o n  is to  descr ibe  a n  
e x p e r i m e n t a l  dev ice  t h a t  c a n  b e  used  to  s t u d y  t h e  m o d e  
of r e d u c t i o n  of  t h e  t e r m i n a l  a c c e p t o r  in  t h e  succ ina te -  
c y t o c h r o m e  c r e d u c t a s e  sys t em.  

W e  h a v e  f o u n d  t h a t  c y t o c h r o m e  c r e d u c t i o n  c a n  b e  
ach i eved  e v e n  w h e n  t h e  ox id ized  c y t o c h r o m e  c is sepa-  
r a t e d  f rom t h e  o t h e r  c a t a l y t i c  c o m p o n e n t s  of t h e  s y s t e m  
b y  a s e m i p e r m e a b l e  m e m b r a n e .  T h e  a p p a r a t u s  e m p l o y e d  
for  t h e  s t u d y  of t h i s  r e d u c t i o n  is s h o w n  in  F i g u r e  1. 

M e m b r a n e  was  p r e p a r e d  f rom rol ls  of c o m m e r c i a l  b r a n d  
' D e x s t a r '  (Visking) 0 .064-0.025 m m  th ick .  T h e  r eac t i on  
was  fol lowed b y  r e a d i n g  t h e  inc rease  of  a b s o r b a n c y  a t  
550 n m  o n  a B e c k m a n  D U  s p e c t r o p h o t o m e t e r .  C yan ide  
was  used  t o  i n h i b i t  c y t o c h r o m e  c ox idase  a c t i v i t y .  T h e  
e x p e r i m e n t a l  c o n d i t i o n s  a re  desc r ibed  in  t h e  c a p t i o n  to  
F i g u r e  2. T h e  r e a c t i o n  was  s t a r t e d  b y  a d d i n g  c y t o c h r o m e  
c i n  c h a m b e r  B (F igure  1) a f t e r  t 0  ra in  of p r e i n c u b a t i o n .  
T h e  s u b m i t o c h o n d r i a l  pa r t i c les  used  as  e n z y m e  source  
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Fig. 1. Experimental device used for reduction through membrane. 
A, internal chamber (submitochondrial particles and substrate); 
B, external chamber (cytochrome c and substrate); S, magnetic 
stirrer; M, membrane (diameter 3.2 cm). 

were  p r e p a r e d  f rom beef  h e a r t  m i t o c h o n d r i a  acco rd ing  to  
CRAZeE e t  al. a. 

I n  F i g u r e  2 c y t o c h r o m e  c r e d u c t i o n  u n d e r  n o r m a l  con-  
d i t i ons  (no s e m i p e r m e a b l e  m e m b r a n e )  is c o m p a r e d  w i t h  
t h e  r e d u c t i o n  t h a t  t a k e s  place  in t h e  p resence  of a semi-  
p e r m e a b l e  m e m b r a n e .  
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Fig. 2. Comparison of the rate of reduction of cytoehrome c by sub- 
mitochondrlal particles. Incubation conditions for the reaction. 
Control: 0.1M phosphate buffer pH 7.3; 2 mM succinate; 0.4 mM 
MaCN; 57 mM cytochrome c; mitochondrial protein 300/zg. Final 
volume 3.5 mI. In the presence of a membrane the reagent concen- 
tration was the same as for the control. Total volume in compartment 
A was 5.5 ml and in compartment B 12.5 ml. o . . . .  o control reac- 
tion; • • reaction across a semipermeable membrane. 
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