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The p ro d u c ts  o f  th e  p r e s e r v a t i o n  o f  meat th ro u g h  th e  use  o f  a 
b r in e  c o n ta in in g  n i t r i t e  a n d /o r  n i t r a t e  com prise a ran g e  o f  a t t r a c t i v e ,  
a c c e p ta b l e  and r e l a t i v e l y  s t a b l e  com m odities w i th  an e x c e l l e n t  p u b l i c  
h e a l t h  r e c o r d .  D uring th e  p ro c e s s  o f  c u r in g ,  much o f  th e  n i t r i t e  i s  
l o s t ,  th e  amount depend ing  upon such p a ra m e te rs  as  t h e  pH o f  th e  meat, 
t h e  t e m p e ra tu re  o f  p r o c e s s in g  and th e  i n i t i a l  n i t r i t e  l e v e l .  A sm all  
p r o p o r t i o n  o f  th e  n i t r i t e  n i t r o g e n  i s  f i n a l l y  lo c a te d  in  com bina tion  
w i th  muscle myoglobin as  th e  c h a r a c t e r i s t i c  r e d  pigm ent o f  such  p r o d u c t s ,  
b u t  th e  f a t e  of.m uch o f  th e  n i t r i t e  i s  g e n e r a l l y  unknown.

Using n i t r i t e  l a b e l l e d  to  95 i °  wri t h  i s o t o p i c  n i t r o g e n ,  i t  has been 
p o s s i b l e  to  s tu d y  th e  gaseous  p r o d u c ts  o b ta in e d  in  model c u re s  a t  
t e m p e ra tu r e s  (3° -  37°C) r e l e v a n t  t o  uncooked cu red  p ro d u c ts  u s in g  
muscle minces h e ld  a t  pH 6„0 w ith  p h o sp h a te  b u f f e r ,  w i th  th e  in c lu s io n  
o f  a b ro ad  spec trum  a n t i b i o t i c  t o  l i m i t  b a c t e r i a l  deve lopm en t.  F ig  I 
shows th e  d i s t r i b u t i o n  o f  mass numbers i n  th e  e x am in a t io n  w i th in  a mass 
s p e c t ro m e te r  o f  th e  gaseous  p ro d u c ts  o f  such  in c u b a t io n s  under an atm osphere 
o f  a re d u c e d  p r e s s u r e  o f  a rg o n .  The peak  a t  m/ e  30 u s in g  Na^ %C>2 was 
r e p la c e d  by a  s i m i l a r  one a t  m/ e  31 w i th  Na^5^02 as would be a n t i c i p a t e d  
f o r  NO. The use o f  Na^ 5\T02 p e r m i t t e d  th e  d i f f e r e n t i a t i o n  o f  CO2  and N2 O, 
which a re  n o rm a l ly  u n re s o lv e d  a t  ra/ e  44 . Even under a n a e ro b ic  c o n d i t i o n s ,  
°xygen was d e t e c t e d  a t  m/ e  32 . Small peaks o c c u r r in g  c o n s i s t e n t l y  a t  
m/ e  26 and 27 were c o n s id e r e d  to  r e s u l t  from th e  f r a g m e n ta t io n  o f  e th y le n e  
o r  e th a n e .  The p re s e n c e  o f  th e  fo rm er was confirm ed  by gas chrom atography 
and by h ig h  r e s o l u t i o n  mass s p e c t ro m e t ry .  The p r o d u c t io n  o f  e th y le n e  was 
n o t  a p p a r e n t ly  a s s o c i a t e d  w i th  co n ta m in a t in g  b a c t e r i a  s in c e  t h e i r  su p p re s s io n  
w i th  i n c r e a s in g  c o n c e n t r a t i o n s  o f  n i t r i t e  was accompanied by an in c r e a s in g  
o u tp u t  o f  th e  gas (F ig  2 ) .

The r e a c t io n s  o f  n i t r i + e  w hich may be in v o lv ed  w i th  i t s  r o l e  in  c u r in g  
a r e  p r i n c i p a l l y  conce rn ed  v i t h  i t s  a c t i o n  as  an  o x i d i s i n g  and n i t r o s a t i n g  
a g e n t  and i n  i t s  u p ta k e  by b io c h e m ic a l  system s a c t i v e  w i th in  th e  m uscle .

N i t r i t e  as  an o x i d i s i n g  a g e n t

The o x id a t io n  by n i t r i t e  o f  oxyhaem oglobin has long been re c o g n iz e d  
i n  r e l a t i o n  to  th e  o c c u rre n c e  o f  methaem oglobinaem ia o f  young i n f a n t s  in  
whom th e  a c h l o r h y d r ia  o f  t h e  stom ach has p e r m i t t e d  th e  r e d u c t io n  of 
n i t r a t e  in  d r in k in g  w a te r  by th e  e x t e n s io n  o f  th e  i n t e s t i n a l  f l o r a  or 
who have been  fe d  a n i t r a t e  r i c h  p ro d u c t  such as s p in a c h  m a in ta in ed  
u n h y g ie n ie a l ly  w i th o u t  r e f r i g e r a t i o n .  F o e ta l  haem oglobin  i s  p a r t i c u l a i  
s e n s i t i v e  t o  th e  o x i d i s i n g  a c t io n  of n i t r i t e  bu t  th e  i n c r e a s i n g  r e s i s t a n c e  
i s  g r a d u a l  in  c h i ld h o o d  u n t i l  th e  age o f  p u b e r ty  when i t s  t r a n s i t i o n  
a c c e l e r a t e s ^ . E a r ly  s t u d i e s  on th e  s t o i c h io m e t r i c  r e l a t i o n s h i p  between 
th e  r e a c t a n t s  i n d i c a t e d  th e  o x id a t io n  o f  one mole o f  haem oglobin  by two 
moles o f  n i t r i t e 2 , b u t  l a t e r  r e s u l t s  s u g g e s te d  a 1:1 molar r a t i o .  More
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r e c e n t  s t u d i e s  have r ed u ce d  s t i l l  f u r t h e r  t h e  n i t r i t e  l e v e l  r e q u i r e d  
t o  0 .5  -  0 . 7  moles p e r  mole haemoglobin, ,  The v e l o c i t y  of  t h e  con
v e r s i o n  of  oxy-  t o  methaemoglobin  has  been d i r e c t l y  r e l a t e d  t o  t h e  
n i t r i t e  c o n c e n t r a t i o n ;  as  v e i l  as  methaemoglobin,  some n i t r o s y l -  
haemoglob in  and even n i t r o s y l m e t h a e m o g l o b in  can be fo rmed .

A s i m i l a r  o x i d a t i o n  by n i t r i t e  or  oxymyoglobin t o  metmyoglobin 
o c c u r s  r e a d i l y  i n  s o l u t i o n  and can be obse rved  i n  s i t u  i n  meat .  
N i t r o s y lm y o g lo b in  or  n i t r o s y l m e t m y o g lo b i n  a r e  n o t ,  however,  d e t e c t e d  
i n  t h e  absence  of  a r e d u c i n g  sys tem .  As d i s t i n c t  from haem oglobin ,  
t h e  r e a c t i o n  between deoxygena ted  myoglobin  and n i t r i t e  i s  d i f f i c u l t  
t o  s t u d y  owing t o  t h e  i n t r i n s i c  l a b i l i t y  of  t h e  muscle oxygen s t o r a g e  
haem p igment t o  a u t o x i d a t i o n  under  a n a e ro b ic  c o n d i t i o n s .  A ttempts  
t o  d e t e rm in e  t h e  molar  r a t i o  of  t h e  n i t r i t e  u t i l i z e d  t o  oxymyoglobin 
o x i d i s e d  have p roved  t o  be a b o r t i v e .  At t h e  low molar  l e v e l s  oi 
n i t r i t e  commensurate w i t h  th o s e  o b t a i n e d  f o r  oxymyoglobin i n  s o l u t i o n ,  
t h e  u p ta k e  of  n i t r i t e  appea red  t o  occupy a wide range  of  v a l u e s  b u t  
n e a r l y  always ,  below t h a t  of  one mole of  n i t r i t e  consumed p e r  mole of  
haem pigment o x i d i s e d .

Other  haem p igm en ts  which do n o t  combine r e v e r s i b l y  w i th  oxygen 
p a r t i c i p a t e  i n  t h e  r e s p i r a t o r y  c h a i n  as i n t e r m e d i a t e s  i n  t h e  t r a n s f e r  
o f  e l e c t r o n s  f rom s u b s t r a t e s  t o  oxygen i n  t h e  l i v i n g  a n im a l .  Most of  
s uch  compounds i n  s k e l e t a l  muscle a r e  l o c a t e d  w i t h i n  t h e  m i to c h o n d r io n ,  
t o  which r e f e r e n c e  w i l l  be made i n  a f u r t h e r  s e c t i o n .  An im p o r ta n t  
haem p r o t e i n  i n  t h i s  c h a i n  i s  cytochrome c which e x i s t s  i n  f e r r o u s  
and f e r r i c  f o r m s .  During t h e  cou rse  of  e x t r a c t i o n  of  t h i s  compound, 
o x i d a t i o n  a lm os t  i n v a r i a b l y  occurs  so t h a t  r e - r e d u c t i o n  i s  n e c e s s a r y  
i n  o r d e r  t o  s tu d y  th e  o x i d i s i n g  a c t i o n  of  n i t r i t e .  Th is  can be 
acc o m p l i sh e d  c h e m ic a l ly  by d r a s t i c  a g e n t s  such  as d i t h i o m t e  or  
b o ro h y d r id e  b u t  t h e  f e r ro c y to c h ro m e  c p roduced  i s  r e a d i l y  s u s c e p t 
i b l e  t o  a e r i a l  o x i d a t i o n  i n  an unphys io  l o g i c a l  manner.  I n i t i a l  
e x p e r im e n t s  were t h e r e f o r e  c a r r i e d  o u t  on f e r ro c y to c h ro m e  c produced  
by  t h e  a n a e r o b ic  a c t i o n  of  muscle m i to c h o n d r i a  on t h e  f e r r i c  form of 
t h e  haem p r o t e i n ,  i n i t i a t e d  by a s u b s t r a t e  such  as p y ru v a te  i n  a 
Thunberg t u b e  ty p e  s p e c t r o p h o t o m e t e r  c e l l .  The s ubse quen t  a d d i t i o n  
f rom  t h e  s id e - a r m  of n i t r i t e  r e s u l t e d  i n  t h e  g r a d u a l  o x i d a t i o n  of 
f e r ro c y t o c h r o m e  c ,  t h e  r a t e  of  r e a c t i o n  i n c r e a s i n g  markedly  w i th  f a l l  
o f  pH over  t h e  range  6 .5  -  5 .3  a t  l e a s t .  The haem p ro d u c t  of  o x id a 
t i o n  p r o v id e d  ev idence  of  t h e  f o r m a t i o n  of  t h e  n i t r o s y l -  d e r i v a t i v e  
o f  f e r r i c y t o c h r o m e  c by an a d d i t i o n a l  p eak  i n  t h e  v i s i b l e  spec t rum  
a t  563 mm. S u b s e q u e n t l y ,  however,  use  has  been maae of  f e r r o 
cy tochrome c p roduced  f rom t h e  f e r r i c  form t h r o u g h  t h e  a c t i o n  o 
hydrogen  and p a l l a d i u m ,  t h e  p r o d u c t  be ing  s t a b l e  m  a i r .  In  he 
a b s en ce  of muscle t i s s u e  or  i t s  s u b - c e l l u l a r  components f e r ro c y to c h ro m e  
c i s  s u b j e c t  t o  o x i d a t i o n  by n i t r i t e  a t  pH 6 . 0  t y p i c a l  of  many meat 
p r o d u c t s .  The on ly  haem p ro d u c t  d e t e c t e d  so f a r  i s  uncomp exe 
f e r r i c y t o c h r o m e  c .  The r a t e  of  o x i d a t i o n  of  f e r r o c j i c c h r o m e  c 1
n i t r i t e  i s  p r o p o r t i o n a l  t o  t h e  n i t r i t e  c o n c e n t r a t i o n  up oo a t  l e a s t  
a l e v e l  of  1 0  mm ( 6 9 0  ppm) b u t  i s  somewhat d e c r e a s e d  i n  t h e  absence  o
a i r .
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Of t h e  o t h e r  cy tochromes o f  t h e  muscle r e s p i r a t o r y  c h a i n ,  
f e r ro c y t o c h ro m e  b i s  a l s o  s u s c e p t i b l e  t o  o x i d a t i o n  by n i t r i t e ,  a l t h o u g h  
i t s  a c t x o n  has n o t  been s t u d i e d  so e x t e n s i v e l y .  The t e r m i n a l  cytochrome 
a 3  o f  t h e  c h a i n ,  which combines d i r e c t l y  w i t h  m o le c u la r  oxygen d u r in g  
t h e  c o u r s e  o f  r e s p i r a t i o n ,  r e a c t s  w i t h  n i t r i t e  under  r e d u c in g  
c o n d i t i o n s  t o  form a n i t r s o y l -  complex o f  i t s  f e r r o u s  form-*. This  
complex i s  l e s s  u n s t a b l e  i n  a i r  t h a n  uncomplexed f e r ro cy to ch ro m e  ay,  
b u t  o x i d a t i o n  does p r o c e e d ,  p r o b a b ly  as  a r e s u l t  o f  d i s s o c i a t i o n  o f  
t h e  n i t r o s y l  m o ie ty .  The fo r m a t io n  of  t h i s  complex p r o b a b ly  accoun ts  
f o r  t h e  c o m p e t i t i v e  i n h i b i t i o n  by n i t r i t e  of  a e r o b i c  cytochrome 
o x id a s e  a c t i o n ,  t o  which r e f e r e n c e  w i l l  be made l a t e r .

V a r ious  o t h e r  d i v e r s e  c e l l u l a r  components have been  r e p o r t e d  t o  
be o x i d i s e d  by n i t r i t e  a l t h o u g h  ma in ly  a t  low pH v a l u e s  n o t  n o rm a l ly  
e n c o u n t e r e d  i n  meat p r o d u c t s .  For i n s t a n c e ,  a t  pH v a l u e s  up t o  4 . 0 ,  
n i t r i t e  has  been r e p o r t e d  t o  o x i d i s e  reduce d  n i c o t in a m id e a d e n in e  
d i n u c l e o t i d e  (NADH), i t s  c o n c u r r e n t  p r o d u c t s  o f  r e d u c t i o n  be ing  
d e t e rm in e d  ad NO, N2 O and Ny w i t h i n  t h e  mass s p e c t r o m e t e r .  In  
e q u i m o lo c u l a r  p r o p o r t i o n s ,  however,  no r e a c t i o n  between n i t r i t e  
and NADH was obse rved  a t  pH 6 . 0 .  S u lp h y d ry l  groups a r e  s t a t e d  t o  
r e d u c e  n i t r i t e  a t  a c i d  pH; re d u c e d  g l u t a t h i o n e  (GSH) f o r  i n s t a n c e ,  
a t  pH 3 . 0  y i e l d s  hydroxylamine  and ammonia5 . No gas f r a c t i o n  was,  
however ,  p roduced  a t  37°C from n i t r i t e  and GSH a t  pH 6 . 0 .  The r o l e  
o f  muscle s u l p h y d r y l  groups  i n  t h e  r e d u c t i o n  of  n i t r i t e  and the  
f o r m a t i o n  of  n i t - ro sy lm yog lob in  under  c o n d i t i o n s  r e l e v a n t  t o  h e a t e d  
c u re d  meat p r o d u c t s  has  been  s t u d i e d  e x t e n s i v e l y  by Mohler and 
c o -w o rk e r s  i n  Munich^.

The r e d u c t i o n  o f  n i t r i t e  by a s c o r b a t e  a t  pH 3-5 t o  NO, N20 was 
v i r t u a l l y  e l i m i n a t e d  a t  pH 6 , a c c o rd in g  t o  Evans and M cA ul i f fe^ ,  
u s i n g  an a s c o r b a t e r n i t r i t e  molar  r a t i o  of  1 0 0 :1 .  N e v e r t h e l e s s ,  t h e  
a n a e r o b i c  i n c u b a t i o n  o f  8 . 6  mM sodium a s c o r b a t e  w i t h  62 mM n i t r i t e  
a t  pH 6 . 0  was found m a n o m e t r i c a l l y  t o  produce  an a p p r e c i a b l e  NO 
f r a c t i o n .

N i t r i t e  as  a n i t r o s a t i n g  agen t

The d i f f e r e n t i a t i o n  o f  p r i m a r y ,  s e c o n d a ry  and t e r t i a r y  amines on 
t h e  b a s i s  o f  t h e i r  a c t i o n s  w i th  n i t r o u s  a c i d  has been a c c e p t e d  by many 
g e n e r a t i o n s  o f  s t u d e n t s  o f  o r g a n ic  c h e m i s t r y .  However, even under  
f a v o u r a b l e  c o n d i t i o n s ,  t h e  n i t r o s a t i o n  of  some se c o n d a ry  amines i s  v e r y  
s low  and t h e  l a c k  o f  r e a c t i o n  o f  t e r t i a r y  amines and n i t r o u s  a c i d  i s  
c o n s i d e r e d  t o  be " th e  most p e r s i s t e n t  myth in  o rg a n ic  c h e m i s t r y " ^ .

U nl ike  t h e  Van Slyke d e a m in a t io n  o f  p r im a r y  am ines ,  t h e  n i t r o s a t i o n  
o f  s e co n d a ry  amines i s  c o n s i d e r e d  t o  be a r e v e r s i b l e  r e a c t i o n .  For 
any one amine,  t h e  r a t e  of  fo rw ard  r e a c t i o n  i s  p r o p o r t i o n a l  t o  t h e  square  o f  

t h e  n i t r i t e  c o n c e n t r a t i o n ^ ,  t h e  optimum pH range  o f  2 - 3  ̂  b e ing  a compromise 
between  t h e  r e q u i r e m e n t s  o f  t h e  amine i n  an uncharged  s t a t e  and t h a t  o f  
t h e  n i t r o s a t i n g  s p e c i e s  as  NO'1’. Towards n e u t r a l i t y ,  t h e  r a t e  of  
n i t r o s a t i o n  f a l l s  o f f  r a p i d l y  and app ro ac h es  z e ro  a s y m p t a t i c a l l y .
However,  t h e  main d e t e r m i n i n g  f a c t o r  i s  t h e  b a s i c i t y  o f  t h e  amine 
i n v o l v e d .  At t h e  o p t im a l  pH, t h e  n i t r o s a t i o n  o f  a b a s i c  amine such  as
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d i m e t h y l a m i n e  w i t h  2 . 9  mM (200 ppm) n i t r i t e  p r o c e e d s  t o  an e x t e n t  of  
l e s s  t h a n  1% o f  t h e  t h e o r e t i c a l  w i t h i n  3 h o u r s  a t  37 . Under  s i m i l a r  
c o n d i t i o n s ,  t h e  n i t r o s a t i o n  o f  d i p h e n y l a m i n e ,  an  amine n o t  c o n s i d e r e d  
t o  he o f  p h y s i o l o g i c a l  i m p o r t a n c e ,  p r o c e e d s  v i r t u a l l y  t o  c o m p l e t i o n .  
Thus t h e  outcome o f  t h e  c o n t a c t  w i t h  n i t r i t e  o f  t h e  components  of  a 
b i o l o g i c a l  s y s t e m  s u c h  a s  meat  i s  g r e a t l y  d e p e n d e n t  upon  t h e  n a t u r e  
o f  any  s e c o n d a r y  amines  p r e s e n t ,  w h ic h  a r e  g e n e r a l l y  unknown i n  f o o d s  
e x c e p t  i n  s p e c i f i c  i n s t a n c e s  s u c h  as  m ar in e  f i s h .

I f  t h e  r e a c t i o n  o f  n i t r i t e  w i t h  a s e c o n d a r y  amine i s  r e v e r s i b l e  
w h i l s t  t h a t  w i t h  a  p r i m a r y  amine i s  i r r e v e r s i b l e ,  t h e  i n c u b a t i o n  a i  

! a c i d  pH o f  an  N - n i t r o s a m i n e  w i t h  a r e c e p t o r  o f  n i t r o u s  a c i d  suc h  as  
u r e a  c o u l d  r e s u l t  i n  t h e  d e n i t r o s a t i o n  of  t h e  f o r m e r .  However ,  no 
e v i d e n c e  h a s  b e e n  o b t a i n e d  o f  t h e  breakdown o f  N - n i t r o s a m i n e s . i n ^this 
way.  F u r t h e r m o r e ,  t h e  i n c u b a t i o n  o f  a s e c o n d a r ^ ^ m i r j e  and  e x c e s s  of 
a  p r i m a r y  amine w i t h  a  low l e v e l  o f  n i t r i t e  s u f f i c i e n t  f o r  o n l y  p a r t i a l  
n i t r o s a t i o n  does  r e s u l t  i n  t h e  f o r m a t i o n  o f  some N - m t r o s a m i n e .

The N - n i t r o s a  d e r i v a t i v e s  of  s econdary  amines a r e  s t a b l e  a t  
n e u t r a l  and a l k a l i n e  pH v a l u e s  and s u f f i c i e n t l y  s t a b l e  i n  a c i d  f o r
t h e  v o l a t i l e  compounds of  t h i s  t y p e  t o  be separable f rom  t h e i r  p a r e n t
am ines  by d i s t i l l a t i o n  a t  a c i d  PH10. C h e m i c a l l y  t h e y  show b u t  l i t t l e  
r e a c t i v i t y .  P h y s i o l o g i c a l l y ,  t h e  low er  members oi  t h e  d i a l k y l  and 
h e t e r o c y c l i c  t y p e s  a r e  g e n e r a l l y  h e p a t a t o x i c  when a d m i n i s t e r e d  a t  
m o d e r a t e  d o s a g e ? 1 : some s p e c i e s  o f  a n im a l s  a r e  p a r t i c u l a r l y  s e n s i t i v e  
a nd  mink,  f o r  i n s t a n c e ,  have  b e e n  employed  i n  c o n f i r m a t i o n  o f  c h e m i c a l  
and  p h y s i c a l  o b s e r v a t i o n s .  At low er  l e v e l s  o f  a d m i n i s t r a t i o n ,  many 
o f  t h e  80 o r  more N - n i t r o s a m i n e s  s t u d i e d  have  p r o v e d  t o  be c a r c i n o g e n i c  
i n  e x p e r i m e n t a l  a n i m a l s » ,1 2 ,  13 .  Some o f  t h e  s im p l e  N - n i t r o s a m r n e s  
h a v e  been  t e s t e d  and  f o n d  t o  be e f f e c t i v e  a t  v e r y  low d o s e s  o r  a  body 
w e i g h t  b a s i s  i n  up  t o  e l e v e n  d i f f e r e n t  s p e c i e s  o f  a n im a l  m c l u d  e 
monkeys14 O t h e r  more complex n o n - v o l a t i l e  N - n i t r o s a m i n e s  s u c h  a s  
N - n i t r 0 s o d i e t h a n o lam in e  a r e ' f a r  l o s s  t o n i c  b u t  r e t a i n  t h e r r ^ - r c r n o g e n r c  
a c t i o n ,  a l t h o u g h  t h e y  have  n o t  g e n e r a l l y  b e e n  t e s t e d  so e x te r n  - e  l y  “ d 
down t o  t h e  low d o s a g e  l e v e l s  employed  f o r  t h e  v o l a t i l e  members o f  t h i s

c l a s s  o

The p o s s i b l e  components  o f  a  b i o l o g i c a l  s y s t e m  s u c h  a s  meat  ' , h i c h  
c o u l d  p o t e n t i a l l y  be n i t r o s a t e d  i n c l u d e  p r o l i n e ,  h y d r o x y p r o l i n e ^  spe rm  
s p e r m i d i n e ,  t r y n t o p h a n  and h i s t i d i n e .  The p r e p a r a t i o n  o f  a  N h  
d e r i v a t i v e  o f  a r g i n i n e  ha s  b e e i ¡ r e p a r t e e

ophan  h a s  b e e n  r e p o r t e d  t o  y i e l d  X - n i t r o s o  1  p i a l 7 t o  y i e l d  a
n i t r o s a t i o n ^ .  C r e a t i n i n e  c a n  r e a c t  w i t h  n i t r o u s  a c i d  t o  y i e l d
C - n i t r o s o  d e r i v a t i v e  amongs t  o t h e r  p r o d u c t s .
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N - n i t r o s a m i d e s  a r e  a l s o  v e ry  p o t e n t  c a r e i n o g e n s ■b u t  t h e y  a r e  f a r  
l e s s  s t a b l e ,  p a r t i c u l a r l y  a t  an a l k a l i n e  pH, t h a n  th e  N - n i t r o s a m i n e s .
They a l s o  r e a c t  r e a d i l y  w i t h  groups  such  as t h e  s u l p h y d r y l  l i k e l y  to  
be e n c o u n t e r e d  i n  a b i o l o g i c a l  sy s tem .  Secondary  amides a r e ,  however,  
v e r y  r e a d i l y  n i t r o s a t e d ,  t h e  r a t e  of  r e a c t i o n  b e in g  d i r e c t l y  p r o p o r t 
i o n a l  t o  t h e  n i t r i t e  and hydrogen  io n  c o n c e n t r a t i o n s .

The r e a c t i o n  between n i t r i t e  and a t e r t i a r y  amine t o  y i e l d  an 
a ldehyde  t o g e t h e r  w i t h  t h e  N - n i t r o s o  d e r i v a t i v e  o f  t h e  seco n d a ry  
amine r e s u l t i n g  from t h e  l o s s  o f  one s u b s t i t u e n t  g roup ,  i s  f a v o u re d  
by h ig h  t e m p e r a t u r e s  and n i t r i t e  c o n c e n t r a t i o n s  bu t  n o t  by low pH 
v a l u e s ,  b e in g  most e f f e c t i v e  i n  t h e  pH r e g i o n  3 - 1 6 ^ ,  Benzyl  groups  
a r e  most r e a d i l y  c l e a v e d  from t h e  t e r t i a r y  amine t o  form th e  
N - n i t r o s a m i n e , fo l l o w e d  by a l k y l  and t h e n  c y c l i c  s u b s t i t u e n t  g r o u p s .

Over t h e  p a s t  decade ,  many methods have been  d e v i s e d  and 
a d v o c a te d  f o r  t h e  s e l e c t i v e  s e p a r a t i o n  and d e t e c t i o n  a t  low l e v e l s  of  
N - n i t r o s a m i n e s  and,  t o  a l e s s e r  e x t e n t ,  t h e  N - n i t r o s a m i d e s . In  
a t t e m p t i n g  t h e  s e p a r a t i o n  of  any such  compounds as a g roup ,  i t  has  
o f t e n  been  c o n s i d e r e d  n e c e s s a r y  t o  reduce  t h e  N - n i t r o s o  group t o  t h e  
c o r r e s p o n d i n g  a s y m e t r i e a l l y  s u b s t i t u t e d  h y d r a z i n e ,  which th e n  p e r m i t s  
s e l e c t i v e  s e p a r a t i o n  by v i r t u e  o f  t h e  b a s i c  p r o p e r t i e s  acqu i red«
However, t h e  e x c e l l e n t  y i e l d s  o b t a i n e d  w i th  such  r e d u c i n g  a g e n t s  as  
l i t h i u m  aluminium h y d r id e  i n  model sys tems were u s u a l l y  n o t  
r e p ro d u c e d  w i t h  complex e x t r a c t s  of  a b i o l o g i c a l  sys tem o f t e n  
i n c l u d i n g  a p p r e c i a b l e  l i p i d .  The v o l a t i l e  N - n i t r o s a m i n e s  can 
g e n e r a l l y  be s e p a r a t e d  by s team d i s t i l l a t i o n  i n c l u d i n g  t h a t  from an 
a c i d  m i l i e u  which  r e t a i n s  amines which may provoke c o n f u s io n  i n  
s u b s e q u e n t  p r o c e d u r e s .  In  t h e  p r e s e n c e  of  r e s i d u a l  n i t r i t e ,  a 
p r e l i m i n a r y  d i s t i l l a t i o n  from an a l k a l i n e  envi ronment i s  n e c e s s a r y  
p r i o r  t o  t h a t  from a c i d  t o  a v o id  i r r e l e v a n t  n i t r o s a t i o n  d u r i n g  t h e  
p r o c e s s .  Such p r o c e d u r e s  have been e x tended  t o  f r a c t i o n a t i o n  u s in g  
s u i t a b l e  h ig h  e f f i c i e n c y  columns such  as  t h e  s p in n in g  band t y p e .  In 
s o l u t i o n  i n  aqueous m e thano l ,  e t h a n o l  or  a c e t o n i t r i l e ,  a lm os t  a l l  
v o l a t i l e  N - n i t r o s a m i n e s  can be s e p a r a t e d  as a n a r row  band b o i l i n g  between 
t h e  v o l a t i l e  s o l v e n t  or  its a z e o t r o p e  w i t h  w a te r  and w a te r  i t s e l f ^  9.  As 
a r e s u l t ,  enhancements  o f  c o n c e n t r a t i o n  o f  30-40 f o l d  can be r e a d i l y  
a c h i e v e d  a l t h o u g h  some l o s s e s  a r e  g e n e r a l l y  i n e v i t a b l e .

S o lv e n t  e x t r a c t i o n  of  N - n i t r o s a m i n e s  c o n t a i n e d  i n  c o n d en s a te s  
f rom s team d i s t i l l a t i o n s  has  a l s o  been  u sed  w i th  g r e a t  s u c c e s s ,  t h e  
im m is c ib le  s o l v e n t  of  cho ice  be ing  methylene c h l o r i d e .  In  c o n c e n t r a t 
i n g  such  e x t r a c t s ,  c a r e  must be t a k e n  t o  d r y  them p r i o r  t o  d i s t i l l a t i o n  
t o  a v o id  l o s s e s  i n c u r r e d  t h r o u g h  t h e  f o r m a t io n  of  a z e o t r o p e s .

The s e p a r a t i o n  o f  n o n - v o l a t i l e  N ~ n i t ro sam in es  p r e s e n t e  much g r e a t e r  
d i f f i c u l t i e s  b u t  advan tage  has  been  t a k e n  of  t h e  a d s o r p t i o n  of  a l l  such  
compounds t e s t e d  on a c t i v a t e d  carbon« A f t e r  -washing t h e  a d s o r b e n t  
t o  remove r e s i d u a l  n i t r i t e ,  e t c ,  most v o l a t i l e  and n o n - v o l a t i l e  
N - n i t r o s a m i n e s  can be d es o rb ed  i n  p a r t  a t  l e a s t ,  i n  r e f l u x i n g  m e tha ro l^ O , 
O v e r a l l  r e c o v e r i e s  from s imple  aqueous  s o l u t i o n  range  f rom 94$ f o r  
N - n i t r o s o d i e t h y l a m i n e  t o  72$ f o r  n i t r o s o p r o l i n e  and t o  0$ f o r  
N - n i t r o s a m i n e s  such  as  N - n i t r o s o - N - m e t h y l a n i l i n e  c o n t a i n i n g  pheny l  g ro u p s .  
The p r e s e n c e  of  l i p i d  a f f e c t s  t h e  r e c o v e r i e s  a d v e r s e l y ,  however.
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Methods employed f o r  t h e  d e t e c t i o n  of  n i t r o s a m i n e s  and n i t r o s a m i d e s  
have in c l u d e d  s p e c t r o p h o t o m e t r y ,  t h i n  l a y e r  and gas  chromatography,  
a - i r e c t  and d i f f e r e n t i a l  p o l a ro g r a p h y  and u l t r a v i o l e t  p h o t o l y s i s  t o  
i n o r g a n i c  n i t r i t e .  None a r e  u n e q u iv o c a l  and a l l  a r e  s u b j e c t  t o  
i n t e r f e r e n c e  l e a d i n g  t o  l o s s  of  s e n s i t i v i t y  i n  a p p l i c a t i o n .  R e c e n t l y ,  
c o n s i d e r a b l e  advances  have been made so f a r  as  v o l a t i l e  n i t r o s a m i n e s  
a r e  conce rned  i n  t h e i r  u n e q u iv o c a l  d e t e c t i o n  by h ig h  r e s o l u t i o n  mass 
s p e c t r o m e t r y  co u p led  w i t h  gas ch romatography ,  as  a r e s u l t  o f  which,  

e v e l s  of  50 p a r t s  p e r  th o u s an d  m i l l i o n  or  even l e s s  of  added 
a u t h e n t i c  n i t r o s a m i n e  can be c h a r a c t e r i z e d  a f t e r  c o n c e n t r a t i o n  by 
Vacuum s team d i s t i l l a t i o n  and s o l v e n t  e x t r a c t i o n s ' ! .  No such  s i m i l a r  
u n i v e r s a l  p ro c e d u re  e x i s t s  as  y e t  f o r  n o n - v o l a t i l e  n i t r o s a m i n e s  bu t  

ue r e c e n t  development of  a method2 2  i n v o l v i n g  h y d r o l y s i s  w i th  
ydrobromic  a c i d  i n  g l a c i a l  a c e t i c  a c i d  has r educed  very  c o n s i d e r a b l y  
ue d e t e c t i o n  l i m i t s  i n  t h i n  l a y e r  ch romatography ,  e t c .  As a r e s u l t  

bbe rai ld h y d r o l y s i s , which must be c a r r i e d  out  w i t h  th e  v i r t u a l  
u sence  of  w a t e r ,  t h e  p a r e n t  amine i s  r e l e a s e d  a long  w i th  n i t r o s y l  

r omide, which can be d e t e c t e d  as  n i t r i t e  i n  s o l u t i o n .  No n i t r o g e n o u s  
compound o t h e r  t h a n  a n i t r o s a m i n e  or  a n i t r o s a m i d e  has been found t o  
r e spond  t o  t h i s  p ro c e d u re  which d i s t i n g u i s h e s  between such  compounds 
aud th e  c l o s e l y  r e l a t e d  N-n it ram .ines  and N - n i t r a m i d e s 2^ . A lky l  
U r t r i t e s  r e a c t  as  n i t r i t e  i n  g l a c i a l  a c e t i c  a c i d  b o th  w i t h  and w i th o u t  
uydrobromic  a c i d .

^ j o chemica.l i m p l i c a t i o n s  of  n i t r i t e

S k e l e t a l  muscle c o n t i n u e s  t o  r e s p i r e  f o r  long p e r i o d s  a f t e r  th e  
o a t h  of  t h e  an im a l  even i n  t h e  p r e s e n c e  of  b road  spec t rum  a n t i b i o t i c s  
0 l i m i t  b a c t e r i a l  deve lopm en t .  Under a e r o b i c  c o n d i t i o n s ,  muscle 
e s p i r a t i on i s  i n h i b i t e d  by n i t r i t e ,  a c o n c e n t r a t i o n  of  about  50 mM 

0 0  ppm) be ing  r e q u i r e d  t o  e f f e c t  a r e d u c t i o n  i n  cxygen up ta k e  of  
about  50% a t  pH 6 . 0 .

sk a rfcPresenbab,rve  pH o f  6 . 0  t h e  i n c u b a t i o n  of  n i t r i t e  w i th
• + ebab muscle under  a n a e r o b ic  c o n d i t i o n s  s i m u l a t i n g  t h o s e  i n  t h e  

1 e r i o r  o f  a b l o c k  o f  meat r e s u l t s  i n  t h e  e v o l u t i o n  of  a n i t r i c  
a^ id e  gas  f r a c t i o n 2 4 .  The o u tp u t  of  t h i s  f r a c t i o n  was n o t

lmu l at e d  by t h e  d e l i v e r a t e  enhancement under  a e r o b i c  and a n a e ro b ic  
° u d i t i o n s  o f  t h e  r e s i d e n t  b a c t e r i a l  p o p u l a t i o n s  of  t h e  muscle minces 

^  Pr e - i n c u b a t i o n .  I t  was s t i m u l a t e d ,  however,  by reduce d  methylene 
Ve vh i c h  can a c t  as  an e l e c t r o n  i n t e r m e d i a t e  i n  a sequence  of  

Xl a t i o n - r e d u c t i o n  i n t e r a c t i o n s .

W i th in  t h e  b i o l o g i c a l  c e l l ,  t h e  enzymes conce rned  w i th  r e s p i r a t i o n  
t h  m a in ly  bocat e d  v i t h i n  t h e  m i to c h o n d r io n .  A f t e r  hom ogen iza t ion  of  

e t i s s u e ,  t h e s e  s u b - c e l l u l a r  o r g a n e l l e s  can be s e p a r a t e d  by c e n t r i f u g a l  
’ l o n a t i o n .  In  u s e ,  t h e i r  h ig h  a c t i v i t y  p e r m i t s  t h e  s p e c t r o p h o t o -  

cb -1C o b s e r v a t i ° n o f  m o le c u la r  changes  a s s o c i a t e d  w i t h  t h e  r e s p i r a t o r y  
11 ’ w i th o u t  u n d u ly  h ighbackground  a b s o r p t i o n  due t o  i n e r t  m a t e r i a l .
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Under a e r o b i c  c o n d i t i o n s ,  n i t r i t e  i n h i b i t s  c o m p e t i t i v e l y  th e  
a c t i o n  of  m i t o c h o n d r i a l  cytochrome ox idase  (EC 1 . 9 . 3 . 1 )  i n  o x i d i s 
in g  f e r r o -  t o  f e r r i c y t o c h r o m e  c .  The i n h i b i t i o n  p r o b a b l y  r e s u l t s  
from th e  r e v e r s i b l e  f o r m a t i o n  o f  a complex w i t h  t h e  o x i d a s e ,  
n i t r o s y l f e r r o cytochrome a j . K i n e t i c  s t u d i e s  i n d i c a t e d  a d i s s o c i a 
t i o n  c o n s t a n t  f o r  t h e  e n z y m e - n i t r i t e  complex o f  7 . 0  mM as compared 
w i t h  a  v a l u e  of  40 piM f o r  t h e  complexing of  cytochrome a 3 w i th  
oxygen,  so t h a t  t h e  p h y s i o l o g i c a l  pathway i s  f o l l o w e d  p r e f e r e n t i a l l y  
t o  t h e  d i v e r s i o n  i n t r o d u c e d  by n i t r i t e ,  N i t r i t e  has  a l s o  a weak 
u n co u p l in g  a c t i o n  of  t h e  p h o s p h o r y l a t i o n  accompanying e l e c t r o n  
t r a n s f e r  i n  r e s p i r a t i o n  b u t  i t s  a c t i o n  i s  n o t  comparab le  w i th  t h a t  
o f  an u n co u p l in g  agen t  such  as  2 , 4 - d i n i t r o p h e n o l 2^ . Thus ,  as  t h e  
n i t r i t e  c o n c e n t r a t i o n  i s  i n c r e a s e d  over  t h e  range  of  a p p r o x im a te ly  
0 -1 0  mM (0-690 ppm) t h e  o v e r a l l  r a t e  of  a e r o b i c  o x i d a t i o n  o f  
f e r ro c y to c h ro m e  c i n  t h e  p r e s e n c e  of  m i to c h o n d r i a  i s  d e c r e a s e d  as a 
r e s u l t  of  t h e  i n h i b i t i o n  by n i t r i t e  of  cytochrome o x id a se  a c t i o n .
Above a n i t r i t e  c o n c e n t r a t i o n  of  20 mM or  t h e r e a b o u t s ,  t h e  o x i d a t i o n  
o f  t h e  cytochrome i s  r e s u s c i t a t e d  a t  a pH dependen t  r a t e  as a r e s u l t  
o f  t h e  d i r e c t  a c t i o n  o f  n i t r i t e  upon fe r ro c y to c h ro m e  c ,  t o  which 
r e f e r e n c e  has  been  made i n  the  s e c t i o n  d e a l i n g  w i t h  i t s  a c t i o n  as 
an o x i d i s i n g  a g e n t .  A s i m i l a r  e f f e c t  i s  o b t a i n e d  under  t h e  
n o m i n a l l y  a n a e r o b ic  r e d u c i n g  c o n d i t i o n s  which a r e  p r o b a b l y  
r e p r e s e n t a t i v e  of  t h e  c u r in g  c o n d i t i o n s  i n  a b l o c k  of  meat ,  e x c e p t  
t h a t  t h e  o r i g i n a l  f e r ro c y to c h ro m e  c o x i d a t i o n  obse rved  a t  low 
oxygen t e n s i o n s  i n  t h e  absence  of  n i t r i t e  i s  i n h i b i t e d  maximal ly  
by  n i t r i t e  a round  a c o n c e n t r a t i o n  of  3 mM and c l o s e  t o  t h e  200 ppm 
l e v e l ,  which o f t e n  c o n s t i t u t e s  t h e  l e g a l  l i m i t  w i t h i n  cu red  meat 
p r o d u c t s „

Under a n a e ro b ic  c o n d i t i o n s ,  however,  n i t r i t e  can  a c t  as  an 
i n e f f i c i e n t  e l e c t r o n  a c c e p t o r  t o  t h e  t e r m i n a l  p o r t i o n  of  t h e  
mammalian r e s p i r a t o r y  c h a i n  w i t h  t h e  o x i d a t i o n  o f  f e r r o -  t o  
f e r r i c y t o c h r o m e  c 2;;. As a r e s u l t ,  n i t r i t e  i s  c o n c u r r e n t l y  r ed u ce d  
t o  n i t r i c  o x id e ,  p a r t  o f  which a t  l e a s t  i s  l o c a t e d  i n  c om bina t ion  
w i t h  t h e  o x i d i s e d  form of t h e  cy tochrome.  The a n a e r o b ic  o x i d a t i o n  of  
f e r ro c y t o c h ro m e  c by n i t r i t e  i s  markedly  l e s s  r a p i d  t h a n  t h a t  b ro u g h t  
ab o u t  th r o u g h  t h e  a d m is s io n  o f  a i r  i n  t h e  absence  o f  n i t r i t e  as  i s  
i l l u s t r a t e d  by F ig  3,  i n  which  s p e c t r a l  o b s e r v a t i o n s  were made ev e ry  
110 s e c o n d s .  The f i n a l  spec t rum  i n  t h e  p r e s e n c e  of  n i t r i t e  w i l l  be 
s e e n  t o  have an a d d i t i o n a l  p e a k  a t  5 6 3  nm i n  com par ison  w i th  t h a t  
r e s u l t i n g  from t h e  ad m is s io n  of  a i r .  The i d e n t i t y  of  n i t r o s y l -  
f e r r i c y t o c h r o m e  c as a p r o d u c t  was con f i rm ed  by d i f f e r e n c e  s p e c t r a  
i n  t h e  S o re t  r e g i o n  o f  i n c u b a t i o n s  w i t h  n i t r i t e  w i th  r e f e r e n c e  t o  
t h o s e  i n  i t s  a b s e n c e .  The r e s u l t a n t  p e a k  a t  417 nm can  be a s c r i b e d  
t o  e i t h e r  n i t r o s y l f e r r i c y t o c h r o m e  c or  f e r ro c y to c h ro m e  c w i t h  
r e f e r e n c e  t o  f e r r i c y t o c h r o m e  c ,  b u t  t h e  l a t t e r  p o s s i b i l i t y  i s  r u l e d  
out  by t h e  spec t rum  i n  t h e  v i s i b l e  r e g i o n .  F u r th e rm o re ,  t h e  peak  
a t  417 nm i s  r e l a t i v e l y  s t a b l e  i n  a i r  which would n o t  be t r u e  of  
f e r ro c y t o c h r o m e  c i n  t h e  p r e s e n c e  of  muscle m i t o c h o n d r i a .
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The r e - r e d u c t i o n  of  n i t r o s y l f e r r i c y t o c h r o m e  c by.  f o r  i n s t a n c e ,  
t h e  NATH dehydrogenase  (EC 1 . 6 . 9 9 . 3 )  a c t i o n  of  muscle m i to c h o n d r i a  
under  a n a e r o b ic  c o n d i t i o n s  r e s u l t s  i n  t h e  f o r m a t io n  o f  uncomplexed 
f e r ro c y t o c h ro m e  c ,  which does n o t  form a n i t r o s y l  d e r i v a t i v e  a t  
r e l e v a n t  pH v a l u e s .  I n  t h e  p r e s e n c e  of  metmyoglobin,  t h e  haem 
pigment r e s u l t i n g  from n i t r i t e  o x i d a t i o n  o f  t h e  oxy- form, t h e  
n i t r o s y l -  group  or  n i t r i c  oxide  i t s e l f  r e s u l t i n g  from t h e  r e d u c t i o n  
o f  n i t r o s y l f e r r i c y t o c h r o m e  c i s  t r a n s f e r r e d  t o  produce  n i t r o s y l -  
metmyoglobin ,  which i s  s u b s e q u e n t l y  r ed u ce d  t o  n i t r o s y l m y o g l o b i n  
by c o n t in u e d  a n a e ro b ic  m i t o c h o n d r i a l  a c t i o n 2 6 . The d i f f e r e n t i a t i o n  
o f  n i t r o s y l m e t m y o g lo b i n  and n i t r o s y l m y o g l o b i n ,  which have v e r y  s i m i l a r  
s p e c t r a l  p r o p e r t i e s ,  as  i n t e r m e d i a t e  and f i n a l  p r o d u c t  has  been made 
on t h e  b a s i s  of  t h e  l a b i l i t y  i n  a i r  o f  t h e  fo rm e r .  S p e c t r a l  o b s e r v 
a t i o n s  a t  v a r io u s  t im e  i n t e r v a l s  i n d i c a t e d  an i n c r e a s e  o f  n i t r o s y l 
metmyoglobin p r o d u c t i o n  fo l l o w e d  by a f a l l  as  t h e  e n s u r i n g  r e d u c t i o n  
t o  n i t r o s y l m y o g l o b i n  p r o c e e d e d .  A sc o rb a te  was ab l e  t o  mimic th e  
a c t i o n  of  m i t o c h o n d r i a l  enzymes i n  r e d u c i n g  n i t r o s y l f e r r i c y t o c h r o m e  c 
w i t h  t r a n s f e r  of  t h e  n i t r o s y l -  group t o  metmyoglobin and s ubse quen t  
r e d u c t i o n  t o  n i t r o s y l m y o g l o b i n .  The r e d u c t i o n  by muscle r e s p i r a t o r y  
enzymes of  n i t r o s y l m e t m y o g lo b i n  t o  n i t r o s y l m y o g l o b i n  i s  a c h i e v e d  much 
more r e a d i l y  t h a n  t h a t  of  uncomplexed metmyoglobin t o  r ed u ce d  myoglobin .  
T h i s  e f f e c t  i s  due t o  t h e  r e a d y  a u t o x i d a t i o n  of  r ed u ce d  myoglobin  back  
t o  t h e  me t-  form.  In  an atmosphere  of  ca rbon  monoxide,  t h e  f e r r o u s  
form of  myoglobin i s  s t a b i l i z e d  by complex f o r m a t io n  as  soon as 
r e d u c t i o n  occurs  and no d i f f e r e n c e  i s  t h e n  c o s e rv e d  between th e  
r e d u c t i o n  o f  met-  and n i t r o s y l m e t m y o g l o b i n .  So f a r  as  t h e  l a t t e r  i s  
c o n c e rn e d ,  t h e  f e r r o u s  form i s  more s t a b l e  t h a n  ' the f e r r i c  and no 
t e n d e n c y  f o r  o x i d a t i o n  has  been  o b s e rv e d .

Thus , t h e  ci ired meat p igm en t ,  n i t r o s y l m y o g l o b i n ,  can be formed 
under  c o n d i t i o n s  p e r m i t t i n g  enzyme a c t i o n  t h r o u g h  t h e  i n t e r m e d i a t e  
n i t r o s y l f e r r i c y t o c h r c m e  c when u s i n g  e x t r a - m i t o c h o n d r i a l  cytochrome c .  
Muscle m i t o c h o n d r i a l  swelling s t u d i e s  have d e m o n s t r a te d  t h a t  t h e  
membrane i s  permeable  t o  n i t r i t e  and good ev idence  has  been  o b t a i n e d  
o f  t h e  c o n v e r s io n  of  endogenous m i t o c h o n d r i a l  f e r ro c y to c h ro m e  c t o  
n i t r o s y l f e r r i c y t o c h r o m e  c and of f e r ro c y to c h ro m e  t o  i t s  n i t r o s y l -  
complex.  Thus ,  t h e r e  i s  ev e ry  r e a s o n  t o  s u g g e s t  t h a t  t h e  sequence  
o f  r e a c t i o n s  e l u c i d a t e d  u s i n g  model sys tems  i s  a p p l i c a b l e  t o  t h e  i n t a c t  
muscle m i to c h o n d r io n  i n  i t s  env i ronm ent  and t h e r e f o r e  t o  whole s k e l e t a l  
m u s c l e .
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