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A B S T R A C T  

E r y t h r o c y t e s  h a v e  b e e n  s t o w n  t o  be damaged by  e x c e s s i v e  

q u a n t i t i e s  o f  r e t i n o l  ( v i t a e i r  4 1  a n d  t o  be  p r o t e c t e d  

a g a i n s t  t h i s  damage b y  o ( - t o c o p h e r o l  I v i  t r m i n  E l ,  A s c o r b i c  

a c i d  ( v i t a m i n  C )  h a s  t e e n  shown t o  p r o t e c t  r e d  b l o o d  c e l i s  

a g a i n s t  l i g h t - i n a u c e d  and  f r e e  f a d  i c a l - m e d i a t e d  d e s t r u c t i o r ,  

A l l  t h r e e  o f  t h e s e  v i t a m i n s  p c s s e s s  o x i d a t i v e  a n d  r e d u c t i v e  

c a p a c i t i e s  a n d  a r e  t h e r e f o r e  p o t e n t i a l l y  c a p a b l e  o f  

p a r t a k i n g  i n  f r e e  r a d i c a l  r e a c t i o n s .  T h i s  s t u d y  was 

u n d e r t a k e n  t o  r e s o l v e r  i n  p a r t ,  t h e i r  e f f e c t s  i n  h i g h  

c o n c e n t r a t i o n s  o n  t h e  p l a s m  s e ~ k r e n e s  o f  l i v i n g  c e l l s  and 

t o  i n v e s t i g a t e  i t  a p r e l i m i n a r y  nay  t h e  i n t e r a c t i o n s  b e t w e e n  

them. 

Yenibranes w e r e  i s o l a t e d  f r o m  burnan e r y t h r o c y t e s  i n  t h e  

f o r m  o f  " g h o s t w  c e l l s ,  and w e r e  r e s e a l e d  so t h a t  p e r m e a b i  l i t y  

c h a n g e s  c o u l d  b e  d e t e r m i n e d  as a ~ e a s u r e  o f  t h e  i n t a c t n e s s  

o f  t h e  membrane, Damage t o  p r o t e i n  and l i p i d  c o n s t i t u e n t s  

o f  t h e  semkrane  w e r e  s e ~ a r a t e  ly a s s e s s e d  by d e t s t m i n  ~ n g  t h e  

a c t i v i t y  o f  a membrane-bound p r o t e i n ,  

g l  yceraldehyde-3-phosph3te d e h y d r o g e n a s e  (GAPDIP a n d  by 

f o l l o w t n q  a u t o x i d a t i c r  o f  t h s  m e a b r a r e  l i p i d s  as m e a s u r e @  b y  

t h e  a c c u n u l s t i o n  o f  l i p i d  ~ e r o x i d e s .  



A c t i v i t y  o f  G b P O  was d e s t r o y e d  b y  a i l  c o n c e n t r a t i o n s  

o f  r e t i n o l  a n d  a s c o r b a t e  w h i c h  H e r e  t e s t e d ,  l n i  t i a l  damage 

c a u s e d  by a s c o r b a t e  o c c u r r e d  much wore  r a p i d l y  t h a n  a n  

e q u i m o l a r  c o n c e n t r a t i c n  o f  r e t i n o 1 9  e v e n  t h o u g h  t h e  

e f f e c t i v e  damage was c o n s i d e r a b l y  l e s s  f o l l o w i n g  t h e  f i r s t  

0 
h a l f  h o u r  c f  i n c u b a t i c n  a t  37  C .  The i n c l u s i o n  o f  

c o r c e n t r a t i  o n s  g r e a t e r  t h a n  0 . 5  my a z c o r b a t e  w i t h  v a r i o u s  

c o n c e n t r a t i o n s  o f  r e t i n a l  r e s u l  t e d  i n  a l o s s  o f  GAPO 

a c t i v i t y  w h i c h  h a s  much more r a p a d  t h a n  w i t h  e i t h e r  v r t a m t n  

a lone ,  S ~ a l  l e t  amcunts o f  a s c o r b a t e  k e r e  f o u n d  t o  e x e r t  a  

s f i s h t  p r o t e c t i v e  e f f e c t  o n  daaege i n d u c e d  b y  r e t i n o l ,  

A l t h o u g h  i n c u b a t i o n  u r d e r  1009: o x y g e r  r e s u l t e d  i n  o n l y  a 

m a r g i n a l  i ~ c t e a s e  i n  G A P 0  d e s t r u c t i o n  i n  t h e  p r e s e n c e  o f  

a s c o t b a t e .  i t  d o u b l e d  t h e  damage c a u s e d  by r e t i n o l  b y  t h e  

e p d  o f  6 h o u r s  a t  i n c u b a t i o n .  C o o l i n g  t h e  i n c u b a t i o n  medium 

0 
t o  0 C s u p p r e s s e d  r e t i n o l - i n d u c e d  damage by 50Z b u t  d i d  n e t  

s i o n  t h e  d e s t r u c t i o n  c s u s e d  by a s c o t b a t e .  The  e f f e c t s  o f  

b o t h  r e t i n o l  and  a s c o r b a t e  w e r e  r e v e r s e d  by t h e  s u l f h y d r y l  

c o a p o u n d  d i t h i o t h r e i t o l  1 D T T l r  i n d i c a t i n g  t ha t  t h e  d e c r e a s e  

i n  enzyne  a c t i v i t y  w a s  a s s o c i a t e d  k i t h  a r e v e r s i b l e  

o x t d a t  i o n  o f  s u l f  h y d r y l  g r o u p s ,  i r c  l u s i  on o f  t o c o p h e r o l ,  

b u t  n o t  t o c o p h e r o l  a c e t a t e ?  i n  t h e  i n c u b a t i n g  medium 

r e s u l t e d  i n  a 30X i n h i b i t i o n  o f  enzyme d a a e g e  c a u s s d  by b o t h  

r e t i n o l  and a s c o r b a t e .  



P e n b t a n e  permeab i l t y  was m e a s b r e d  by t h e  access  i b i   lit^ 

o f  G 4 P D  t o  s u b s t r a t e s  l o c a t e d  o u t s  i d e  t h e  c e  l l membrane. 

Ret i n o l  a ~ d  6 - t o c o p h e r o l  b o t h  c a u s e d  a n  i n c r e a s e  i n  

menkrane p e r m e a b l  l ~ t y  and  a l s o  an i n c r e a s e  i n  mean c e l l  

vo lume a s  d e t e r r i n e d  k y  a n  e l e c t r o n i c  C o u l t e r  c o u n t e r .  B o t h  

o f  t h e s e  e f f e c t s  Mere  a d d i t i v e  w h e r  r e t i n o l  a n d  t o c o p h e r o l  

were  p r e s e n t  s i m u l t a ~ e o u s l y ,  A s c o t b a t e  c a u s e d  n o  i n c r e a s e  

i n  aewbrsne  p e r m e a b i  l t y  a n d  n o  c h a r g e  i n  mean c e l  l v o l u m e -  

I t  d i d ?  h o u e v e r ~  i n c r e a s e  t u r k i d i t y  i n  g h o s t  s u s p e n s i o n s  and  

c a u s e d  a  c o l o r  c h a n g e  f r o m  p i n g  t o  b r o w n i s h - r e d  and f i n a l l y  

t o  green9 i n d i c a t i n g  d e s t r u c t i o n  o f  r e s i d u a l  h e m c g l o b i n  as 

c o n f  i r m e d  b y  v i s u a l i z a t i o n  o f  H e i n z  b o d i e s  under  p h a s e  

c o n t r a s t  ~ i c r o s c o p y ,  

The f o r m a t i o n  o f  l i p i d  p e r o x i d e s  was m e a s u r e d  b y  t h e  

t h i o b a r b i  t u r  i c  a c i d  I T B A I  method, I n c u b a t i o n  o f  g h o s t  c e l  I s  

w i t h  r e t i n o l  r e s u l t e d  i n  a s u b s t a n t i a l  i n c r e a s e  i n  l i p i d  

" p e r o x i d a t i o n " ,  T h i s  e f f e c t  n a s  g r e a t l y  e n h a n c e d  b y  t h e  

p r e s e n c e  o f  100% o x y g e n  a n d  n r s  d e c r e a s e d  by 66% i n  t h e  

o r e s e n c e  o f  d - t o c o p h e r o l ,  The l e v e l  o f  a b s o r p t i v i t y  a t  332 

n o  r n  t h e  p r e s e n c e  o f  T E A  was i n c r e a s e d  b y  a s c o t b a t e  a n d  t h e  

p r e s e n c e  o f  d - t o c o p h e t o t  p r o v i d e d  a l m o s t  c o m p l e t e  

p r c t e c t i o n  a g a i n s t  t h i s  e f f e c t .  



It i s  concluded* i n  g e n e r a l *  that biological membranes 

a r e  s u b j e c t  t o  d a t a g e  b y  e x c e s s i v e  q u a n t i t i e s  of v i t a s l i n s  A 

a n d  C 9 t h a t  physiological q u e n t i t i e t  o f  ascotbate a n d  

t o c c p h e t o l  can p r o t e c t  t o  some e x t e n t  a g a i n s t  t h e  damage 

c a u s e d  by retinols and t h a t  t h e  c o r t e n t s  of l i v i n g  c e l l s  

normal l i y  p r o v i d e  protection aga i n s f  such damage. 
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V i t a m l n s  ( I re  s u h s t 7 n c e s  t h a t  a r e  e s s e n t t s l  f o r  t h e  

m a i n t e n a n c e  o f  n o r m s 1  ~ e t a b o l  i c  f u r c t i c n ~  b u t  w h i c h  a r e  n o t  

s y n t h e s i z e d  i n  t h e  b o d y  s n d  t h e r e f o r e  must  b e  f u r n r s h e d   fro^ 

e x o g e n o u s  s o u r c e s ,  A h e s l  t h y  i n d i v i  d u a l  i n g e s t i n g  a we1 l 

b a l a n c e d  d i e t  n o r n a i l v  r e c e r v e s  a d e c u s t e  a m o u n t s  o f  v i t a r n c r s  

 fro^ h i s  f ood .  Howeve r ,  t h e r e  a r e  s a n y  s i t u a t i o n s  i n  w h i c h  

t h e  c c n c e n t r a t i o n  o f  o ~ s  o r  m o r e  v i  t a m t n s  m R y  b e  e i t h e r  

e x c e s s i v e  c r  s u b o v t i m a l .  A k n o w l e d g e  o f  t h 9  mode o f  a c t i o n  

o f  t h e  v i t a t e i n s  i s  t h e t a f o r e  e s s e n t ~ a l  t o  a n  u n d e r s t a n d ~ n g  

o f  h u ~ a r  m e t ? b o l i s m #  b c t h  i n  t h e  h e c l t h y  s n d  d i s e a s e d  s t s t e .  

P a t h o l o g y  r e r u l t i r q  f r o m  e x c e s s i v e  i n t s k e s  o f  V I  t a m ~ n  4 

bas  Seen w e l l  d o c u m s n t e d  i n  t h e  l i t r z r l t u t a ,  ant !  s l t h o u g h  

h y p e r v i  t s a i n o s i s  A i s r n r e ,  s e r  i o u s  c a s e s  o f  v i t a m i n  A 

p o i r o n i n q  c c n t r n u e  t o  a c c u r .  O u t b r e a k s  o f  s c u t e  v i t a m t n  A 

i n t o x t c l t ~ o r  h a v e  b e s n  n o t e d  ~ n  A r c t i c  e x p l o t s r s  e f t e r  

i n g e s t i n q  l a r g e  q u a n t i t i e s  o f  p o l a r  b e a t  l i v e r  ( P i e r c e ,  

1 9 0 7 ) .  C h r o n ~ c  h y p e r v i t a m s n o s i s  4 i n  a d u l t s  ha: o c c u r r e d  i n  

p a t i e n t s  H ~ O  r e c e i v e d  l ? r q e  d o s e s  o f  t h i s  v i  t s m i n  p s  

t r e l t m e n t  f o r  d e r n s t o l c 7 r c a l  c o n d i t  t o n s ,  s n d  w h o  c o n t t n u e d  

s u b s e q u s n t  i n t a k e  w i  t h c u t :  ~ e d i c q l  s u o r t r v i  s i  o n  ( P i  P e n e d e t t c ,  

1957;  S t i a s o n ,  1 9 6 1 1 ,  I t  h ? s  a l s o  b e e r  r e p o r t e d  I n  f o o d  

f a d d i s t s  who i n c l u d e d  l a r g e  d o s e s  a f  v i  t a w i n  p r e p a r s t  i o n s  i n  



t h e i r  d a i l y  d ~ e t a r y  r e g i m e s  ( B e r g e n  a n c  R o e l s ,  1965; 

R u s s e l  l, B o ~ e r ,  R a q h e r  ? n d  H r u b a n r  1 9 7 4 ) .  T h e r e  has b e e n  

much s p e c u l a t i o n  r e g a r c i n g  t h s  ~ o s s i b l e  h a r m f u l  e f f e c t  o f  

i n g e s t i n o  h e r o i c  d o s e s  o f  v r t s m i n  C a s  recommended b y  L l n u s  

P a u l i n g  a n d  o t h e r s  t o s u l  i n g ~  f Q 7 C ;   stone^ 1966; Yew,  1 9 7 3 ) ~  

but  a p 3 r t  f r o m  t h e  damage t o  enzymes and  t o  msmbrene  s y s t e m s  

i n  v i t r o  l i s c u s s e d  l a t e r t  t h e r e  i s  l i t t l e  e v i d e n c e  t o  - -  
s u g g e s t  d s s a g e  t o  t i s s u e s  ~ n  t h e  li V I  n g  b o d y .  V r t a m i  n E i s  

g e n e r s l  l v  c o n s i d e r e d  t c  b e  o f  l o w  t o x r c l t y  a n d r  a l t h o t l q h  

t h e r e  a r e  9 number  o f  r s o o r t s  o f  m e t a b o l i c  ? b n o r m ~ l i t i e s  

i n d u c e d  i n  e x p e r ~ a o n t a l  2 n 1 p a l s  b y  e x c e s s  o f  v r t a r n ~ n  E 

I r l n r c h ,  W o n q ~  S s i e r ,  S i m  ant! E i s l y ,  19731,  I ~ v e l s  g r e ~ t l y  i~ 

. j x c ~ s s  o f  n o r m s 1  d l  e t s r y  r e q u ~ r s n s n t +  h a v e  b e e n  a d a r n  t s t e r p 4  

t o  human s u b j e c t s  w i t h o u t  a d v e r s e  c  l i n i c a l  e f f e c t s .  

The  v i t s m i n s  4 ,  F 3ni-l C h a v e  b e g r  shown t o  p o s s e s s  

o x i d ? t i v e  and r e d u c t i v e  c a p a c i t i t e s  snc a r e  t h e r e f o r e  

p o t s n t i q l  i y c a p s O I e  o f  c q u s i n g  f r e e  r a d i c a l  t~ s s u e  damage. 

V i t a a i n  A ( r e t i n o l l ,  b e c a u s e  o f  t h e  h i g h  d e g r e e  o f  

u n s a k u t ~ t t o n  an r t s  r s c p r e n o i d  c h s i n ~  1 s  e a s r l y  o x r d l z e d  ~n 

t h e  p r e s e n c e  o f  o x y g e n .  R e i n g  l i p i d  c o l u b l a  i t  i s  o f  t e n  

f o u n d  a s s o c r a t e d  k i t h  o t h e r  h y d r o p h o b r c  s u b s t a n c e s .  e - q .  

e t h e  l i p i d s  c f  b i o l o g i c e l  t r e a b r a n e s t  a n d  b y  s u c h  a n  

s s s o c ~ a t ~ o n  i t  msy e a t h e r  p h y s i c a l l y  d i s r u p t  t h e  o r d e r e d  

s t r u c t u r e  w h i c h  e x i s t e d  p r i o r  t o  i t s  i r ? l a n t e t i o n l  o r  



t n i t i s t e  a s e r 1 9 5  o f  6 8 m ? a l n g  c h e m i c a l  r e a c t i o n s  a s  9 

c o r s e q u e n c e  o f  a u t o r i d e t i o n .  V i  t s w i n  F 4 - t o c o p h e r o l  1 i s  

a l s o  ?n u n s t s b l s  r r o t e c u l e  d u e  t o  t h e  ~ b e n o l t c  g r o u p  o n  i t s  

a r o p a t i c  r t r q ,  I t  f u n c t i o n s  p b y s i o l o c i c a l  l y  a s  a n  

a n t t o x r d a n t  3 n d  o r o t e c t s  m o l s c u l e s  such  a s  r ~ t t v o l  f r o m  

o x i c a t i v e  earnage.  V i t e i n i n  C ( a s c o r t i c  a c t d l  i s a  s t r o n g  

r e r l u z i n q  3 n e n t  b e c a u s e  3 f  i t s  e n e d t c l  q r o u p  a n @  i k n c w n  tr? 

h a v e  b o t h  d a m s q i n g  ? n d  ~ r o t e c t i v e  e f f s c t s  on v a r i o u s  t i s s u e s  

a s  k r l l  b e  d t s c u s s e d  l a t e r .  The a c l e c u l ? r  s t r u c t u r e s  o f  

r e t  i n o l t d - t o c o p h e r o l  ~ n d  s s c o r b i c    cia a r e  i l l u s t r a t e d  i n  

f i g u r e  1. 

r e v o r s e  D r o c e s s ,  r e 4 u c t  i on9 i s e l e c t r o n  a c c e p t a n c e ,  

C I x i r i 3 l t t o n  c 9 n  p r o c e e d  t h r o u g h  l o s s  c f  s l e c t r o n s  f  ran,  3 

s u b s t s n c e  e i t h e r  i n  p s i r s  o r  one  3 t  a t i m e *  T h ?  loss or 

3 a i ~  o f  o n e  e l e c t r o n  f r e q u e n t l y  t e s t l t s  i n  t h e  f o r m a t  i o n  o f  

f r e e  r a d i c a l s ,  i ,e, c h e f n i c a l  c o a p o u r d s  P o s s e s s i n g  a n  add 

n u m k e r  c f  e l e c t r o n s  ~h i c b  a r e  h r g b l y  r e a c t i v e  and 

p o t e n t i s l l y  d a m s g i n g  i f  l i v i n g  c e l l s .  Cnce  f o r m e d ,  a r ~ d i c e l  

w j l l  a t t e m p t  t o  ~ t ~ b i J t 7 e  i t s e l f ,  e i t h e r  b y  c o r n b i n a n a  w ~ t h  

a n o t h e r  o d d - e l e c t r c n  s p e c i e s  o r  b y  g e n e r 3 t i n g  a v o t h e r  

r s d t c a l  w h t c h  o r o p a g n t e ;  s c h a i n  r e ~ c t i  on. U n l e s s  

t e r ~ i n s t e j ~  s u c h  ~ h e n o m s n a  c a n  b e  e x t r e ~ s l y  d e s t r u c t i v e  s n d  

a r e  b e l i e v e d  t o  p l s v  s . j ~ g n t f t c a n t  r o l e  t n  t h e  d e a t a d q t i o n  

o f  b i o l o q i c a l  s y s t e m s  l p r y o r ,  1 9 7 3 ) .  



Figure 1. Hofscular structures of v i t a m i n  A 

ttstinoi 8 9  v i t a m i n  E (d - t o c o p h e r o t )  and 

vitamin C tascorbic a c i d )  



FIGURE 1 

Vi tamin A ( r e t i n o l )  

Vi tamin E (d-tocopherol) 

Vi tamin C (ascorbic acid)  



R a d i c a l - r n d u c e d  t i s s u e  damage f r e a u e n t l v  o c c u r s  as  a 

r e s u l t  o f  t h e  i n t e r s c t i o n  o f  p r o - o x  i d a n t  s u b s t a n c e s  w i t h  

b t o l o q r c a  l a s m b r s n e s .  Y ~ m h r a n e s  e r e ,  e s s e n t r  s l l y r  coeptex 

m i x t u r e s  o f  l i p i d s  snc!  rotei ins h e l a  t c g e t h e r  b y  i o n i c  a n d  

h v d r c p h o h i c  f o r c e s  t S i r q e r  7 n d  Y I C ~ C ~ S O ~ ~  19721,  T h e  l i p i d  

c o m p o n e n t  i n v a r  i s b l y  c c n t ~ i n s  u n s a t u r a t e d  f 2 t t y  a c i d s  which 

a r e  b t g h l y  s u s c e c t t ~ b l e  t o  f r e e  r a d i c a l  a t t a c k .  S ~ n c e  t h e  

p r e s e n c e  o f  s c a r t o n - c a r b o n  d o u b l s  b o n d  w e a k e n s  t h e  

c a r b o n - h y d r o g e n  b o n d  o f  t h e  c a r b o n  a t o m  n e x t  t o  r t ~  lets 

e n e r g y  IS  r e q u i r e c  t o  e b s t r q c t  t h e  h y d r o g e n  p t o l n ~  l e a v i n g  F 

r s d t c a l  c e n t e r  o n  t h e  d - m e t h y l e n s  c a r b o n .  T h r s  h r g h  l y  

r e a c t i v e  r a d i c a l  K ~ Y P  i n  t h s  p r e s s n c e  o f  o x y a e n l  q c q u i r ?  a 

h y d r o o e r o x y  q r o u o .  3uch e s e r  i e r  c f  r e q c t i o n s  i s  t e r ~ e d  

l i p i d  " p e r o x i d s t i c n * '  a r d  p r o f o u n d l y  a f f e c t s  memhrpne  

s t r u c t u r e  a n d  f u n c t i o n  IOahle, H i l l  a n d  Ho lman,  1962;  

T a p c e  IP 1973 I .  

The e r y t h r o c v t e ~  b e c a u s e  o f  r t s  l a c k  o f  ~ n t r ~ c e l  l u l ? r  
, 

s t r u c t u r e s  s n 4  r e l a t f v e  s i s p l  r c i  t y ~  p r o v i d e s  n u n i ~ u s  

s u b j e c t  f o r  t h e  s t u d y  c f  c e l l u f a r  n e @ b r a n e s ,  i t s  membrane  

i s  composed  o f  5 2 7  o r c t s t n ,  40% l i p 1 4  a n d  9b c a r b o h y d r a t e  

( S t e c k ,  L9741, R e c s u s e  o f  t h e  h i g l .  c c n t e n t  o f  

p o l y u n s a t u r ? t e * i  f a t t y  a c i d s  ( D o d g e  ~ n d  P h l l l i ~ s ,  1967)  a n d  

d i r e c t  e x p o s u r e  t o  30 l e c u f a r  o x y g s n ~  t h e  s r y  t h r o c y t e  rs 

e x t r e m e l y  r u s c e o t i  b l a  t o  p e r o x i d a t i v e  dsmage. T h e r e  i s  



e v i d e n c e  t o  s u g g e s t ,  h o w e v e r ,  t h a t  t h e r e  a r e  t w o  s i t e s  o f  

s e t t o n  o f  o x i d a n t  c o m p o u r d s  o n  t h e  r e d  b l o o d  c e l l :  o n e  

i n v o l v t n g  t h e  membrane  d ~ r e c t  l y  and  t h e  o t h e r  i n v o l v t  n q  a 

c o o o e r a t i v e r  p o t e n t i s t i n 3  s c t i o n  o f  c e l  l u l a r  c o n t e ~ t s  i n  t h e  

d a m a q t n q  p r o c e s s  ( G t n n ,  H o c h s t e  an 3 r d  Trump, 19h9; F t  l Ipr  

and S n r t h ,  19701. I n  t h ~ s  s t u d y ,  I P  o r d e r  t o  d t f f e r e n t t 3 t e  

b e t k e e n  t h e s e  t w c  o r o c e s s e s ,  the? m e n b f a n e  h.is h e e n  sepa r - i t ed  

f r o a  ~ n t r a c e i  l u l a r  c 9 n s t r t u e n t s  i n  t h e  f o r m  o f  ~ r y t h r o c y t e  

s h o s t s .  

D o d q e r  Y t t c h e l  l a r 3  H-?n?i~ha? ( 1 $ 6 3 )  l e f  r n a  e a k o s t  a s  

b e i r g  t h s  d e l i c n t e ,  Y i s c o i c  h o d y  o k t a i ~ s d  ? f t e f  t h e  r s a o v a l  

o f  h e a o q l o h r n .  T P e  a r c ~ e r t r e s  d i ~ p  l a v e d  by ghoc ; t  sbrst~ms 

h a v e  q e n e r a  l l y  S e e n  f c u r l d  t o  r e o r e s e n t  p r o p ~ r  t i p s  

c h a r s c + a r i s t t c  o f  t + e  p l s s ~ a  m e m b r s r e  o f  t n t a c t  c e l l s  

( H o f f m s n ,  1958;  Q r s m l e y  2 n d  C o l e m a n ,  1 9 7 2 1 ,  t h u s  mPny 

o b r e r v e t t o n s  made u s i n g  q h o s t s  may ke awpl  l e d  t o  I~ v u o  

c o n d i t i c n s .  T h e r e  3 r e  s s s e n t i s  l l y  t w o  t y p e s  o f  g h o s t  c e l l s :  

*'wh t t e  g h o s t s "  and " r e s s 3 l e r f  q h o s t s "  ( S c h w o c h  and Pasrow9 

1 9 7 3 ) .  W h i t e  g h o s t s  a r e  f r 5 9  f r o m  v i s r b l e  c o n t a m i ~ s t i o n  

w i t h  b e f f o q l o b r n  a r d  a r e  l a r g e l y  d e v c r d  o f  t n t r a c e l  l u l a r  

c o n t a m i n a n t s ,  T h s y  ? r e  w i d e l y  used  f o r  b i o c h e f f i c - ?  l work ,  

s u c h  a s  t h e  i n v e s t  r q a t t o n  o f  t h e  a n z y m c l o g t c a  l p r o p e r  t i e s  c f  

t h e  c e l l  rneabrar le,  h o w e v 9 r  t h e i r  d i f f  u s i o ~  h a r r i e r  i s  

c o m o l e t s l y  d e s t r o y e d  3 r d  t h s v  a r e  t h e r e f o r e  u n s u t t ~ 4 b l e  f o r  



p e r a e q b l l i t y  s t u d l g s  (Junq,  C a r l s o n  e n d  R a l z e r ,  1 9 7 3 ) .  I n  

r e s e q l e d  g b o s t s  e w p h a ~ l ~  I S  p l a c e d  n o t  on e x t r e m e  p u r i t y  o f  

t h e  n e m h r s n ~ ~  h u t  on r s s t o r a t i o n  o f  t h e  o r i q i n a l  s e m k r a n e  

s t r u c t u r 2  a n d  f u n c t ~ o n  a f t e r  h e m o l y s ~ s .  As a r e s u l t  t h e y  

h s v e  n a e n  u s e d  e x t e n s r v e l y  ~ n  s t u d r e s  o f  t r ~ n s p o r t  s n d  

o e r r e a b i l i t y ~  and w e r e  u s e d  i n  t h e  p r e s e n t  w o r k .  



QELATEO L I T E R A T U R E  

n r n g l e  a n d  L u c y  ( 1 9 6 2 )  h l v e  shcwn t h a t  i s o l a t e d  

e r y t h r o c y t e s  o f  r a b b r t ,  D I ~ J  0x9  r a t  3 n d  man a r e  r a ~ ~ d l y  

l y s e d  h v  1 0 - 2 0  m i c r c q r e m s  o f  r e t i r c l  p e r  r n l  a n d  t h z t  

h e ~ o l y t i c  a c t r v t t y  I S  r s s t r ~ c t e d  t o  t h o s s  r s t r n o l  

d e r i v a t i v e s  p o s e s s i n g  k i o l o g i c a l  a c t i v i t y  a n d  c g p a b l e  o f  

p r e v e n t t n g  t h e  s y r p t o v s  o f  v i t s m i n  b d e f i c i s n c y .  T h e y  

h y o c t h e s i z e d  t h a t  t h e  s i t s  o f  a c t i c r  o f  v i t a p i n  A i s  t h e  

I r p o a r o t e i n  membrane o f  c e l  l s  a n d  t b e c r  o r g ~ c n e l l e s ,  a n d  t h a t  

i t s  c h y s i o l a g i c ? l  r o t e  i s  t h e  c o v t r c l  c f  membrave 

p e r t ~ e a b ~ l r t y .  

Af9ny o f  t h e  changes  s e g n  i n  h y g e r v t  t 2 m r ~ a s r s  b s r e  

e x p l r c a b l a  o n  t h e  h y p o t h e s i s  t h s t  v i t ? n i n  h p a n e t r e t e s  

l i p o p r o t e r  n memhrangs  and  t h a t  lnemhranes  c o n t a ~ n i  n g  a n  

e x c e s s  o f  t h e  v i t a m i n  e x h i b i t  i n c r e a s e d  b e r m e a b i l t y  o r  

d e c r e 3 s e d  s t a b i l i t y ,  T h e  a d d r t i o r  c f  a n  e x c e s s  o f  r e t r n o f  

t o  a s u s p s n s i o n  o f  F a m w a l i a n  f ~ b r o b l a s t s  c a u s e s  l o c a l  

d i s t e n c t o n s  i n  t h e  ~ 1 3 ~ 3 3  m e ~ b r 3 n ~ ~  6911187e t o  the n u c l e a r  

s e m b r ~ n e ~  ar?d m i  t o c h o n a r i a l  sw r l  l i ~ a  ( D i n g l e ,  G l a u e r t ,  

D a n r e l  s n d  L u c y ,  1952;  3 3 n i e l ,  O ~ r g l e ,  t l a u e r t  a n d  Lucy ,  

1 9 6 6 ) .  Lucy ,  L U S C O Q ~ ) ~  3nd D i n q  l e  ( 1 9 6 3 )  s i n i  l a r l  v r e o o r t  

s w e l l i n g  i n  t h e  m i t o c h c n d r i s l  o f  r a t  l i v e r  f o l l o w i n g  t h e  

s d d i t ~ o n  o f  r e t l n e l .  D t n q l 9 ~  L u c y  a n d  F e l l  ( 1 9 h t )  f o u n d  



t h a t  t h e  a l  t e r s t i o r s  t r  m t  t o c h o n d r i a l  s t r u c t u r e  c a u s e d  b y  

e x c e s s  v i t z w i n  h r e s u l t e d  i n  r l t p r e s s e d  r e s p i r a t o r y  a c t i v i t y  

i n  e r r b r y o n ~ c  c h i c k  I ~ m k - b o n e  r u d r m e r t s  and c l m i l a r  m e t a b o f f c  

d i s t u r b a n c e s  h a v e  b e s r  r e p o r t e d  i n  l i v e r  m i  t o c h o n d r  i a  by  

5 e w a r d ~  V s u g h a n  a n d  Yovs  ( 1 9 6 6 )  a n d  P o k r o v s k y ,  Kor! a n ?  

N a t s n s o n  ( I F ? ?  1. L u c y ,  O i n g l  e  a n d  F e  t l  ( I961 r e p c r t e d  

d e g r 3 4 n t i o n  o f  e m b r y o n i c  ch t c k  c a r t  r l a g e  u n d e r  t h e  l n f  l u e n c e  

o f  I - y p e r v i t a a i n a s i s  A arll! s u g q e s t e d  t h a t  i t  m i q h t  k e  due t o  

~ I - I  e n h a n c e d  o r o t e o l v t i c  a c t ~ v i t y  o f  t h e  c h o n d r o b l a s t s .  

Q e t i n o l  was t h e  f i r s t  c o a p o u n d  o f  ~ h y s i o l o q t c e l  

i m p c r t a n c e  t o  be  shown  t o  h r rve  n n  a c t i c n  b o t h  on  t b e  r e l e a s e  

o f  l y s o s o f n a l  enzymes  i r  t h e  l r v ~ n q  c e l l  3 n d  a l s o  o n  I s o l s t e a  

o r g e c e l l e s  I D i n g l e ,  1 9 t l ;  F s l  l 3 ~ d  Q i n g l e ,  1 9 5 3 ) .  F a l l ,  

O i n g l e  an4  Yebb ( 1 9 t 3 )  e x a m t n e d  t h e  s p e c t f r c r  t y  o f  t h e  

a c t i o n  o f  v i t a m i n  d o n  l y s o s o r n a l   reparations and f o u n d  i t  

t o  bs s h m r i s r  t o  t h a t  f o u n d  f o r  e r y t h r o c v t e q  s n d  

n i t o c h o n d r i s .  Q o e l s ~  T r o u t  a n d  Guhe (I.365) f o u n d  t h p  

s t a b i l t t y  o f  l r v e t  l y s c s o m e s  i n  v t t a m t n  A-deficient r a t s  t c  

b e  g r e a t l y  ~ r n p s t  r e d  q n c  Soels, h n 4 e r s o n ,  L u r  J S h a h  a n 4  T r o u t  

( 1 9 0 9 )  f o u n o  t h e  r a t e  c f  r e l e a s e  o f  h e r o g l o b i n  f r o w  

e r y t h r o c y t e s  o f  v ~ t a m i r  b - d e f  i c r e r t  r q t s  t o  b e  c o n s  t d s r e b l y  

f a s t e r  t h a n  t h a t  f r o m  c e l l s  o f  p a i r - f e d  c o n t r o l s .  An 

o p t r m s l  a a o u n t  o f  t e t ~ r c l  t h e r e f c r e  a p p e a r s  n e c e s s a r y  t o  

s t a b i l i z e  b i o l o g i c a l  ~ e v b r e n e s ,  L u c v  ~ n d  D i n g l e  1 1 9 6 4 1  h a v e  



f o u n d  t h a t ,  u n l i k e  t h e  o b s e r v e d  h e r c l y t r c  e t f e c t .  o f  h i g h  

c o n c e n t r a t i  c n s  o f  r s t  i r o l ,  t r e a t m e n t  o f  e r y t h r o c y t e s  n i t h  

l o w  c c n c e n t r a t l o n s  ( 0 . 1  t o  1.0 m i c r o 9  r a w s l m l  i n c r e a s e d  t h e i  r 

r e s i s t a n c e  t o  h y p o t o n i c  hem01 y s i s .  R 3 z  and L i v i n e  (1973) 

l i k e ~ ~ s e  f o u n d  R p t o t e c t t v e  e f f e c t  o f  r e t r n o l  a t  l o w  

c o n c e n t r a t i o n s  s n d  c o m p ? r e d  i t t o  t h e  e f f e c t  p r o d u c e d  by  

1  r p i d  s o l u b l e  s n a e s t h e t  t c s  (Seeman, 1$69 ;  2 0 t h  q n d  S e s s s n ,  

1 9 7 1 ) .  

Such phenomena  a r e  n o t  r e s r r c t e d  t o  fi v ~ t r o  

s i t u s t i o n s .  M o r r i s s  1 1 9 7 3 a ~ b )  f o u n c  t h s t  a s  i n q l e  l a r g e  

injection o f  v i t a m i n  4 ~ s l m r t d t e  s d r i n t s t e r e d  t o  a p t e q n n n t  

r a t  r e + u l t s  i n  m s i f o r w a t i o n s  3 n d  p r t = n a t ? l  d e p t h  i n  t h s  

o f  f s ~ r i n g .  U l  t r s s t r u c t u r a l  a b n o r m s  lties ~ n c l  uded wernbrane 

s u e f  l i n g ,  c y t o p l a s ~ i  c  v ~ c u o l  O P S P  " b u d d i n g " ,  c h a n g e s  i P t h e  

e x t r q -  t o  r n t r a c e l l u l s r  f l u t d  r s t ~ o ,  a n d  c o n d e n s e d  2 n d  

sual l e n  m i  t c c h o n d r i ? .  

O b s e r v a t r  o n s  m a d e  by  p h a s e - c o n t r a s t  a n d  e l e c t r o n  

m i  c r c s c o ~ y  h a v e  shown  t h a t  e r y t h r o c y t e s  assume v a r  i o u s  

b ~ z a r t e  f o r m s  w i t h i n  one m l n u t e  o f  t h e  addition o f  sn e x c e s s  

o f  v i t a w i n  4 I G l a u e r t r  n s n i e l r  L u c y  a n a  g i n g l e ,  1963 ;  

Murphy ,  1 9 7 3 ) .  The  ~ n t t i a l  e f f e c t  i s  3 g r e a t l y  ~ n c r e q s e e  

s u r f s c e  a r e a  w i t h  n o  a c c o p p a n y i n g  c t - a n g e  tn v o l u m e .  L a r q e  

i n d e n t a t i o n s  a p o e a r  o n  t h e  s u r f a c e  o f  t h a  c s i  I s  a n d  v a c u o l e * :  



f o r @  by a p r o c e s s  r e s e r b l  r n g  m i c r c ~ r n o c ~ t o s r s .  The  c e l  I s  

t h e n  become s p h e r i c a l  a n d  l o s s  o f  h e a o g l o b r n  b e g i n s  a s  

b r e a k s  3 p p e ~ r  i n  t h e  m e l r b r a ~ e s  o f  scme c e l  Is. I t  was 

p r o p o s s d  t h s t  t h e  r e t r r o l  s o l e c u i e  I S  ~ r c o r p o r a t e d  t n  t h e  

~ e ~ t r a n e ~  w h i c h  e x b a n e s  i P o r d e r  t o  a c c o m o d ~ t e  t h e  

a d d ~ t t o r a l  m o l e c u l e s ~  a n d  t h a t  4 y s r  s a r i s e s  f r o m  m e c h a n r c a l  

w e s k e n i n q  o r  r e a r r a n g e n a n t  o f  t h e  s t r u c t u r e  o f  t h e  m e ~ k r s n e ,  

Bansham* 9 1 r g l e  a n d  L u c y  ( 1 9 5 4 )  f o u n d  t h a t  r e t ~ n o l  r e q d i  l y  

p e n e t r a t e s  a n d  e x ~ a n d s  m o n o l a y e r s  o f  l e c i t h i n  and  

c h o l e s t e r o l  a t  a n  a r r - h 3 t e r  r n t e r f a c e .  R c e l s  zt PA. f 1 9 6 9 )  

p e r f o r m e d  s i m i  l a t  e x p e r i n e n t s  o n  a r t  i f  i c i a l  l i p i d  s t r u c t u r e s  

and s u g g e s t e d  t h a t  t h e  e f f e c t  o f  r e t t n o l  on  m e m b r a n e s  was 

due t o  a n  i n t e r a c t i o n  t s t w e e n  r e t i n c l  a n d  t h e  p o l a r  g r o u u  c f  

p h o s o h a t i d y l c h o l  i r e .  L u c y  ? n d  D i r g f e  ( 1 9 0 2 )  h a d  p r e v i o u s l v  

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

p r o t e r n *  a r d  s u g g e s t e d  t h a t  r e t r n o l  a c t s  'ila a c r o s s - l  a n k r n g  

a g e n t  b e t w e e n  l i p i d  snC p r o t e i n .  

Ths a p o e a r a n c e  o f  b r e a k s  i n  t h e  c e l l  membrane  o c c u r s  

o n l y  a t  t e m o e r a t u r e s  a t o v e  20•‹c a l t h o u g h  a t  l o w e r  

t e m ~ e r a t u r e s  o t h e r  m o r p h o t o g r  c ~ l  c h a n g e s  a r e  s t 1 1  l 

o b s e r v a b l e ,  T h i s  k 3 s  b a t  i e v e d  t o  b e  e v i d e n c e  o f  P t d o - s t e c  

p r a c s s s  t n  t h e  h e e o l y s r s  o f  t h e  e r y t h r o c y t e  h y  r e t i n o l :  ( 1 )  

a n  i n i t i a l    en st ratio^ o f  t h e  membrane  which o c c u r s  b o t h  i v  

t h e  c o l d  a n d  a t  ~ h y s i o l o g r c a l  t e a p e t a t u r e s r  and ( 2 )  a n  



o x l d s t ~ c n  o f  t h e  p o l v e n e  c h a i n  o f  r e t i n o l  w h i c h  o c c u r s  n b o v g  

2 0 ' ~  ( D i n l i e  a n d  L u c y ,  1 3 5 5 ) .  L u c y  ( 1 9 5 9 )  f o u n d  that 

c o l l o i d s l  d i s p e r s i o r s  c f  r e t i n o l  w e r e  e a s i l y  o x i d i z e d  h y  

m o i e c u l s r  o x y g e n  a n 4  f ~ s h e r r  L i c h t i  and L u c v  ( l 9 ? ? )  f o u n d  

t h i s  r e a c t i o n  t o  h a v e  t h e  c h a r a c t e r  i s t i c s  o f  3 f r e e  

r a d i c a l - c a t a l y r s d  a o t o r r  d a t ~ o n .  K t  l s h n a o u r t h y  rind K a r t h q  

( 1 9 7 3 1 ,  howeve r ,  f o u n d  n o  e v i d e n c e  c f  " n e r o x i d a t i  on"  o f  

e r y t h r o c v t e  l r p i d r  e v e r  w h e n  h e m o l y s t s  was c o m p l e t e  w c t b  10C 

m i c r c n o l e s  o f  r e t i n o l  p e r  m i .  

0 
The  r s p i d  h e r n o l y s i s  by r e t i n o l  a t  37 C hss b e e n  s h o w n  

t o  b e  o r e v e n t e d  b y  ?n  e q u i r c l a r  a u q r t i  t v  o f  O( - t o c o p h e r o l  

( L u c y  e n d  D t n g l s ,  1 9 6 4 1 ,  F l e c t r o n  s ~ c r o g r ? v h s  o f  

e r y t h r a c y t e s  t r e a t e d  k i t h  r e t i n o l  w r d  d - t o c o p h e r o l  

s i m u l t a n e o u s l v  s h o w e d  a n  l n l t r a i  s e c u e o c e  o f  c h s n g ~ s  similar 

t o  t h a t  s e e n  rsith r e t i p o l  a l o n e ,  A f t e r  15 m i n u t e s ,  h o w e v e r ,  

c e l  i s  w a r e  s t 1  l l intact, t h o u q h  t h e y  c o n t a i n e d  v a c u o l  e b  

w h i c h  m3y h a v e  f o r m e d  a s  a r e s u i t  c f  i n i t i a l  e x p a n s i o n  o f  

t h e  c e l  i s u r f a c e .  R e t  r n o l  seemed t c  h a v e  p e n e t r a t e d  t h e  

rneeb rane  b o t h  i n  t h e  D r e s a n c e  and a k s e n c e  o f  d - t o c o p h e r o l ,  

b u t  t o c o p h e r o l  p r e v e n t e d  s u b s e q u e n t  r ~ p t u r i n g  whict- o c c u r r e 4  

w i t h  r e t i n o l  a l o n e .  

h l t h o u g h  t h e  e x a c t  S i o l o g i c a l  f u n c t i o n  o f  v i t a m r n  F h a s  

b e e n  c o n t r o v e r s i a l  f o r  o v e r  3 0  y e a r s ,  i t  i s  g e n e r a l l y  



r e c o g n i z e d  a s  3 n a t u r a l l y  o c c u r r i n g 9  I t o l d - s o l u b l e  

a n t i o x i d a n t  ( T a p ~ e l 9  1972; M o l e n a s r  r Vos  a n d  Hommes, 1 9 7 2 ) .  

One o f  c t s  s l t e s  o f  a c t t o n  I S  t h e  e r y t h r o c y t e  membrane a n d  

P e r s c n s  d e f i c i e n t  i r !  v i t ? m i n  F a r e  k n o w n  t o  e x h i b i t  

i n c r e a s e d  s u s c e p t  t b i l  i t y  t o  h e m o l y t  I C  a n e r t i a  ( T s e n  a n d  

C o l l ~ e r r  19f0; B i n d e r 9  H ; r t i n g t  H ~ r s i ,  F t n c h  a n d  S p t r o ~  

1965;  ?ski a n d  R g r n e s s #  1 9 6 8 ) .  

I n  e x a m i n i n q  t h s  t ~ o l e c u l a r  s p e c t  f r c t t y  o f  a n t *  o x t l a n t s  

i n  p r e v e n t r n g  v i t a m i n  t i -anducec  h s a t o l y s i s t  L u c y  a n d  P a n g l e  

1 1 9 C 4 )  f o u n d  t h a t ,  s l t b o u g h  d - t a c o p h e r o l  anr! 0 4 - t o c o ~ h c r o l  

a c e t 3 t e  w e r e  e f f e c t i v e ,  a ( - t o c o p h e r o  I s u c c i n a t a  was 

r e l a t  i v s l y  i n e f f s c t t v e  s n d  t h ~  p h o s p h s t e  e s t e r  was a t s e l f  

h s n c l y t i c .  Y y d r o q u i n c r e  was w i t h o u t  e f f e c t  e v e n  when 500 

s i c r ~ ~ o l e s l m l  w e r e  s d d e d  s t w u  l t 3 v e o u s l y  w i t h  1 5  

m i c r c m o l e s / m l  r e t i n o l  and  i t  was c o v c l u d e d  f r o m  t h i s  t h a t  

i n h i b i t t o n  by t h e  t o c c p h e r o l s  was p c s s l h l y  n o t .  due  t o  

n e u t r a l i z a t i o n  o f  f r e e  r a d i c a l s  o r  t h e  b r e a k i n g  o f  

a u t o - o x  cdst i v e  c h a i n  r e q c t a o n s r  b u t  r a t h e r  t o  3 p h y s ~  c a l  

e f f e c t  n o t  un l  i k e  t h ? t  o f  c h o l e s t e r c l  [ Lucy ,1972 ) .  T h i s  

c o n c l u s i o n  was s u p p o r t e d  h y  t h e  f s c t  t h s t  t h e  a c e t f t t e  e s t e r  

o f  d - t o c o p h b r o l ,  w h i c h  was p a r t i c u l a r l y  e f f e c t i v e  i n  

i n h i h i t t n q  ~ V S I S I  d o e s  n o t  c o n t a ~ n  t h e  h y d r o x v l  q r o u p  t h ~ t  

c a n  y i e l d  h y d r o s e n  a n d  t k e r e b y  s c e v ~ n g e  f r e e  r a d i c a l s  

( T s o o e l ,  19621 .  Compounds o f  t h e  v i t ~ m l n  K s e r t e s  w e r e  a 1 5 0  



t e s t e d  b y  L u c y  a n d  i ) i n r ; l s  ( 1 9 6 4 ) .  V i  t a m i n  K 1  was f o u n d  t o  

i n h t S i t  r e t ~ n o l - i n d u c e d  l y s t s  e f f e c t i v e l y ,  w h t  l e  m e n a d t o n e  

( v i t s m i n  Y ? ) J  w h i c h  h ? c  t h e  ssme s t r u c t r l r e  a s  v i t a m i n  K1 ,  

b u t  n o  r s o p r e n o i d  c h s t r ~  ~ 3 5  t n a c t i  VP .  U b t a u r  none-309  w h i c h  

hss a t o n 3  s t d e  c h a t n ,  43s v e r y  e f f e c t r v e  I n  i n h t b t t r n g  
\ 

l y s i s  d e s p i t e  t h e  f s c t  t b a t  i t s  a n t i o r i d s n t  a c t t v i t y  i s  q u c h  

l e s s  t h s n  t h ~ t  o f  d - t c c o p h e r o l  ( G r e e ~ s   tol lock^ R u n y ~ n ,  

E d w i n  a n d  YcHaler 1 9 h l 1 ,  Two o t h e r  l o r g  c h a i n  cowpounds ,  

s q u s l e n ~  a n d  phytol, w h i c h  h a v e  n o  e c t i v l t t e s  a s  v i t s a  t n s s  

w e r e  a l s o  cspable o f  r r h i b ~ t t n g  l y s t s  b y  r e t t n o l .  

K r  i s h n a m u r t h y  and  K a r t h a  4 1973) f o ~ n d  h o t h  V I  t a s r n s  E 

q n d  3 t o  t n h t b r t  h s a o l y s i s  i n d u c e d  t y  v i t a m i n  A. T h s  

s u l f h y d r y l  compounds  g l u t a t h i o n e  q ~ c  c y s t e i n e  w e r e  P I  s o  

e f f e c t i v s  i n  a r r e s t i n g  h s n o i v s i  s ,  k u t  s y n t h e t i c  a n t  i o x i e a n t s  

such  as  d t p h e n y i - p - p h e r y l e n e d 1 a m i n ~ 3  (DPPg), h u t y l s t e d  

h y d r o x y t o l u e n e  ( S H T )  and e t h o x y q u i n  w e t ?  ~ n s f f e c t r v e .  

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

a t  h t q h e r  I s v e l s  i t  t r c r e a s e d  t h e  damage. 

D o l b e e r e  a n d  M s r t l a g e  ( 1 9 7 2 1  a l s o  f o u n d  s n s l l  a m o u n t s  

o f  a s c o r b s t e  t o  e x e r t  a p r o t e c t i v e  e f f e c t  i n  t h p t  i t  

d e c r e a s e d  Q - g l u c u r o n t d a ~ e  a c t i v t t y  when t n c u h a t a d  r t  t h  

l y s o s o m s l  s u s p e n s i o n s .  H t g h e r  c o n c e n t r s t i o n s  o f  a s c o r b ~ t e  
P 

n o t  c n l y  f a i l e d  t o  ~ n h i b i t  t h e  e n z y v e ~  S u t  e n h a n c e d  s c t t v r t y  
I 



a b o v g  t h a t  o f  c o n t r o l s .  S c h o t h o r s t r  ban S t e v e n  i n c k ,  Went 

a n d  Suurmond ( 1 9 7 0 1  r e p o r t e d  t h a t  5 my n s c o r b s t e  t n h l b i t e d  

t h e  i n  v i  t r c  o h o t o h ~ m c l y ~ i s  o f  ~ r y t k r o ~ o i s t i c  ~ r o t o p o r p h y r i s  

( E P P )  e r v t h r o c y t e s .  ~ i r i l ~ r  c o n c ~ n t r a t r o n  o f  a s c o t b a t e  

s l  ow;d t h s  l o s s  o f  2 9 3 - c ! i p h o s o h o g I y c e r a t e  ( 2 9  3 - P P T  1 f r o m  

s t o r e d  b l o o d  l i j o o d  a n d  S e u t l e r ,  1 9 7 3 ) t  d e c r e a s e d  t h e  

f o r n q t t  cn  o f  I I P I ~  0 3 r c x t i f e s  tn v r t a m r n  F-clef ~ c ~ e n t  r q t ,  

l i v e r  h o r r o g e n a t e s  i C h e r t  1973 19 a n d  p a r t i ? !  l y r e s t o r e d  

g l y c o l y s i s  i n  r a t  h e a r t  homoq9n1tes  f o l l o w l n q  t r e a t v e ~ t  w i t h  

1002 o x y g e n  ( H o r n  a n d  Haugas rd ,  1 .  F x p o s u r a  t o  

h y p s r b a r r c  o x y g e n  f o r  c n e  h o u r  c r e s t e d  3 407, d e c r e a s e  i n  t h o  

l e v e l s  o f  a s c o r b a t e  i n  r 3 t  Jungs 3 n a  H i l l s  a n 6  K r a t z i n q  

1 1 9 7 ? )  ~ u g g e s t e d  t b l t  t h t s  was due t o  t h e  i n  v&o u t l  l 1 7 ? t c n  

o f  a s c o r b i c  s c i d  a s  sn q n t i o x i d 9 n t .  

I t  has b e e n  d e s o n s t r a t e d  t h a t  low,  b u t  n o t  htgh, 

c o n c e n t r a t i o n s  o f  a s c o r b i c  a c i d  p r c ~ u c e  s x e l t i n g  o r  l y t i c  

c h s n g e c  i n  r s o l a t e d  I r v s r  r n t t o c h o n d r  J E ( H u n t e r r  S c o t t ,  

H o f  f s t e i n ~  C u e r r a ~  We i r s t e i n r  S c h n e  i d e r ~  S c h u t z t  F i n k ,  Fo rd ,  

S m i t h ,  1 9 6 4 ) .  W t  l I s  i 29691 r e p o r t e d  thst l o w  c o n c e n t r a t i o r s  

l Q . 5  mU?) o f  q s c o r h a t e  e n h a n c e d  l i p i ~  " p e r o x i d a t i o n "  t n  r 3 t  

l t v e r  m l c r o s g m e s *  an-! C o ; i t a l l r  ( 1 9 7 1 )  f o u n d  t h a t  t b t s  e f f e c t  

i n c r e a s e d  w i t h  i n c r e s s i n g  ;.qe o f  t h e  a r i m a l .  W i t  Is a n d  

W t  l k t n s o n  ( 1 9 6 6 )  t o u n d  t h a t  a s c o r b a t e  r n c r s ? s o d  t h e  

fo r ! r= i t i  cn o f  i i p i d  ~ s r c w i d e s  e n d  r e l e a s e  o f  e n z y m e s  c s u s e d  



by i r r a d i t i o n  o f  r i t o c k c n d r i a  a n d  l y s o s o s a l  membranes,  a n d  

W i  l I s  ( L Q h 6 l  f o u n d  t h l t  3 s c o r b i c  a c t d  t n c r e q s e d  t h e  t s t e  o f  

" p e r o x i 4 a t i c n n  o f  u n s s t u r a t s d  f a t t y  q c i d s  c s t s l y z e d  b y  w h o l e  

hon \oc ;ens tes  o f  l i v e r ,  b s ? r t ,  kidney a r d  s p l e e n ,  

4 s c o r b i c  a c i d  i s  kqown t o  u n d e r g c  a u t o x i d a t i  o n  t o  

d e h y 4 t o s s c o r b a t e  h c t h  # h e  p r o d u c t i o r  o f  H Z 3 2 9  a p r o c e s s  

c a t a l y z e d  b y  m e t a l s  a n d  m e t a l l o p r o t e i n s  1 9 1 9 u q  s n d  

H a j r s t w a l a ,  19721,  T h i s  a u t o x i  d a t a  c n  ac caoable o f  

i n h i b i t i n 3  t h e  a c t i v i t y  o f  s o l u t i o n s  o f  c a t a l s s e  ( P r r ,  l Q h 6 )  

a n d  b a s  s i s o  b e g n  r e p o r t e d  t o  i n c r e a s e  l y t i c  s e n s ~ t i v i t y  o f  

e r y t h r o c y t e s  t o  HZ02 I S s r r i  i It J e f f e r s c n ~  Q u i c k  a n d  Yenge  1, 

19711 ,  D ~ h v 4 r o a z c o r h i c  s c a d  by i t s e l f  I c e s  n o t  h a v e  t h e  

s a a e  e f f e c t  [Orr ,  1966; H u n t e r  a,, 1 9 6 4 )  s n d  dam3ge may 

t h e r e f o r e  h e  due t o  I r t s t m e d i s t e  r a d i c a l  s p e c t e s  such n s  t h e  

m o n o d e h y d r o s s c o r b a t a  r z d i c a l  ! G r e e n  a n d  O ' S r i s n t  1 9 7 3 ;  Haase  

and D u n k l e y ,  1 9 6 9 a r b )  o r  o x y g e n  r a d i c a l s  such as 02-9 .OOH 

o r  .CH ( C r r ,  1 9 6 7 a t h l .  , 



Q S J F C T I V E S  OF THE S T L D Y  

5 i n c e  t h e  v i t a m i n s  A,  q n d  C e r e  9 1 1  Known t o  5r? 

i n v o l v e d  i n  i 1 p r 4  " p e r o x i d a t i o n "  a n a  f r 3 e  r s d i c a i  t i s s u e  

d?msqe  t t i s  i m p o r t a n t  t o  u n d e r  s t a n c  t h e  m e c h ? n i s a s  

i n v c l v e d ,  n o t  o n l y  s s p a r ? t e l y 9  b u t  i n  c o m h ~ n - t i o n  p s  w e l l .  

A l  1 t o o  o f t e n  t h e  i n t e ~ r s t e d  d e s c r i p t i  c n  of  sr s y s t e m  i s  

o b s c u r e d  rn a t t a m p t s  t o  i s o l a t e  a p a r t .  I n  n u t r  i t i o r a l  

s t u d i e s ,  i n t s r r e l a t i o n s h i p s  b e t w e e n  t h e  v i t ? m i n s  a r e  

e s p e c i a l l y  i m p o r t a n t  s i n c e  ?n o r g s n t s n  f u n c t t  o n s  n o t  7 s  ? 

r e s u l t  o f  i s o l a t e c  c h e n i c a l  r e a c t i c r s ~  b u t  a s  i. h i g h l y  

c o m p l a x  s n d  i n t e r d e p s n @ ~ n t  u n i t .  

E f f e c t s  o f  r e t i n c l ~ d - t o c o p h e r  c l  8 n d  a s c o r h i  c ac  i d  o n  

t h e  e r y t h r o c y t e  membrare ,  h o t h  b y  t h e m s e l v e s  and i n  

c o n j u n c t i o n  w i t h  e a c h  c t h e r ,  h a v e  b e e r  s t u d t e 4  I n  t h e  

p r e s e n t  r e s e s r c h .  h n  a t t e w p t  h s s  beec made t o  p r o v i d e  

a n s k a r s  t o  t h e  f o i l o w i r q  a u e s t i o n s :  

1, What i s  t h e  e f f e c t  o f  r e t i n c l  o n  t h e  qembrane  o f  t h e  
erythrocyte g h o s t  a r d  b o k  d o e s  i t  c c m o e r e  w i t h  o t h e r  r e p o r t s  
o f  f f s a b r s n e  dam399 i n d u c e d  b y  a n  n x c e s s  o f  v i t a m i n  A ?  

?. H o w  d o  t h e  n e s b r a n e  e f f e c t s  cf v i ' t a a i n  A c c m n s r e  
w i t b  a n d  r e l a t e  t o  t h o $ ?  c r e a t e d  h y  d i f f e r e n t  c o n c e n t r a t i o n s  
o f  3 s c o r b i c  ~ c i d ?  



3. W h a t  substances a r e  e f f e c t  i v g  i n  c o u n t e r a c t i n g  t h e  
dsrnacrnc e f f s c t c  o f  r s t ~ n o l  a n d l o r  z s c o r b s t e ?  

4 .  How d o  t h e  s r t ~ o x r d a n t  e f f e c t s  o f & - t o c o p b ~ r o l  
c o m p a r e  w i t h  a n d  r e l a t e  t o  t h e  r e p o r t e d  a r t i o x i d a n t  e f f e c t s  
o f  a s c o r b i c  s c ~ d ?  



M a t e r i a l s  

R e t i n o i r  s s c o r b i c  a c i d ,  9 1 - d - t o c o a h e r o l  a c e t a l s r  

n i c o t i n l m i d e  a d e n i n e  d i n u c l e o t i d e  ( N A D I *  d i t h i o t h r e t t o l ( D T T )  

a n d  D l - g l v c e r a l d e h y r t e - 3 - p h o - c  a c  t d  were p u t c h z s e . j  f r o r r  

t h e  S i g b a  C h e m i c a l  Company. B L - ~ -  t o c o o h e r o l  wes a b t s  i r tsd 

 fro^ C a l b i o c h e m .  These  w a t e r  l a l s  w e r e  o f  t h e  h i g h e s t  q r s d e  

c o r n e r c i a l l y  a v a i l a b l e ,  snd w e r e  u s e d  w i t h o u t  f u r t h e r  

p u t  i f  i c a t r  o f ,  

Ru f  f e t  Y i x t u r e s  

S o l u t  I c n s  were  p r e p s r e d  f r o m  r e a c e n t - g r a d e  cbeffr c a i r .  

O s e o l n r i t i e s  were  c a l c u f s t e d  b y  t o t a l  ~ r g  t h e  c o n c e n t t % t r o p s  

o f  2 1  1 i o n i z s b l e  c o m ~ o r e n t s  i n  t h e  s o l u t i o n ,  n e g l e c t i n g  

d e v r a t i o n  o f  ~ n d r v l d u a l  s a l t s  f r o m  i d e a l  b e h a v i o r .  Thase 

v a l u e s  were  c h e c k e d  f o r  s c c u r a c y  w t t h  a Precision osmometer  

m o d e l  2 0 0 7 ,  F i n a l  P Y  o f  e a c h  s o l u t i o n  Has m e a s u r e d  o n  a 

S a d i o m e t e r  pH m e t e r  t v ~ e  PHt-428. 



E r y t h r o c y t e s  

S t o r e d  human b l o o d  was o b t a i n e c  f r o m  t h e  Red C r o s s  

B l o o d  9 3 n k  i n  V a n c o u v s r  e n d  ~ s s  u s e d  w l t h f n  f  I v e  w e e & s  o f  

c o i  l s c t  i o q  s f  t e r  c o n f  i r n q t i o n  t h a t  n o  m e a s u r e b l e  l o s s  o f  

a c t r v ~ t y  o f  g l y c e r s l d e b v d e - 3 - p h o s p h P t e  d e b y d r o g e n a s e  o r  g f  

t h e  i p t s g r i t y  o f  t h e  c e l l  membranes  hac o c c u r r e d  d u r i  n q  

s t o r s q e .  C ~ t r a t o  p h o s p F I s t e  d e x t r o s e  Lras t h e  ~ n t i  c o a q u l ~ n t  

used ,  P a c k e d  e r y t h r o c y t e s  w e r e  o b t a i  r e d  b y  c e n t r i f u g i n g  i n  

a Seckmsn  J 2 1  c e n t r i f u r e  a t  3000 r p l r  f o r  15  q ~ n u t e s  a t  4O C. 

B o t h  t h e  p l a s m a  a n d  b u f f y  c o a t  w e r e  c a r e f u l l y  r e m o v e d  b y  

a s p i r a t i o n ,  a n d  t h e  c a l l s  w e r e  w a s h e d  t d i c e  w i t h  ?t l s s s t  

f ~ v e  t t n s s  t h e i r  v o l u m e  r s o t o n ~ c  s a l i n e  b u f f e t  10.155 Y s C l  

p e r  I t t e r  o f  5 mY PO4 b u f f e r ,  p M  7-41. 

G h o s t  P r e n a r s t i o n  

G h o s t s  w e r e  p r e p a r e ?  a c c o r d i n g  t o  t h e  m e t h o d s  o f  

B o d e n a n  s n d  Passow  ( 1 9 7 2 1  a n d  L e ~ k e  a n d  Passow 4 1 9 7 2 )  w t t h  

s l  I g h t  m o d i f  i c s t t  on. G q n e r s l  p r o c e d u r e  f o r  the p r e p s r s t r o n  

o f  g h o s t  s u s o e n s i o n s  w a s  a s  f o l  l o u s :  ( 1 )  h e m o i y s i s ,  ( 2 )  

r e v e r s i o n ,  ( 3 )  r e s e a l  i n q  l 5 c h w o c h  a n d  P ~ S S O H ~  19731. 

H e m c l y s i s  i r v o l v s s  t h e  r e l e a s e  o f  hemoglobin and o t h e r  

t n t r a c e l  l u l a r  c o n s t i t u e n t s  2 n d  I S  a c c c ~ o l  t s h ~ ?  b y  p i p e a t i  no  

a c o n c e n t r a t e d  r e d  b l o o d  c e l l  s u s o e r s i c n  ~ n t o  a h y p o t o n i c  



s o l u t i o n .  O s t n o l a r i t y  c f  t h e  h e m o l y z i n g  medium was 40  

m i  I I r csmol a r  (mnsm) since g h o s t s  P r e p a r e C  a t  l o w e r  o s n o l s r i t ~ e s  
I 

t e n d  t o  f r a g m e n t  i n t o  s m 7 l 1 e r  v e s i c f e s  l i l u c h o n  snd  C o l l i e r r  

197119 c o n t a ~ n  s i g n r f  t c a n t l v  l e s s  p r o t e ~ n l  a n d  a r e  m o t 2  

s u s c e o t i b l e  t o  damage t h a n  a r e  q h o s t s  p r e p a r e d  a t  h i g h e r  

o s w o l a t i t i e s  ( B r a r i e y r  Co leman a n d  F ~ n e s n ~  19711, I n  

d e t s i  l e d  e l e c t r o n  c i c r c s c o p i c  s t u d i e s *  Sefman I f 9 6 7 1  ? n d  

Seea3n, C h e ~ q  and  l l e r  ( 1 9 7 3 )  h a v e  shown t h s t  h e m o l y s i s  1s 

0 
a s s o c i a t e d  k i t h  t h e  f c r m a t i o n  o f  1CC-1000 A h o l e s  w h i c h  a r e  

c o n c s n t r a t e d  i n  a c i r c u l s r  z o n e  o f  a b o u t  L )J d ~ a m e t e r .  I n  

m o s t  c e l l s  t h e  h o l e s  appear  1 0 - 1 5  s e c o n d s  a f  t s r  i m n ~ r s i o n  i n  

t h e  h e m o l v s i n g  m s d i u m  e n d  c l o s e  up 5 - 1 C  s e c o n d s  t h e r e a f t e r .  

H o f f m s n  ( 1 9 5 8 1  showed t h s t  a t  t h e  e ~ d  o f  t h e  h e m o l y t i c  e v e r t  

t h e  h e m o g l o b i n  d i s t r i b u t i o n  b e t w e e n  cel I s  and medium I S  a t  

c o m p l e t e  e q u i l i b r i u m .  I n m e d i a t e l y  ~ f t e r  e s t a b l i s h i n g  t h i s  

e q u i  l i b r i u m  d i s t r i h u t ~ c n  t h e  q h o s t s  r e g q i n  t h e i r  

i m p e r m e a b i l i t y  t o  h e m c g l o b i n  ( r e v e r s i o n ) .  Y e y e r t h e i o s s t  t h e  

membranes o f  many g h o s t s  c o n t i n u e  t c  b e  h i g h l y  p e r m e s h i e  t c  

s a a l  l e r  m o l e c u t e s  and  i ons .  P e c o n s t i  t u t i o n  o f  t h e  l o w  

p e t ~ 9 3 b t  l i t y  t o  3 l k 3 l  i t o n s  c h a r a c t e r i s t i c  o f  t b e  i n t s c ?  

r e d  b l o o d  c e f l  membrane c a n  b e  a c c o s p l i s h e d  b y  

r e s t o r a t ~ o n  o f  ~ s o t o n ~ c c t y  ( 3 1 0  m O s r )  a n d  " r e s e ~ l i n a "  a t  

0 
3 7  C (Rodeman and  Pssscwr  19721,  



Washed a n d  p 3 c ~ s d  s r y t h r o c v t e s  w s r e  h e a o l y z e d  by 

s u s p e n d i n g  t h e m  i n  t h i r t y  v o l u m e s  c f  c o l d  40 rnflsm PO4 b u f f e r  

c o n t 3 i n r n g  4 m P  N g C 1 2  a n d  0.01 mP C ~ C 1 2 r  DH 7.4. C R  ?+  a n d  

y g  2 +  w e r e  i n c l u d e d  t o  r e d u c e  t h e  p e r m e s b i l  i t y  o f  t h e  

f ~ n i s h e c j  m e n b r a n e  p r e a e r 3 t r o n s  ( R r a t r i e y  a n d  Co leman,  1973). 

The s u s p e n s i o n  was s w l r l e r f  g e n t l y  q r d  l e f t  t o  s t a n d  o n  i c e  

f o r  t e n  m i n u t e s .  I s o t c n i c i t y  w a s  r e s t o r e d  by  add i n 9  ? n  

appropriate v o l u m e  o f  2.7 Fc NaCI ,  ' I h s  lnedrum was k e p t  o n  

0 
i c e  f o r  a f u r t h e r  t a n  n i n u t s s  a n d  t h e n  i n c u b a t e d  a t  3 7  C 

f o r  one h o u r .  The r s s u l  t i n 9  s h o s t s  w s t a  s e d i m e n t e d  b y  

c e n t r i f u g a t i o n  3 t  l2,OCO r p m  f o r  10 m i n u t e s  a t  ~ O C  ? n d  

washsd t h r e a  t l m e s  h ~ t t -  t e n  t l m s s  t h e i r  v 3 l u m e  r s o t o n ~ c  

b u f f e r  (0 .125 Y NsCl a e r  l i t e r  o f  2 0  RIP P 0 4  b u f f e r ,  p H  

7.4) c o n t a i n i n g  2 n V  Y g C I Z .  Wsshed g h o s t s  w a r e  k e p t  i n  e n  

i c e  S a t h  ? n d  used w i t h i n  1 2  h o u r s .  P e r a e a b i  l i t y  ?P+ 

g l y c s r a l d e h y 3 e - 3 - p h o s ~ h 3 t e  d e h y d r o g e n s s e  a c t  l v i t y  c h a n g e d  3 t  

s r a t e  o f  l e s s  t h a n  1." p e r  h o u r  w h i  l e  s t a n d i n g  u n d e r  

t h e s e  c o n d  8 t i  ons.  

To d e t e r m i n e  t h e  F e r c e n t a g s  o f  hstrog lob1 n  r e m o v e d  

f r o m  t h e  g h o s t  c e l  Is* t h e  c o n c e n t r a t 8  cn of %emoolol?rn 

i n s i a e  t h e  i n t a c t  c e l  l w 7 s  f i r s t  c a l c u i s t e d  a c c o r d i n g  t o  



w e r e  h e m o l y z e d  w i t h  h * I  o f  0.2Z T r i t o n  X-100 a n d  

c e n t r i f u g e d  a t  3000 t p s  f o r  10 m t n u t e q  q t  4 C, A b s o r b a n c e  

o f  t q s  s u p e r n s t a n t  w q s  r e a d  o n  a R e c k s a n  D R G T  

s p e c t r o ~ h o t c m e t e t  a t  6 2 0  n m ~  o n c e  p r r o r  t o  s n d  o n c e  

f o l l o w i n g  t h e  a d d i t i o r ,  o f  a e r o p  o f  0.15 M K 3 F e f C N ) h .  

K 3 F e t C V ) h  o x i d r z e s  t h e  F e  2+ o f  h e f f o g l c b l n  t o  F e  3 +  

i m e t h e m c g l o b i n l  s n d  t h e  i n c r e m e n t  i n  a b s o r b a n c e  a t  62C n m  

( a b s o r p t i o n  p e a k  o f  n e t h e s o g l o b i n )  i s  3 m e a s u r e  o f  t h e  

h e w c g  l o h i  n c r  i g i n a l  l y  p r e s e n t ,  C c n c e n t r a t i o n  w i t h  i n  t h e  r e 3  

c e l l  I n  m t  l l r m o l e z  p e r  l i t r e  was c s  lculated f r o m  t h e  

f o l  l o w i n q  f o r m u l a :  

I - f o n o g l o b t n  A d 6 2 0  nm o n  a d d i t i o n  K 3 F e ( C N l 6  
C o n c e n t r a t i o n  = 

LS 

w h s r e  h b 520 = c h a n g s  rn  a b s o r k w n c s  3 t  620 nrr 
A €  = d i f f e r e n c e  b e t w e e n  e x t ~ n c t r  o n  c o e f f  ac ients  

o f  h e m o g l o b i n  ard m e t h e n o g l o b i n  (3 .091 

4 s a m p l e  o f  g h o s t s  ~ R S  s i m i  l a f l y  t r e a t e d  w r t h  Q . 2 7  

T r i t o n  X-100 and a f t e r  c s n t r i f u g a t i c n  a t  fZ9000 r p m  f o r  

10 w l n u t e s ~  t h e  h e m o ~ l c h i n  was d e t e r r n r n n d  3s d e s c r  i h e d  

~ b o v e .  F r o a  t h e s e  t w o  v s l u e s  t h e  b e a n  h e m o g l o b i n  

c o n c e n t r a t r c n  i n  2 0  s e p s t a t e  ~ b o s t  p r e p ? r ~ t t o n s  was 



P r o t e r n  wss d e t e r w t n e d  b y  t h e  p e t h o d  o f  L o w r y r  

R o t e h r o u g h ,  F a r r  and R l n d a l  l t 1 9 5 1  1 .  G h o s t  s u s p e n s t  o n s  ( 1 0  

)Ill i n  1 rnl o f  w a t e r  H e r e  n i x e d  w i t h  5 m l  o f  f r e s h l y  a s d e  

a l k a l t n e  c o p p e r  s o l u t t c n  ( 1  m l  o f  0.51 CuS04.5f f70 rn 1 X  

~ ~ t s s s i u r n  s o d i u m  t s r t r a t e  p e r  5 0  P I  2 Z  N32C03 i n  0.1 Y N a O P )  

s n d  q l l o w s d  t o  s t a n d  f o r  t e n  m r n u t e s  a t  room t e m o e r a t u r ~ .  

The s o l u t i  c r  was nixed ~f t e r  3 d l i t i c n  c f  0.5 TI  o f  F o I  i n  

p h e n o l  r e a g e n t  I d r  l u t e d  k i t h  a n  e q u e l  vo lume o f  w a t e r )  a n d  

a l l o w e ?  t o  s t a n d  f o r  7 C  v i n u t ~ s .  T h e  b l u e  c o l o r  p r o d * ~ c e d  h y  

t h s  F o l  r n  r e a q e n t  a n 1  p h e n o l  l r o u p s  o f  t y r o s i  n e  a n +  

t r y o t c p h s n  r e s i d u e s  i v  t h e  p r o t e i n  sample h q s  a n  a b s o r p t i o n  

p e a k  a t  750 nn. A b c o r k 3 n c e  wss r f a a  3 t  t h ~ s  w a v e l p n s t h  

a n d  b r o t e i n  c o n c e n t r ? t i o n  was d e t e r e i  red, u s i n g  b o v i n e  s e r u ?  

a l b u m r n  a s  t h e  u s u a l  a r S i t r a r y  s t q n d 4 r d r  a c c o r d ~ n a  t o  t h e  

l i n a e r  r a n g e  o f  t h e  9 e e r  L a m b e r t  Lah. Ghost c e l l s  w e r e  

f o u n d  t o  c o n t ~ l n  approximately 1 3 X  c f  t h e  p r o t e i n  rn w h o l e  

e r y t h r o c y t e s .  

C e l  1 P e r m e a b i  l t t y  

GI y c e r a l d e h y d e - 3 - c h o s ~ h a t e  d e b y d  r o q e r a s e  ( G A P P I  r s 8 

g l y c o l y t i c  e n z y q e  k n o k r  t o  r e s i d e  C P  t h e  c y t o p l a s m i c  f a c e  



o f  t h e  e r y t h r o c y t e  membrane ( S c h r i e r r  1963; n u c h o n  s n d  

C o l  l r s r r  19711.  d p p r o r i n s t e i y  60-9CZ o f  t h i s  enzyme r e m a i n ?  

a s s o c i a t e d  u i  t h  t h e  n e n b r a n e  d u r  i n q  h y ~ o t o n i  c h e m o l  y s i s ,  

r e o r s s e n t l n q  55  o f  t o k a i  q h o s t  p r o t e r  n  ( Y c 9 s n l e l  and  

K e r t l s y ~  1974; T h i n  9 n d  C a r r a w 3 y 1  1 5 7 3 ) .  I t  c a t a l y z e s  t h e  

f o l l o w r n g  r e a c t r o n :  

3 - p h o s p h o g l y c e r n l d e h y d e  + Y 4 D +  + i n o r g a n i c  p b o s p h - = i f ~  = 1 1 3 - d 1 p h o s ~ h o g I y c - ? r ~ t e  + KaQ). + H+ ( 1 )  

T h e  a b s o r p t i o n  p e a k  o f  NADY ( r e d u c e d  n i c o t r n z m t 4 e  

s d e n r n e  d i ~ u c l e o t i d e )  i s  a t  3 4 t  nm a n d  f a t e  o f  f h e  

r e s c t i o n  c p n  t h e r e f o r e  b e  d e t e r  q i n e d  b y  o b s e r v i ~ g  t h e  

r n c r e ~ s e  r n  a b s o r b q n c e  t h i s  w 3 v e  l e n g t h .  P r e f t m i n a r y  

o b s s r v s t i o n s  i n d i c a t e d  C,h?it t h e  r e a c t i o n  i s  ~ p p r o x i m s t e i  y  

f ~ r s t  o r d e r  n i t h  r e s p e c t  t o  t r m e .  I f  s u b s t r s t e s  o f  

r e p c t i o n  ( 1 )  a r e  e x c l u c s d  f r o m  r n s i o e  t h e  c e l i ,  membrane  

p e r r r s ~ b ~ l ~ t y  c a n  b e  d e t ~ r a r n e r f  b y  t h e  e x t e n t  t o  w h ~ c h  t h e  

r e a c t i o n  i s  a c c e l e r a t e d  b y  t h e  a d d i t i o n  o f  s u b s t r a t e s  t o  t h e  

s u s o s n d r n g  sed ium.  I f  t h i s  v a l u e  i s  c o r n ~ g r e d  ~ 8 t h  + h e  

r e s c t i o n  r a t e  w i t h  1002 p e t s e a b i  l i t y r  a s  i n d u c e d  b y  

t r e a t m e n t  w i t h  t h e  n o n a n n i c  d e t e r q e n t  T r i t o n  X-1009 t h e  

p e r c e n t ,  a c c e s s r b i  l r t y  c f  t h e  e n z y a e  c a n  h e  c a l c u l a t e r l  as 

f o l  l ows :  



P a r  c g n t  r a t e  o f  r e a c t  i o n  m r  rus d e t e r g e n t  
d c c e s s ~ b i l r t v  = x 109 

r s t r  o f  r e a c t i o n  p l u s  4 e t s r g e n t  

GAPD w a s  s s s a y e d  z c c o r d i  n g  t o  t h e  v e t h o d  o f  S t e c k  a n d  

K a n t  4 1 9 7 4 ) .  0.1 r n l  o f  t h e  g h o s t  s u s p s n s i o n  were  

p r e t n c u k a t e d  a t  25'~ f c r  one  m t n u t e  i n  c u v e t t e s  w i t h  0 . 3  tnl 

o f  r s o t o n t c  P f l 4  b u f f e r ,  pH 7.4, n l t h  ?nd w i t b o u t  C . 2 X  ( v t v )  

T r i t i o n  X - 1 C O .  T o  3 c u v n t t e  c o n t a i n i n g  1 . 2 4  m i  o f  3 0  R E  

sod,ucn p y r o p h o s p h a t e ,  pH 3.4 a n d  O.Cb a l  0,'. Y sodium 

a t s e n a t e ,  0.1 ml 2 0  mt4 NAD was a d d e c .  The r e ? c t r o n  

was i n i t i a t e d  b y  a d d i n c  0.2 w l  1 5  R Y  

3 - ~ h o s p h o q l y c e r a i d e h ~ r l e ,  pH 7 - 0 9  t h e  s o l u t r o n  m i x e d ,  and 

t h e  r e a c t i c n  w 3 s  f o I ! o k ~ d  s ~ e c t r c ~ h c t o ~ e t r i c ~ ( J y  a t  3 4 0  nm. 

I f  t h e  a d d ~ t t o n  o f  G 4 P C  I S  a s s u m e d  t o  b e  t h e  s t n r t i n g  p o i n t  

o f  t h e  t e a c t i o n ,  t h e  i r c r e a s e  i n  a b s o r b a n c e  b e t w e e n  t h e  

f i r s t  a n d  s e c o n d  w i n u t e  c f  r e a c t i o n  m s y  b e  used  a s  a m e a s u r e  

o f  enzyme a c t i v i t y .  T b e  r a t e  o f  t h e  r e a c t i o n  was d e t e r m i n e d  

bv t h e  f o r ~ u l a :  

w h e r e  S = r q t e  o f  t h e  r e ? c t i o r !  i n  ~ Y J s e c :  
b 4 = c h a n g e  i r  s h s o r b a n c e  k e t k e e n  t h e  f l r s k  s n a  

s e c o n d  n i n u t e  o f  r e s c t i o n  
6wPf = m o l s r  e x t r n c t b o n  c o e f  f t c ~ e n t  o f  N 4 D P  (O.CbS22) 
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L l p t d  p e r o x i d e s  w e r e  e s t t m s t e d  f r o m  t h e  p r o d u c t i o n  o f  

w e l o n s l d e h y d e  a s  b e q s u r a d  b v  t h e  2 - t h i o b s r h ~ t u r ~ c  a c i d  ( T S b )  

t e s t  d e s c r i b e d  b y  T s s n  s n d  C o l l i e r  ( 1 $ 6 0 ) .  T B A  r e a c t s  t n  7 

r a t i o  o f  2 : l  w i t h  m a l o n l r l d e h y d e ~  a p r o d u c t  o f  t h e  o x i d e t i o n  

o f  u n s a t u r a t e d  f a t t v  s c r d s r  t o  f o r l p  B r e d  p ~ q m e n t  w h r c h  

a b s o r b s  m s x i m a l  l y  3% 5 3 2  nm. A 1  t h c u g h  t h i s  r e a c t i o r  d o e s  

n o t  d i r e c t l y  r e f l e c t  t h e  f o r m 8 t i o n  c f  l t ~ r t - 4  p e t o x ~ d e s  ( P a t t o n ,  

1974; S . r w i c k i 9  S t a ~ l e y  ? n d  J o h n s c r r  19t.31, i t  p a r e  l l e  i s  

d i r e c t  m e a s u r e m e n t s  o f  l r p t d  " p e r o x  I d a t  I o n "  u n d e r  a w r d e  

v a r i s t y  o f  e x p e r i t r e n t s 1  c o n d i t i o n s  a n d  h 3 s  b e e n  w i c s l  y user: 

a s  B q e n e r b l  m e a s u r e  o f  P e r o x i d e  f o r m a t r o n  ( B a r h e r  P n - J  

S e r n h e i ~ r  1957; O a h l e  %I., 9 2  T c  s c e n t r i f u g e  t u b e  

c o n t a i n r n q  2 t n l  o f  q h o s t  s u . ; p a n s i o n ~  2 n l  o f  107 

t r i c h l o r o a c e t i c  scid 3 r d  4 m l  o f  O , t 7 X  2 - t h i o b a r b i t u r i c  a c i d  

w e r e  added.  The w t x t u r e  h a s  p l a c e d  i n  a b o i l  l n g  w a t e r  b a t h  

f o r  10 m i n u t e s 9  c o o l s d ~  c e n t r i f u g e d ,  a n d  t h e  s u p e r n s t a n t  was 

r emoved .  ~ h s o r p t i  o n  s p e c t r a  o f  t h e  s u p e r n a t s n t  was 

F e a s u r e d  b e t w e e n  420 ? r d  60fl nm w i t h  ~ a t e r  a s  a b l a n k .  The 

h e i g h t  o f  t h e  p e a k  s t  5 3 2  nn was s x ~ r e s s e d  i n  a b s o r h s n c e  

u n i t s ?  4 5329 a n d  i n d i c s t s s  t h e  e s o u n t  o f  l i ~ i d  p e r o x i d e  

p r e s e n t .  



C e l l  Volume 

C e l l s  h e r e  c o u n t e c  7 n d  t h e r r  v c l u r e  was m e a s u r e d  

by  u s e  o f  a n  e l e c t r o n i c  b l o o d  c e l l  c o u n t e r :  t h e  C o u l t e r  

C o u n t e r ,  D i  l u t i  o n  w3s  1:5C~000 i n  i s o t o n i c  b u f f e r ,  

G h o s t  celfs p r e p a r e d  a s  d e s c r i b s d  w e r e  f a u n a  t o  h a v e  s n  

a v e r a q p  v o l u m e  o f  4 7 . 5  c u b i c  m i c r o n s ,  

P h a s e  C o n t r a s t  Y i c r o s c o ~ ~  

The  p r e p a r a t i o n s  u s r e  e x a m i n e d  w i t h  s Z e i s s  

P h o t o m ~ c r o + c o p e .  !4embr?ne  s a m ~ I e s  h e r e  d i l u t e d  i n  t h s  

a p p r o o r r a t e  b u f f e r  a n d  s r a m t n e ?  a t  a m a g n i f r c ? t ~ o n  o f  

1600 x ,  

T e s t  S y s t e r s  

F o r  m c s t  e x p e r i m e r t s  t h e  t e s t  s y s t e m  consrsted o f  a 1 5  

m l  v o l u m e  i n  a 25 A I  E r l e n m y e r  f l a s k .  The i n c u b a t i o n  m e 4 i u s  

was 0.125 P N a C I  r n  2 0  rnM P04 b u f f e r ,  pH 7 - 4 9  and q h o s t  

c e l  I s  w e r e  c l i  l u t e d  t o  g i v e  a 10% s u s p e r s i  cn. T e m p e r a t u r e  

was o r d ~ n a r i i y  3 7 O ~ .  

S e t i n o l  was d i s s o l v s d  i n  100Z e t h a n o l  t o  g i v e  a 5 0  

m g l m l  s t o c k  s o f u t i o r ,  T h i s  was s t o r e d  u n d e r  n i t r o g e n  i n  t h e  



c o l d  a n d  i n  t h e  d a r k ?  a n d  uss u s e d  k t t h r n  t h r e e  weeks. 

D i l u t i o n s  w e r e  made i n a e d i a t e l y  b e f c r e  u s e  b y  r a p i d  

i n j e c t i o n  ~ n t o  t h e  i n c u b s t i n g  k u f t e r  ~ h i l e  s t i r r i n g  w i t h  a 

w i t h  3 V o r t e x  m i x e r ,  I n  s p i t e  o f  t h e s e  p r e c a u t i o n s ,  

e f f s c t t v e  c o n c s n t r a ? r o f  r n  t h e  r r c u b a t t o n  a e d l ~  v a r i e d  

s l i g h t l y  f r o m  day  t o  day as  t h e  l i p i d - s o l u b l e  r e t i p o l  

m o l  s c u l e s  o c c s s i o r a l  l y  g d h e r e d  t o  t h e  glsss c o n t a t  n e t  s n ? / o r  

f o r r e d  l i o i d  d r o p l e t s  l s s c e c i a l l y  a t  h i q h  c o n c e n t r a t i o n s )  

r a t h e r  t h s n  d t s p e r s ~ d  e v s n l v  an t h e  a q u e o u s  m e d r u ~ .  

A s c o r h a t e  was a l w a y s  f r e s h l y  p r e o a r e d  i n  a c o l d  

s o l u t i  on. PH wa5 a d j u s t e d  t o  n e u t r e l i t y  a n d  a p p r o c r i  g t e  

v o l  u n e s  w s r e  a d d e d  t o  tb; g h o s t  s ~ s p e n s t o n s .  

d - t o c o p h e r o l  b 7 s  ~ r ~ p q r e d  f r e s h  e a c h  d a y  b y  @ l s s o l v l n a  

i t  r n  3 4 : L  r a t i o  k t t h  1 C O Z  e t h ? n o l .  D i l u t i o n s  w e r e  ~ a d e  i n  

e t h a n o l  and added t o  t e s t  m e d ~ a  b y  r a p a d  i n j e c t i o n  w r t h  3 

Hawilton s y r i n g e .  E a u a l  v o l u m e s  o f  e t h a n o l  a l o n e  (0.15 m i  i n  

1 5  v 1 )  H e r e  f o u n d  t o  h a v e  n o  e f  f c t  c n  c e l  1 m o r p h o l o g y  o r  

p e r n e a b i  lty, I n  c a s e s  w h e r e  t o c o p h e r o l  wss t o  he  u s e d  i n  

c o n  j u n c t i o n  w i t h  a n o t h e r  v i t s m i  n, g t - o s t s  a n d  tocopherol H e r P  

0 
 re-incubsted f o r  30  min .  a t  37 C b e f o r s  a d d i t i o n  o f  t h e  

o t h e r  s u b % t ? n c e s .  



The e f f e c t  o f  dr f f s r a n t  o x y g s n  c o n c e n t r a t i o n s  was 

exarr rnes  b y  b u b h l  t n g  e f t h e r  100% nr t r o g s n  o r  1OOZ o x y g e n  

t h r o u g h  t h e  i n c u b a t i o n  m9biutn f o r  1 5  v i n u t e s  ~ n d  

f l u ~ h r n 7  :be s u r f ~ c e  f c r  a n o t h s r  5 n t n u t e s  prior t o  t h e  

a d d i t i o n  o f  q h o s t  c ~ I J c .  Flasks h e r e  s e q 1 e d  w i th  r u b b e r  

s t o p o s r s  and t h e  s u r f a c e  was re-flushed w r t b  n ~ t r o s e n  

f o l  l o v i n g  t h e  w i  t h d r q ~ ~ t  o f  31 1 S ~ B C I B S .  C o n t r o l  s r e c e i v e d  

e n u ~ v n l s n t  t r e - t m e n t  w ~ t h  s r r  t o  s t a n j q r d r z e  3 n v  m e c h a n ~ c s l  

e f f e c t s .  



L o s s  o f  Glycer3ldehyde-3-phosphate o e h y d r o g e n 3 s e  
a c t i v i t y  c a i ~ s e d  b y  r e t i n o l  

A p r o g r e s s i v e  1015 o f  g I  y c e r a I  C e h y d e - 3 - o h o s p h a t e  

d e h y d r o q e n a s e  ( G A P O )  a c t i v i t y  o c c u r r e c  a f t e r  t h o  a d d i t i o n  o f  

r e t r n o l  t o  a s u s p e n s i o r !  o f  g h o s t  c e l  i s .  F a s u r e  2 s h o w s  t h e  

p r o q r e s s  o f  t h e  r e a c t i c n  i n  g h o s t s  t r e a t e d  w i t h  T r i t o n  X-100 

s t  v 3 r i o u s  t i m e  r n t s r v a l s  a f t s t  t h e  a d d ~ t t o n  o f  0.56 mM 

r e t  i ~ 0 l .  R e p r s s e n t a t i v s  r e s u l t s  i 1 l u s t r 3 t i n g  t h e  t i m e  

c o u r s e  f o r  l o s s  o f  S A P C  ? c t r v r t y  w i t h  r e t i n o t  a t  v ~ r i o u s  

c o n c e n t r a t i o n s  a r e  shown  i n  f i g u r a  3. S e c s u s e  o f  

v a r  i q b i  l i t y  i n  t h e  e f f e c t i v e  c o n c a n t r a t r o v  o f  r e t  I no4 [ s e e  

M a t e r i e l s  3 r d  M e t h o @ s ) r  t h e  d o s e  r s s p o r s e  c u r v e s t  whi  I e  

q u a l t t a t ~ v e l y  r e p r o d u c r b l s ,  were  ~ c t  d ~ r e c t l v  c o m p ~ r a b l e  

f r o m  o n e  e x p s r i m e n t  t o  t h e  n e x t .  The f o l l o w i n q  e f f e c t s ,  

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

t h e  s x p e r i s e n t  w h i c h  w e r e  c s r r i e d  o u t .  F o l l o w i n g  s i x  h o u r s  
0 

o f  i n c u h a t i o n  3 t  3 7  C, 3 . 2 P t  0.56~ C . 8 5  and 1.12 n @ o l  e s  o f  

r e t i n o l  pe r  l i t r e  o f  1C'  q h o s t  s u s p e n s i o n  c a u s e d  a l o s s  o f  

o b s e r v s b l e  G4PO a c t r v i t y  e q u a l  t o  4 C 9  8 1 9  89 I n n  3hZ  o f  t h ~  

o r  i s i n n 1  c o n t r o l  s a t l p l e ,  a v e r a g e  l c s s  o f  a c t i v i t y  i n  10 

s a m p l e s  w i t h o u t  r e t i n o l  d u r ' t n o  s n  e c u i v ? l e n t ,  p e r i o d  o f  t i r r ~  

n s s  3%. S u b s e q u e n t  s d d i t i a n  o f  a n  e x c e s s  l O . 5 m v )  o f  t h e  

s u l f h y d r y l  compound  3 i t h i o t h r e i t o l  ( O T T )  r e s u l t e d  i n  



4 10? q h o s t  q u s n c ' n s i o n  r n  0.125 rnY N a S I  a n c  
2.3 m Y  Pi14 b u f f e r +  pU 7.4 w . 3 ~  m r x e d  with 0 . 5 5  rrn 
r e f  j n o l  and i n c u h a t ~ d  at; 3 7 O C .  3,L;rlJ a 1 1  atlot 5 
w s r e  p r e - i n c u b ~ t s d  f o r  1 r i r u t ~  ? t  2 5 O C  with 
Tr r t o n  X-100. G l  y c e r a I  ~ * e h y c e - 3 - p h o r . ~ h a C e  
o e h y d r o q e n a s e  w3s a s s a y z d  b y  ~ d d i t i o n  o f  3 C  m "  
sodturn p ~ r 0 ~ h 0 ~ ~ h 8 t e t  p 4  9 . 4 ,  0.4 c o d r u m  
a r s ? r - i , - t e ~  2 0  m P  M A P  2nd 1 5  IT?! 

g l 3 c e r a l d e h v d e - 3 - n h o s p h o r ~ c  d c i  d.  Q s ? e  o f  ~ n c r e ? s e  
r n  3 b s o r b a n c s  at;  3 4 3  nT  W ~ S  f o l l o w ~ d  f o r  3 mi nuts^ 
a t  t h e  t i m e  i n t t r v s l s  indicates. 
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F i g u r e  3. T i m e  c o u r s e  t o r  l o s s  o t  

giyceraldehye-3-phosphate dehydr  ogenase 

a c t i v i t y  w i t h  r e t i n o l  a t  v a r i o u s  

c o n c e n t r a t  i ons 

A 10% ghos t  suspens ion  i n  0.125 !I NaCI a ~ d  20  a8 
POI b u t t e r +  pH 7.4 was aixed w i t h  r e t i n a l  a t  v a r i o u s  
c o n c e n t t a t i o n s  and i n c u b a t e d  a t  3 7 O ~ .  G A P 0  
a c t i v i t y  was assayed as d e s c r i b e d  i n  f i g u r e  2. 
Enzyme a c t i u i  t y  i s  sxprassed as a  pe rcen tage  at 
nax ima l  a c t i v i t y  observed i n  c o n t r o l  s a r p l s s  
i n c u b a t e d  i n  b u f f e r e d  i s o t o n i c  s o l u t i o n  f o r  t h e  
sase p e r i o d  a t  t i m e  and exposed t c  0.2% T r i t o n  
X-100 i m m e d i a t e l y  b e f o r e  t h e  GAP0 assay, 
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c o m p l e t e  r e s t o r a t r  o n  o f  G A P O  a c t  i vr  t y .  q a m g e  o c c u r r e d  m o s t  

r a p i d l y  i m m e d i a t e l y  ? f t 9 r  t h e  a d d i t i o n  o f  r e t i n o l  end t h e n  

m o r e  s l o w l y  u n t ~  l 7 n e e r l y  c o n s t a n t  v a l u e  W ~ S  r p a c h e d  

( f i g u r e  4 ) .  W i t h  0 . 5 6  mmo l?s  o f  r e t i n o l  p e r  l t t r 9 ~  ICSS o f  

a c t t v i t v  o c c u r r e d  7 t  7 r  a v e r a o e  ~ s ) : E  o f  59! s e r  wtnutc3 f o r  

t h e  f i r s t  f i v e  m i n u t e s *  1,5? p e r  m i r u t e  f o r  t h e  f o l l o u i n q  2 5  

m r n u t a s ,  a n d  0.062 o e r  v i n u t e  f o r  t h e  r e m i n d e r  o f  t b s  r t x  

h o u r  i n c u b a t i o n  p e r i o d ,  Azuma a r d  Y o s h i z a ~ a  (1971) f o u n d  a 

s i m ~  l a r  c t a t t g r n  i n  t h e  h e m o l y s r s  o f  e r y t h r o c y t e s  b y  

r e t i n a l d e h y d e .  Damage o r o c e e d e d  m c s t  r a p i d l y  i n  t h e  f i r s t  

10 m i n u t e s  and was v i r t u a l l y  c o m p l e t e  a f t e r  3 0  m i n u t e s .  

L o s s  o f  GI y c s r s l  d e h y d e - ' 3 - p h o s p  P a t e  c e k y d r  c g s n ? s ~  
a c t l v t k y  c a u s e d  S v  a s c c r b a t e  

The  t r n s  c o u r s n  f c r  l o s s  o f  G A P D  a c t t v i t v  M r t h  v a r i o u s  

c o n c e n t r a t i o n s  o f  a s c o r b 3 t e  i s  S ~ C L P P  i~ f i g u r o  5, F o I  I o ~ i n g  

0 
s i x  h o u r s  o f  t n c u b a t i o r  st 3 7  C, 0.01, 0.1, 1.0 a n d  5.C 

m m o l s s  o f  a s c o r b a t e  p e r  I i t r e  o f  s h c s t  s u s p e n s i o n  t y p i c e l  l y  

c a u s e d  9 l o s s  o f  o h s e r v q b l e  G A P 0  ? c t r v a t y  e q u a l  t o  7 0 9  47, 

66 a n d  857 o f  t h e  c o n t r o l  sample,  10 r i  l l i m o l a r  a s c o r h ~ t e  

c o m ~ l e t e l v  r e m o v e d  o b s e r v a b l e  enzyme  a c t i v i t y  bv t h e  end  o f  

s i x  h o u r s .  Whsn 0 . 5  R P  ? T T  was a d c e d  a f t e r  i n c u b a t i o n  t h e  

a c t r v i t y  o f  G A P 9  was r e T t o r e d  t o  c o r t r o l  l e v e l s .  I n i t i a l  

dsmace c a u s e d  b y  s s c o t b a t e  o c c u r r e d  much  F o r e  r e p  i d l y  t h a n  

e q u i m o i s r  c o n c e n t r s t i o n s  o f  r e t  i n o l ,  e v e n  t h o u g h  e f f e c t i v e  



Figure  4. E t t e c t  o t  r e t i n o l  on t h e  i n i t i a l  

and subsequent r a t e s  of g lyceraidehyde-3-phosphate 

dehydrogenase d e s t r u c t  i on 

A 10Z ghost suspension i n  0 , 1 2 5  PI MaCl and 2 0  
m f l  PO4 b u f t e t r  pH 7.4 was mixed wi th  r e t i n o i  a t  
var ious concentrat  ions and incubated a t  3 7 O ~ ,  
CAPO a c t i v i t y  was assayed a s  descr ibed i n  f igurs  
2. The i n i t i a l  r a t e  o t  damage t o  GAP0 represents  
t h e  t i t s t  30  minutes of incubat ion.  Subsequent 
r a t e s  i l l u s t r a t e  the  second 30 minutes and f i n a l  5 
hours, 
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f i g u r e  5, T i a a  course  f o r  toss  of 

g lyceraldehyde-3-phosphate dehydrogenase 

a c t i v i t y  w i t h  a s c o r b a t e  a t  va r ious  

concsnt r a t i  ons 

A 10Z ghost suspsnslon i n  0.125 !4 NaCi and 20  
an P O I  b u f f e r s  pH 7 , 4  was mixed w i t h  a s c o t b a t e  a t  
v a r i o u s  c o n c e n t r a t i o n s  and i n c u b a t e d  ay 37OC. 
GAPD activity was assayed as d e s c r i b e d  i n  f i g u r e  
2, Enzyme actlvity i s  expressed as a percentage  
o f  aaximat a c t i v i t y  observed i n  c o n t r o l  sastples 
exposed t o  0-22  T r  i t o n  X-100, 



FIGURE 5 
0 
0 

0 

TIME IHOURSI 

LEGEND 



d a r a g e  was c o n s i d e r s b l y  l e s s  f o l  l o w i n g  t h e  f  I r s t  h a l f  h o u r  

o f  r n c u b a t ~ o n ,  Wi th 0 . 5  m m o l e s  c f  a s c o r b a t e  ~ e r  l i t t e r  

damsqe o c c u r r e d  q t  2 r a t s  o f  97 p e r  m i n u t e  d u r i n q  t h e  f i r s t  

5 m i n u t s s ,  0 .43% f c r  t b e  f o l  l o w i n q  2 5  w i n u t s s ,  a n d  0 , 0 2 X  Der  

r n ~ n u e e  f o r  t h e  r e r n 3 i n r r 7  6 h o u r s ,  T b e  b a m s q ~ n q  e f f e c t  

a p p e s r e d  t o  r e a c h  3 aax imum w i t h i p  3 0  m i n u t e s  and s u h s ~ q u ~ n t  

r n t e s  o f  d a n a g e  w e r e  n e g l  i g i h l s  w h e r  c c m p a r e d  w i t h  t h e  

i n i ? i s l  e f f s c t  ( f ~ g u r e  6 ) .  

E f f e c t  o f  t e m p e r a t u r e  c n  l o s s  o f  
G l  y c e r a l d e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n s s e  a c t i  v r t y  

S ince  t h e  r e l e a s e  o f  h e m o g l  o b ~ n  f r o m  e r y t h r o c y t e 5  
0 

t r e z t e d  w i t h  v i t a n i n  4 i s  p r e v e n t e d  a t  t e m p e r a t u r e s  h s l o w  2 5  

C ( D a n q f e  e r 4  L u c y ,  1 9 6 7 1 ,  t h e  t e m p e r s t u r e - d e ~ e n d e n c e  o f  

l o s s  o f  G4PC a c t i v i t y  u?s i q v e s t i q a t e d ,  f i g u r e  7 s h o w s  t h a t  

damage t o  t h e  enzy r re  i nduced  by 0.56 m g o l e s  o f  r e t i n o l  p e r  

l i t r e  o f  g h o s t  s u s p ~ n s i o n  was s u p p r e s s e d  b y  5 3 2  w h e n  t h e  

0 
m e d l u m  was k e p t  at 0 C. I n  the c a s e  o f  5 m#! a s c o r t a t e  t h e r e  

0 

was n o  s l o u i n g  o f  G B P D  i n a c t i v a t i o n  a t  O C. 

F f f e c t  o f  n i t r o q e n  s n d  100% o x y q e n  c n  l o s s  o f  
Glyceraldehyde-3-phosph3te d e h y l r o g e n a s e  a c t i  v i t y  

A l t h o u g h  s n  e n v i  r c n n e v t  o f  l C O X  n r t r o g e n  did n o t  

p r e r s n t  t h e  i n i t i a l  A e c r e s s e  i v  G A P r  a c t i v i t y  c a u s e d  b y  0.56 



F i g u r e  6. E f f e c t  of a s c o t b a t e  on i n i t i a l  and 

subsequent r a t e s  o f  g l y c e r a l  dehyde-3-phophate 

dehydtogensse d e s t r u c t i  on 

A 1OX g h o s t  suspens ion  i n  0,125 Pl NaCl and 20  
P# PO4 b u t t e r  r pH 7.4  Was mixed w i t h  a s c o r b a t e  a t  
v a r i o u s  c a n c e n t t a ~ i o o s  and i n c u b a t e d  a t  3 7 O ~ .  
GIPD e c t i v i  t y  was assayed a s  d e s c r i b e d  i n  f i g u r e  
2, The i n i t i a l  r a t e  o f  damage t o  G A P 0  r e p r e s e n t s  
t h e  p e r c e n t  a c t i v i t y  l o s t  p e t  m i n u t e  i n  t he  f i r s t  
3 0  minu tes  o f  i ncuba t ion ,  Subsequent r a t e s  
i l t u s t t a t e  t h e  second 30 m i n u t e s  and f i n a l  5 
~ O U ~ S *  
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F i g u r e  7.  E f f e c t  o f  t empera tu re  on l o s s  of 

g l y c e r a l  dehyde-3-phosphate dehydrogenase a c t i v i t y  

d u r i n g  i n c u b a t i o n  w i t h  0.56 nN r e t i n o l  

A 10% ghost  suspension i n  0.125 fi NaCl and 20  
ntM PO4 b u f f e r r  pH 7.11 was t r e a t e d  w i t h  0.56 ml4 
r s t f n o l  and incuba ted  b o t h  a t  3 7 O C  and i n  a n  i c e  
b a t h  a t  O•‹C. 6APO act6 v i t y  was assayed as 
descr ibed  i n  f igure  29 and i s  expressed a t  a 
p e r c e n t  o f  t h e  eaxiaat a c t i v i t y  observed in  
c o n t f  o l  samples exposed t o  T r i t o n  X-100, 
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m M  r e t i n o l ,  i t  d i d  e x e r t  a D r o f e c t i v e  e f f e c t  f o l l o w i n g  t h e  

f i r r t  h o u r  o f  i n c u b ~ t i c n  an- t  t h e  e n d  o f  s i x  h o u r s  enzyme 

a c t  i v ~ t y  U E ~ S  ~ P P ~ O X I R I A ~ ~ I Y  3.7 t i n e s  g r s a  t ~ r  t h a t  i n  n o r m a l  

a t m o s p h e r i c  c o n d i t i o n s .  I n c u b a t  i cn u n d e r  L O O Y  o x y g e n  a l s o  

h s d  n o  e f f e c t  on  i n i t i s l  G A P 9  d e s t r u c t i o n ,  h o w e v e r  it 

e n h s n c e d  s u b s e q u e n t  d a ~ q g e  2nd t h e  a c t i v i t y  r e m a i n i n g  a t  t h e  

e n d  o f  6 h o u r s  wss o n l y  one  h n l f  c f  t h a t  s e e n  r r ?  n o r m a l  

a t m o s ~ h e r i c  c o n d i t i o n s  l f i q u r e  9). I q c u 5 . t t i o n  c f  g h 3 s t  

c e l l s  u i t h o u t  r e t i n o l  i n  t h e  p r e s e n c e  o f  o x y g e n  a l s o  c s u s e d  

e x t e n s i v e  damage t o  t h e  enzyme G A v D  c o r f i  r m i n g  p r ~ v i o u s  

r e p o r t s  by  H o r n  s n d  Hsu7sar . l  ( 1 9 6 0 ) .  O o s e r v a b l e  a c t r  v i t y  

f o f  l o w i n g  s i x  h o u r s  o f  s x p o s u r e  t o  l O C X  o x y q e n  H S ~ S  o n l y  1 8 7  

t h a t  o f  t h e  c o n t r o l  l e v e l .  Fnzyme  a c t i v i t y  i n  t h e  p r e s e n c e  

o f  5 mY a s c o r b a t e  wss n o t  s i g q i f  i c ~ r t l y  a f f e c t e d  h y  

i n c u b s t i o n  u n d e r  n i t r o g e n ,  a n d  1COZ o x y q e n  r e s u l t e d  i n  o n l y  

a m a r g i  r a l  a c c e f e r s t i o n  o f  i n ? c  t i v a t i  c r  o f  t h e  enzyme 

( f i g u r e  91. 

L o s s  o f  G l y c e r a l d e h y d e - 3 - p h o s p h a t e  c e h y d r o g a n a s e  
a c t i v i t ~  c a u s e d  b y  s s c c t b a t e  s n d  r e t i  r o l  

F ~ g u r e  10 i l l u s t r a t e s  t h e  e f f e c t s  o f  0.56 nY r ~ t r n o l  e n  

G A P C  q c t i v i t y  i n  t h e  p r e s e n c e  o f  b o t h  h i g h  ( 1  m v )  a n d  l o w  

( 0 . 0 1  rn" f  c c n c e n t r e t i  c r s  o f  9 s c o r b a t e .  L o s s  o f  e n r y m s  

1 s c t i v ~ t y  was i n i t i a l l y  much m o r e  r a p t 4  ~ n  t h e  p r e s e n c e  o f  



F i g u r e  8, E f f e c t  o t  n i t r o g e n  and 1 O O X  oxygen 

on l o s s  o f  g l y c e r a  idehyde-3-phosphate 

dehydrogenase a c t  i v l  t y  induced by 0 .56  wH r e t i n o l  

I n c u b a t i o n  media c o n s i s t i n g  of 0,125 t l  N ~ C I J  
20 wH Pas b u f f e r ,  pH 7.4 and 0 - 5 6  BR t e t i n o l  were 
bubb led  t o r  15 ~ i n u t e s  w i t h  e i t h e r  LOOX oxygen o r  
i O O X  n i t r o g e n ,  The s u r f a c e  was f l u s h e d  f o r  a  
f u r t h e r  5 a i n u t e s r  and ghos t  c e l l s  were added t o  
make a 102 suspension,  F l a s k s  Mere s e a l e d  w i t h  
r ubber  s t o p p e r s  and t h e  s u r f a c e  nas r e - f l u s h e d  
w i t h  t h e  a p p r o p r i a t e  gas r i x t u r e  t o t l a w i n g  t h e  
w i t h d r a w a l  o f  a i  I sampies, GAP0 a c t i v i t y  was 
assayed a s  d e s c t  i b e d  i n  f i g u r e  2 and i s  expressed 
as a p e r c e n t  o f  t h e  nax imal  a c t i v i t y  observed i n  
c o n t r o l  samples exposed t o  T r i t o n  X-LOO. 
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F i g u r e  9.  E f f e c t  o f  n i t r o g e n  and 100% oxygen 

on l o s s  o t  glyceraldehyde-3-phosphate 

dehydrogenase a c t i v i t y  i nduced  b y  5 m?l  a s c o r b a t e  

I n c u b a t i o n  media c o n s i s t i n g  o f  0.125 8 NaClr 
20 mP! Poi b u f t e r ~  pH 7.4 and 5  m!l a s c o r b a t e  were 
b u b b l e d  w i t h  e i t h e r  100% oxygen o r  LOOX n i t r o g e n  
t o t  15 winutes,  The s u r f a c e  nas  f l u s h e d  f o r  a 
f u r t h e r  5 m i n u t e s  and ghos t  cel i s  were added t o  
r a k e  a 1OX suspension. f l a s k s  ware sea led  w i t h  
t u b b e r  s t o p p e r s  and t h e  s u r f a c e  was r e - f l u s h e d  
w i t h  the  a p p r o p r i a t e  gas m i x t u r e  f o l l o w i n g  t h e  
w i t h d r a w a l  o f  a l l  samples. CAPO a c t i v i t y  was 
assayed as d e s c r i b e d  i n  f i g u r e  29 and i s  exp ressed  
as a p e r c e n t  o f  t h e  maximal activity abserved i n  
c o n t r o l  saap tes  i n c u b a t e d  i n  b u f f e r e d  i s o t o n i c  
s o l u t i o n  t o r  t h e  sass p e r i o d  o f  t l w e  and exposed 
t o  T r i t o n  X - i O O  in I f i Ied iate ly  b e f o r e  t h e  GAP0 assay. 
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F i g u r e  10, L o s s  o f  g l y c e r a l  dehyde-3-phosphate 

dehydrogenase a c t i v i t y  i n  t h e  p resence o f  

a s c o r b a t e  p l u s  r e t i  no1 

A 10% g h o s t  suspens ion  i n  0.125 N NaCl and 10 
PO4 b u t t e r *  pH 7 . 4  was mixed  w i t h  0 - 5 5  mH 

r e t i n a l  and e i t h e r  1.0 o f  0,01 dl ascotba te ,  
I n c u b a t i o n  was a t  37OC, GAP0 a c t i v i t y  was assayed 
a s  d e s c r i b e d  i n  f i g u r e  2 and i s  expressed a s  a 
p e r c e n t  o t  t h e  maximal a c t i v i t y  observed I n  c o n t r o l  
samptes i n c u b a t e d  i n  b u f f e r e d  i s o t o n i c  s o l u t i o n  f o r  
t h e  t a r e  p e r i o d  o f  tlms and exposed t o  T r i t o n  X-100 
i t m e d i a t e  l y  b e f o r e  t h e  GAPD assay, 
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s l o n e  2 n d  l e v e l e d  o f f  i n  one  h o u r  t c  q ~ n r o x i m a t e l  y 602  o f  

t h e  v a l u e  u r t h  r e t t n o l  % l o n e .  T h i s  e f f e c t  was o b s e r v a b l e  

w i t b  a s c o r b s t e  c o n c s n t r 3 t  i o n s  g r e ~ t c r  t h a n  0 . 5  m M  a n d  t h e  

e x t e n t  o f  d9rnsge wrls d f t e r m t n e 4  hv  t h e  amount  o f  a s c o r b s t e  

p r e s e n t .  The  a d d i t t v s  e f f e c t ,  o f  10 rrY a s c o t b a t e  w a s  s o  r t r e a t  

a s  t o  c o t n p l ~ t e l y  d e ~ t r o y  a n y  o b s e r v s b l e  a c t i v i t y  w ~ b h ~ n  o n e  

h a l f  hou r .  I n  t h r e e  o u t  c f  f o u r  r e p e a t e d  e x p e r i n e n t s ,  0.01 

m l  7 s c o r b s t e  p r o d u c e d  a p r o t e c t i v e  e f  f e c t  w h t c h  w p s  

s i q r i f i c a n t  a t  t h e  0.05 l e v e l  o f  c o ~ f  i dence .  A t  0.1 m #  

a s c c r b a t e  t h e  p r o t e c t i  v e  a n d  demagr  n g  e f f e c t s  c a n c ~ l  l e d  s a c h  

o t h e r  ou t ,  a n d  t h e  r e s u l t  u a s  a r s t  z e r o  e f f e c t  o n  

r e t  t n o l - r  n d u c e d  G A P D  d e s t r u c t  i o n .  

~ t f e c t  o f  d - t o c o p ~ s r o l  o n  l o s s  o f  
G I  ycsraldehyde-3-phosoh?te d e h y d r o g e n s s e  a c t i  v i  t y  

I n c u b a t ~ o n  o f  q h o c t s  h r t h  D . l l t r  0.23 o r  0.55 rnM 

t o c o p h e r o i  did n o t  21 t e r  G A P 0  a c t i v i t y  f r o m  c o n t r o l  v s l u e s .  

I n c l u s i o n  o f  0 - l l b  a n d  0.56 m Y  d - t o c o p h e r o l  i n  t h e  

i n c u b a * r o n  medium w i t h  3 - 5 6  v++l r e t i p o l  h s d  9 p r o t e c t ~ v c  

e f f e c t  on GEIPO w h i c h  m a i n t a i n e d  enzyme  a c t i v i t y  a t  t h e  e n d  

o f  6 h o u r s  a t  a l e v e l  302 h i g h e r  t h e n  w i t h  r e t r n o l  a l o n e .  

A l  t h c u g h  t h e  e f f e c t  o f  h i q h s r  t o c o o b e  r c l  c o n c e n t r a t i o n s  was 

n o t  o b s e r v a b l e  i n  t h e  f f r s t  h r l f  b c u r  o f  i n c u b a t i o n ,  0 .116 

m Y  p r o d u c e d  i m m c d i a t s  r e s u l t s  4 f  i q u r e  1 1 ) .  P r o t e c t i v e  

e f f e c t s  H e r e  n o t  s e e n  k i t h  t o c o ~ h e r o l  a c e t a t e  (0 ,106  m y )  



F i g u r e  11, E f f e c t  o t d - t o c o p h e t o l  on l o s s  o f  

glyceraldehyds-3-phosphate dehydtogenass a c t i v i t y  

caused by  0.56 mM r e t i n o l  

10X g h o s t  suspens lons  were p t e - i n c u b a t e d  f o r  
30  a i n u t s t  w i t h  0.12 a?!  tocopherol^ 0.56 an 
t o c o p h e r o i ~  o r  0,106 mH t o c o p h e r o l  acetate,  
S u f f i c i e n t  r e t i n o l  was added so  t h a t  f i n a l  t e t i n o l  
c o n c e n t t a t i  o n  was 0.56 rR mmo l e s l  l i t t e .  GAP0 
a c t i v i t y  was assayed as d e s c r i b e d  i n  f i g u r e  29 and 
i s  expressed as a pe rcen tage  o f  t h e  maximal 
a c t i v i t y  observed i n  c o n t r o l  samples i n c u b a t e d  i n  
b u f f e t e d  i s o t o n i c  s o l u t i o n  t o t  t h e  same p e r i o d  o f  
t i m e  and exposed t o  T t i  t o n  X-100 i m m e d i a t e l y  b e f o r e  
t h e  GAP0 assay. 
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w h ~ c h  s c t u a l l y  s n h a n c e a  t h e  d a r n 3 g c ~ c  e f f a c t  o f  r e t i n o l .  The 

e n z y m e  dsmagc i n d u c e d  b v  t m Y  z s c o r b a t e  a f t e r  b h o u r s  was 

d e c r s ~ s e d  b y  1 0  and  2 5 2  w i t h  0.56 a n d  0.116 m *  t o c o ~ h e r o l  

r e s o s c t  ~ v e l y  ( f  i q u r e  1 2 ) .  

Deve l o ~ m e n t  o f  1 i p i  d " p e r o x i c f a t  i onel i n  t h e  o r  esence  o f  
r e t i n o l  

F o r w s t i o n  o f  l i ~ i d  p e r o x i d e s  3 s  3 f u n c t i o n  o f  t i n e  ~ n d  

e x p o s u r e  t o  t e t r n o l  i s  shown ~n f i g u r e  13, I n  c o n t r a s t  t o  

t h e  sudden  e f f e c t  o f  r e t i n o l  on G d P C  a c t t v c t y ,  which d r +  n c r  

p r o g r e s s  s u b s t a n t j a l l  y 2 f t e r  t h e  f i r s t  hour9  i t s  e f f e c t  o n  

l i p i d  l * ~ e t o x i d a t i o n ~  was s l o w e r  and more  p r o g r e ~ s i  v e .  

D e v e l o p m e n t  o f  1 i p i d  * * p s r o x i d a t i  o n w  i r t h e  p r s s c n c t ?  o f  
a s c c r b a t e  

T h e  d e v e l o p m e n t  o f  a b s o r b a n c e  e t  532  nfn a s  a f u n c t i o n  

o f  t i m e  a n d  d t f f e r e n t  c o p c e n t r a t i o n s  o f  s s c o r b a t e  i s  shown 

i n  f i g u r e  14 .  The l e v e l  o f  S ~ p ~ d  p e r o x i d e s  a t  U.C1 Q M  

a s c o r h a t e  d i d  n o t  c h s n g s  a p b f e c i a b l y  f o l l o w i n g  t h e  f i r s t  5 

m i n u t e s  o f  r n c u b a t r o n  snd wss n o t  s ~ g n i f  i c a n t l y  g r e a t e r  t h a r  

c o n t r o l  v a l u e s .  Y i  t h  c o n c e n t r a  t i  c n s  g r s s t a r  t h a n  1.0 V V  

a s c c r b a t e ,  t h s  i n 1 2 1 q l  v a l u e  r e m a i n e d  c o n s t 3 n t  f o r  h h o u r s  

a n d  t h 9 n  d o u b l e d  b y  2 4  h o u r s .  I t  i s  o f  i n t e r e s t  t h q t  a 



F i g u r e  12. E t t e c t  o t  d - t o c o p h e r o l  on l o s s  o f  

g l ycera ldehyde-3-phosphate dehydt oganase caused by  

1 a?l a s c o t b a t e  

10% g h o s t  supens ions  were p r e -  i n c u b a t e d  t o t  30 
m inu tes  w i t h  0.12 mH t o c o p h e t o f *  0.56 afl 
 tocopherol^ o r  0,106 mH t o c o p h e r o l  ace ta te .  
S u t t i c i e n t  a s c u r b a t e  was added so t h a t  t i n a l  
c o n c e n t r a t i o n  was L n a o l e t  l i t r e ,  GAP0 a c t i  v i t y  
was assayed as d e s c t  i b e d  i n  t i gure  2 1  and i s 
expressed a s  a p e r c e n t  o f  t h s  aanimal a c t i v i t y  
observed i n  c a n t r o t  s a a p i a s  l n c u b s t a d  i n  b u t t e r e d  
i s o t o n i c  s o l u t i o n  t o r  t h e  same p e r i o d  o t  t i m e  and 
exposed t o  T r i t o n  X-100 immediate t y  b e f o r e  t h e  
GAP0 assay. 
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F i g u r e  13, Progress  o f  l i p i d  m p e r o x i d a t i o n w  

i n  g h o s t  membranes w i t h  r e t i n o l  a t  

v a r i o u s  c o n c e n t r a t i o n s  

A 10% g h o s t  suspensJon i n  0,125 ?l NaCl and 20 
mH PO4 b u f f e r s  pH 7.4 nab mixed  w i t h  r e t i n o 1  a t  
v a r i o u s  c o n c e n t r a t i o n s  and i n c u b a t e d  a t  37O~. 2 
m i  a l i q u o t s  were mixed w i t h  10% t r i c h l o r o a c e t i c  
a c i d  and 0,67X t h i o b a r b i t u r f c  a c i d s  p faced  f o r  10 
m inu tes  I n  a b o i l i n g  wa te r  b a t h ,  c o o l e d  and 
c e n t r  i fuged, Complete s p e c t r a  o f  t h e  super n a t a n t  
were asasured between 420 and 400 nm, hbsorbance 
s t  532 n r  i s  p l o t t e d  as  a f u n c t i o n  o f  t ime o f  
i n c u b a t i o n  o t  t h e  ghos t  e e l  i s  i n  t h e  presence o f  
r e t i n o l ,  



FIGURE 13 

LEGEND 



F i g u r e  1 4 ,  Progress  o f  l i p i d  nperox ida t ion"  

i n  ghost  membranes w i t h  a s c o t b a t e  a t  

v a r i o u s  c o n c e n t r a t i o n s  

A 10Z ghost  suspension i n  0,125 NaCl and 2 0  
nV PO4 b u f f e r r  pH 7 . 4  was mixed  w i t h  ascorba te  a t  
v a r i o u s  c o n c e n t t a t i o n s  and incuba ted  a t  37OC. 
L i p i d  peroxides u s r e  measured as descr ibed  i n  
f i g u r e  13. 
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h o u r s *  assume s y e 1  l o w i s h - o r a n a e  c o l o r  w i t h  a n  a b s o r b a n c e  

P e a &  a+ 5 0 8  nm. T h l s  r e s u l t s  i n  a s l i g h t  i n t e r f e r e n c e  w i t h  

m e s q u r e m e n t r  t a ~ e n  9t 5 3 2  nm a n l  7 c h a r a c t e r t s t i c  peak  w9s 

n o t  C ~ S P ~ V P ~  3 t  ? P Y  o f  t h e  a s c o r b s t e  c o n c e n t r a t i o n s  t e s t e d ,  

w i t h  t h e  r e s u l t  t h a t  e k s o r k s n c e  a t  3 2  nm w ~ s  a s 1  1 s b t  

u n d e r e s t i m s t e  t a p p r o x i r r ? t ~ l  y 1 3 x 1  o f  t h e  a m o u n t  o f  l I p i r j  

m p ~ r ~ ~ ~ 2 a t ~  enw.  

0 

C o o l i ~ g  t h s  i n c u b e t o n  med ium t c  0 C d i d  n o t  h i n d e r  t h e  

d s v e l c a n e n t  o f  l ~ c i . A  p e r o x i d a t i o n  a t  ~ r y  o f  t h e  r e t r n o l  

c o n c e r 7 t r a t i o n s  t e s t e d .  V i t h  5 m y  n s c o r b a t e  a d e c r ~ a s n  i n  

t e m p e r a t u r p  s i m i 4 3 r r  l y  h 3 d  n o  e f f e c t  d u r i n q  t h e  f  i r s t  s i x  

0 

h o u r s  o f  i n c u b a t i o n *  h c v e v e r  2 4  h o u r  1R4 r e d d i n o s  a t  0 C 

0 
M e r e  o n l y  o n e  t h i r d  o f  t h o s e  s t  37  t. T h i s  mqy b e  e x ~ l a i n e d  

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

ox  i d 3 t i  o n  o f  c o n c e n t r a t e d  a s c o t b a t e  s o l u t i  o n s ~  t h e r e b y  

e l i s i n ? t i n g  t h e  p e a k  a t  5 0 8  n m .  As t h e  a p p e a r a n c e  o f  

d e h y d r o s s c o r b a t e  and t b e  d o u b l i  n g  o f  " ~ e r o x i d a t i o n ~  n c r m i  l y 

o c c u r r  a t  t h e  same t i s e ,  e n d  b e c a u s e  d e c r e a s e d  + e m p e r s t u t e  

i n h i b i t s  b o t h  s f f e c t s *  i t  i s  likely t h a t  t h e  t w o  e r e  

causal f y  r e  l a t e a .  



E f f e c t  o f  n i t r o g e n  a n d  l C O X  o x y q e n  o n  l i o i d  
n p e r o x i d a t i o n "  

I n  t h e  p r e s e n c e  o f  1007 o x y g e n 9  t h e  t i o l d  

" p e r o x i d a t  i c n "  c a u s e 4  k y  0.56 m M  r e  t i n c l  i n c r s a s e t ?  t o  1.5 

t ~ m e s  t h a t  t n  n o r r r a l  a t m o s p h e r i c  c o r d ~ t l o n s  w t t b i n  t h e  f i r s t  

5 i i n u t e s .  CIf t e r  6 h o u r s  t h e  v a i u e  was d o u b l ~ d  a n d  a f t e r  2 4  

h o u r 5  u n d e r  o x y g e n  t h e  l b s o r b a n c e  w a s  3.5 t t m e s  t h a t  i n  

n o r m a l  a t q o s p h e r e .  Q P t r o g e ~  i n h  i b i  t e d  o e r o x  i d a t i v e  d3rn8rler 

b u t  o n l y  by a p p r o x i m a t e l y  50Q ( f  i q u r e  1 5 ) .  T h e  p r e s e n c e  o f  

1009 o x y g e n  w i t h  5 mY e s c o r b a t e  d i d  n o t  a f f e c t  T B b  r e a d i n g s  

d u r ~ n g  t h e  e n t i r e  2 4  h o u r  r ~ c u b a t r o n  p e r t o d ,  N ~ t r o g e n  a l s o  

h s d  n o  e f f e c t  d u r i n g  t b e  f t r s t  6 h o u r s ,  b u t  a h s o r b e n c e  

r e q d i n g s  a t  2 4  h o ~ r s  w e r e  a p p r o x i s 3 t e l  y 5 0 Z  less t h a n  i n  

n o r % ? l  a t m o r p h e r t c  c o n d i t t o n s .  T h a t  n i t r o g e n  d r d  n o t  a p p e e r  

c o m p l e t e l y  a b l e  t c  i n h i b i t  n e t o x i d a t i v e  c h a n o s s  p r e s u a a h l  y 

i n d ~ c a t e s  t k a t  c o r p  l s t e  a n a e r o b i c  c a n d t  , i o n s  we re  p o t  

a t t a i n e d .  

D s v ~ l o p m e n t  o f  l i p i d  w p s r o x i d a t  i o n * *  i n  t h e  p r e s e n c e  o f  
a s c o r b s t e  a n d  r e t i n o l  

T h s  p r e s e n c e  o f  a s c o r k a t e  h a d  r o  s i g n i f  l c a n t  e f f s c t  

e i t h e r  s t  h i g h  o r  I c w  c o n c e n t r a t i o n s  o n  l i o i d  p e r o x i d n t i o n  

a n d u c e d  b y  r e t i n o l .  n n l y  i n  systems i n v o l v i n q  r e t i n o l  a n d  

10 trg a s c o r b a t e  was t h e r e  s n y  o b s e r v a b l e  i n c r e a s e  i n  
t 
C a b s o r b a n c e  a t  532  n m  s n i  t h ~ s  o c c u r r e d  o n l y  a f t e r  2 4  h o u r s .  



F i g u r e  15. E f f e c t  of  n i t r o g e n  and l O O t  oxygen 

on l i p i d  * p e r o x i d a t i o n a  i n  g h o s t  membranes i n  the 

presence  of 0.56 mH r e t i  no l  

Ghost suspensions c o n t a i n i n g  0.56 aM r e t i n o t  
were bubbled with e i t h e r  l O O f  oxygen or fOOX 
n i t r o g e n  as d e s c r i b e d  i n  f i g u r e  8, L i p i d  p e r o x i d e s  
were d e t e t s i n e d  as d e s c r i b e d  i n  f i g u r e  13, 
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T h e  l e v e l  o f  I i p ~ d  p e r o x i d e s  f c r  ned r n  7 4  P o u r s  a s  a 

r e s u l t  o f  0 . 5 6  mY r s t r n o l  w3s d e c r s a s e d  b y  6 6 7  I n  t h e  

p r e s e n c e  o f  0 . 1 1 6  m M  t c c o p h e r o l ~  a n  e f f e c t  ~ h i c h  wes f 3 i r l y  

c o n s r s t a n t  t h r o u g h o u t  t h e  e n t  r r e  ~ n c u b a t i  on p e r  t od .  H ~ s h e r  

c o n c e n t r a t i c n s  o f  t o c o ~ h e r o l  w e r e  l e s s  e f f e c t  i v ~  p n d ~  

?11t l -sugh 0 . 5 6  R Y  t o c o p h e r o l  i n i t i 3 l  l v  c 7 u s e g  3 40X 

i n h i b i t i o n  c f  o b s s r v a h l s  l i p i d  D e r o x i d a t i o n t  b y  2 1  h o u r s  

t h e r e  was n o  s r q n i f i c a n t  d r f f e r e n c e  I r  l e v e l s  k ~ t h  o r  

w i t h o u t  t h e  p r e s e n c e  o f  t o c o p h e r o l  ( f i g u r e  16 ) .  T F 4  

r e s d t n q s  r n  t h e  p r e s e n c e  o f  10 mu 3 s c o r b 3 t e  choweb  a s l 1 3 h t  

i n c r e a s e  ~ i t h  t o c o p h e r c l t  h o w e v e r  b y  2 4  h o u r s  t h i s  was 

r e v 5 r s e d  and a b s o r b 3 n c e  s t  5 3 2  nm w i t h  0 . 1 1 5  s n d  0.56 nV 

t o c o o h e r o t  uas o n l y  5 7  a n d  6 5 7  o f  t h q t  w r t h  a s c o r b a t e   ion?. 

T n c t s a s e  i n  m e s b r a n e  p e r m e a b i  l t y  u i  t h  r e t i n o l  

F i g u r e  17 i l l u s t r a t e s  t h e  c h e n g e  i n  v e m h r a n e  

p e r m e s b r l i t y  a %  a f u n c t i o n  o f  t r m s  ~ n d  r e t i n o i  

c o n c e n t r a t i o n ,  The  e f  f s c t  o f  1 . 1 2  nY r e t i n o l  i s  n o t  

i n c l u d e d  s i n c e  t h e  enayms w a s  e x t s n s r v e i y  d s e ~ g e d ,  t h u s  

r e d u c i n g  t h e  r s l i n b i i t y  o f  o e r m e a h i l t y  c s l c u l q t t o n s .  n n s  o f  

t h e  b r s g e s t  p r o b l e m s  e n c o u n t e r e d  rn d s t e r m t n t n a  G A P 0  

a c c e s s i b i l t y  i n  t h e  m a r n e r  d e s c r i b e o  i s  t h s t  t h e  e n z y T e  i s  



F i g u r e  16. E f f e c t  o t  d - t o c o p h e r o l  on l i p i d  

m p e r o x i d a t i o n n  i n  ghost  membranes i n  the  presence  

o f  0.56 r e t i n o r  

f O f  ghost  suspensions were p t s - i n c u b a t e d  a t  3 7 a ~  
t o t  30 minutes  w i th  0.12 EJX o t  0.56 ffPl 
d - t o c o p h e t o t .  S u f f i c i e n t  r e t i n o l  was added so t h a t  
f i n a l  r e t i n o l  c o n c a n t r a t i o n  was 0 .56  maotes / l  i t r e .  
L i p i d  p e r o x i d e s  were measured as i n  f i g u r e  13. 
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F i g u r e  17, E t t e c t  o? v a r i o u s  c o n c e n t r a t i o n s  o f  

r e t  i n o  l on a e r b t a n e  pe raeab  i l t y  as  measured by 

a c c e s s i b i  i t y  o t  g l  ycera ldehyde-3-phosphate  dehydrogenase  

t o  s u b s t r a t e s  located o u t s i d e  t h e  c e i  l a e a b t a n e  

A 1OX ghost  s u s p e n s i o n  i n  0.125 Pl NaCl and  20 
aH PO4 b u f f e r s  pH 7.4 was m i x e d  w i t h  r e t l n o l  a t  
va r ious  c o n c e n t r a t i o n s .  GAPD a c t i v i t y  wts assayed 
as  d e s c r i b e d  i n  f i g u r e  2, The t r a c t i o n  o f  t o t a l  
GAP0 a c t i v i t y  w h i c h  Has a c c e s s i b l e  w i t h o u t  T r i t o n  
X-100 t o  s u b s t r a t a s  added o u t s i d e  t h e  e e l  l membrane 
i s  p l o t t e d  as a t u n c t i . o n  o f  t i m e  and exposu re  t o  
t e t i n o l .  T o t a l  GAP0 a c t i v i t y  was e s t i m a t e d  u s i n g  
ghosts c o a p l e t e f  y d i s r u p t e d  b y  t r  3 t o n  X - 1 0 0 .  
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~ r o q r e s s ~ v e l y  d e s t r o y e d  w ~ t h  t i  me. D e t e r m i n a t i o n  o f  

p e r m a a h 1  l i t y  t h u s  b e c o n s s  3 c o s p a r t  s o n  h s t w e e n  t w o  smsl l 

v a l u e s  r a t h e r  t h a n  a l z r g e  v a l u e  w i t h  t r i t o n  a n 0  a sm311 

v a l u e  w r t h o t i t .  One W ? Y  o f  o v e r c o ( ~ i r r )  f h t s  t c  t o  p e r f o r m  the 

a s s a y  w i t h  d i t h i  c t h r e i t o l  I ? T T  19 b o t h  i n  t h e  p r e s p n c s  and 

a b s e n c e  o f  T r i t o n  X - 1 O C r  a n d  t o  c ? l  c u l a t s  p e r m e a b i  l ~ t v   fro^ 

v a l u e s  o b t a i n e d  b y  t h i  5 o r o c e d u r e ,  I n a c t i v a t i o n  o f  G 4 P r  

w o u l d  n o t ,  ~ n  t h i s  case,  t n t e r f s r e  k i t h  p e r m a a b r l  ~ t y  

c s l c u l a t i o n c r  a s  i n c l u s i o n  o f  O T T  w i t h  t r i t o n  and g h o s t  

c e l  I s  a l l o w s  a m o r e  a c c u r a t e  m r s s u r e m e n t  o f  enzyme ? c t i v t  t y  

i n  t o t a l l y  p s r m s a b l s  c s l  Is ,  I f  t h e  membrane h a s  b e e n  

damaged  a n 4  made p e r m e a b l e  t o  s u b s t r s t e s  - ? d e e d  on t h e  

o u t s i d e ,  t h e n  Q T T  n i l 1  s n t e r  a n d  r e a c t i v 7 t e  t h e  d a m s g s d  

G A P D .  T h e  r e a c t i o n  w i t + ~ o u t  t r   ton h l  l l p r o c e e d  t o  t h e  

e x k e n t  t h a t  t h e  D T T  c a n  pass t h r o u q b  t h e  membrans a n d  

r e a c t i v a t e  t h e  enzyme, i , e .  according t o  t h e  p e r m e ~ b i t t y  o f  

t h e  nembrsne .  

I n  c e l l s  w h i c h    ere t i g h t l y  s e e l e d  t h e  e x t e n t  o f  NAnH 

a c c u m u l s t i o r  was sm711, 2 n d  r a t e s  w e r e  t a k e n  as  t h e  a v e r s q e  

b e t w e e n  t h e  e x t r s m e  m s x i q u m  a n d  m t n i m u r  p o s s 1 5 l e  v e l u e s .  

Low c o n c e n t r a t i o n s  o f  r s t i n o l  ( 0 .28  m M )  d i d  n o t  i n c r e s s e  

p s r n s a b r l t y  t o  c;l l a r q e  9 x t e n t r  h o w e v e r  t h e  c h a n a e  r n  5 

r e o e s t e d  e x p e r i m e n t s  wes  s i g n i f  i c e n t  s t  t h e  0 . 0 5  l e v e l  o f  

c o n f i d e n c e  when c o m p a r e 4  k i t h  c o n t r o l  v 3 l u e s  w h ~ c h  



m a i n t a i n e d  a 2.52 p s r m e s b i  l i t v  t h r o u q h o u t  t h e  t e s t  p e r i o d .  

Ry 1 h o u r  c h a n g e s  i n  p e r a e a b i  li t y  h e 9  p r ~ c e e d e d  t o  h O Z  o f  

t h e t r  f t n a l  v a l u e s  a n d  b y  t h e  e n d  o f  3 h o b r s  o f  t n c u b s t t o n  

t h e  p r o c e s s  s p p e s r s  c o a p l e t , e ,  

E f  f e e t  o f  e s c o r b a t e  O P  a e m b r a n e  p e r t e a b t  l l t y  

The  c h e n q e s  i n  m e n h r a n e  p e r m s a b i  l tst c a u s e d  b y  v a r i o u s  

c o n c e n t r a t r o n s  o f  a e c o r b s t e  a r e  i l l u s t r a t e d  i n  f i g u r e  15. 

C o n c e n t r e t t  o n s  l e s s  t h a n  1 mY a s c o r k a t e  c a u s ~ d  v e r y  l r t t l e  

change i n  p e r m e a b i l i t y  c o m p a r e d  w i t h  c o n t r o l  s a m p l e s .  

A l  t h o u g h  5 ITY a s c o r b s t e  a p p e a r e d  t o  c a u s e  s s agnr f t c q n t  

i n c r e a s e  i n  memhrsne  p e r v e a b i l i t y ~  t h e r e  i s  a I s r g e  a n c u n t  

o f  s c a t t e r  t n  t h e  d a t a *  3 n d  t t  I S  l ~ k e l y  t h a t  t h e  e f f e c t  t +  

d u e  t o  i n c r e a s e d  enzyme damage a n d  c e c r e a s e d  r e l i a t i l i t y  o f  

p e r w e 3 b t l t t y  ~ a I c u l 3 t i c n s  R S  d e s c r i b e d  sbove ,  Data f o r  LO 

mM ? s c a r b a t e  c o u l d  n o t  b s  c a l c u l a t e d  b e c s u s e  o f  e x t e n s i v e  

e n s y a e  Aamsse.  

F f f  e c t  o f  t s m o e r s t u r s  c q  m e v b r a n e  p e r q e a b ~  l t y  

E The  i n c r e a s e  i n  p e r r r e a b i  t i t y  c e u s e d  b y  0 . 5 6  R P  r s t i r t o l  
0 

s t  3 7  C i s  ~ n h t b t t e d  b y  i n c u h a t a o n  s t  $ C 7 s  t i l u ~ t r . r t e 4  t n  

f i g u r s  19, D a m s g s  ~ r o d u e d  b y  5 r n M  a s c o r b a t e  rcas, F O W P Y ~ ~ P  

0 0 
e q u a i l y  g r s a t  a t  0 C 3 5  3 t  3 7  C. 



F i g u r e  18. E f f e c t  o f  va r i ous  c o n c e n t r a t i o n s  o f  ascorba te  

on membrane p e r m e a b i l i t y  as measured by a c c e s s i b i l i t y  

o t  g l yce ta ldehyde -3 -phospha te  dehydrogenase t o  

s u b s t r a t e s  l o c a t e d  o u t s i d e  t h e  c e l l  aeabtane 

A 1OX ghost  suspension i n  0.125 H NaCI and 20 
mf4 PO4 b u f f e r *  pH 7.1 was mixed w i t h  ascorbate  a t  
v a t  i o u s  c o n c s n t r a t l  ons. CAPO a c t  i v i  t y  uas assayed 
as  desc r i bed  i n  t igure 2. The t r a c t i o n  o t  t o t a l  
GAP0 a c t i v i t y  u h i c h  was a c c e s s i b l e  w i t hou t  t r i t o n  
t o  s u b s t r a t e s  added o u t s i d e  t h e  c e l  l membrane i s  
p l o t t e d  as a f u n c t i o n  o f  t ime  and e w o s u r e  t o  
r e t i n o l .  T o t a l  GAP0 a c t i v i t y  was es t imated  u s i n g  
ghosts  comp le te ly  d i s r u p t e d  by  t r  i t o n  X-100. 
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F i g u r e  19, E f f e c t  o f  t e m p e r a t u r e  on changes 

i n  membrane p e r m e a b i l t y  i n  t h e  ptesencs o f  

0.56 an r e t i n o 4  

A 1 0 X  ghost  suspenslon i n  0,125 !I NaCl  and 20  
r H  PO4 b u f f e r r  pH 7.4 was t r e a t e d  w i t h  0.56 m# 
r e t i n o l  and incuba ted  a t  b o t h  37'C and i n  a n  i c e  
b a t h  a t  O • ‹ C ,  GAPD a c t i v i t y  was assayed as 
descr ibed  i n  t i g u r e  2, Changes i n  p e r ~ t a b i l t y  were 
aeasured as d e s c r i b e d  i n  f i g u r e  17. 
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E f f e c t  o f  n i t r o g e n  and lOOZ o x y g e n  o n  msmbrane  
o e r m e a b i l i t y  

A l t h o u g h  I n c u b p t i o n  u n d e r  n i t r o g e n  drrt n o t  r n b i b i t  t h e  

i n i t i a l  i n c r e a s e  i n  p s r q s a b i l i t y  c s u s e d  b y  0 . 5 6  m w  r e t i n o l ,  

i t  d r d  r e t s r d  t h e  p r o c e s s  f ~ l l o w i n q  t h e  f r r s t  h o u r  o f  

e x p o s u r e  ( f  i a u r e  2 0 ) .  1COToxxygen  d o u b l e d  t h s  membrane  

p s r m ~ a b t l ~ t y  within 1 h o u r  w i t h  r e t t n o l ,  a s c o r b ~ t e  e n d  i n  

c o n t r o l  s s f r ~ l e s .  

C o m b ~ n e d  e f f e c t  o f  a s c c r b a t e  a n d  r e t i n o i  o n  a e m h r a n e  
p e r n e a b i  l i t y  

B e c a u s e  o f  e x t e n s a v e  enzyme  darrage t n  t h e  p r e s e n c e  o f  

b o t h  a s c o r t a t e  a n d  r e t i n o l  i t  was d i f f i c u l t  t o  d e t e r m i n e  

t h s r  r c o m b i n e d  e f f e c t s  o n  membrane  ~ e r m e ~ b r  I i ty. I t  

a p o s a r s y  h o k e v e r ,  t h ? t  q s c o r b a t e  e o e s  n o t  h n v e  nn e f f e c t  on 

t h e  i n c r e a s e d  p e r m e s b i l a  t y  ~ n d u c e d  b y  r e t ~ n o l .  

C o m h i n e d  e f f e c t  o f  t o c a ~ h e r o l  s n d  r e t i n o l  o n  membrane 
p s r m e a b ~  l i t y  

F i g u r e  2 1  i l l u s t r a t e s  t h e  i n c r e a s e  ~n p e r m e a h 1  l t y  

c a u s e d  by  v 3 r  I o u s  c o n c e n t r a t i  o n s  o f  d - t o c o p h e r o l ,  

E q u t ~ o l ? r  c o n c e n t r ~ t i  o r s  o f  t o c o p h e r o  I 3 n d  r e t  ~ n o i  r e s u l t  t n  

s p p r o x i m a t e l y  t h e  same o e r c e n t a g e  i r c r e 3 s e  i n  membrans  

6 p e r m e s b i l r t y .  F i g u r e  2 ?  st-ows t h ~ t  t h e s e  p e r m e p h ~ l T y  



F i g u r e  20. E f f e c t  o f  n i t r o g e n  and  1002 oxygen 

on membrane p e r m e a b i l i t y  i n  t h e  presence o f  

0 - 5 6  dl t e t i n o l  

I n c u b a t i o n  media c o n s i s t i n g  o f  0,125 !4 Mac19 
20 an Po4 b u f f e r ,  pH 7-19 and 0.56 nH r e t i n o t  were 
bubb led  f o r  1 5  m i n u t e s  with e i t h e r  100% oxygen or 
l O O X  n i  trogen, The s u r f a c e s  were f  tushed f o r  a 
f u r t h e r  5 m i n u t e s  and ghos t  c e l l s  were added t o  
make a  IOZ suspension, F l a s k s  were saa ted  w i t h  
r u b b e r  s t o p p e r s  and t h e  s u r f a c e  was r e - f l u s h e d  
n i t h  t h e  a p p r o p r i a t e  gas m i x t u r e  t o 1  l o w i n g  t h e  
w i t h d r a w a l  o f  a l l  samples. GAP0 a c t i v i t y  was 
assayed as d e s c r i b e d  i n  f i g u r e  2, Changes i n  
peraeab i l i t y  were measured a s  d 8 b ~ r  ibbd  i n  f i gure 
17- 
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F i g u r e  21, E t t e c t  o f  v a r i o u s  c o n c e n t r a t i  ons o t  - t ocophero l  

on membrane ~ e r m e a b i  li t y  as ~ 9 a S U r e d  by a c c e s s i  b i  l i t y  o f  

g l y c e r a l  dehyde-3-phosphate dehydr ogenase t o  

s u b s t r a t e s  l o c a t e d  o u t s i d e  t h e  c s l  l asrrrbrane, 

A iOZ g h o s t  suspens ion  i n  0,125 ?4 NaCI a n d  2 0  mf'l 
PO4 b u f f e r .  pH 7 - 4 9  was mixed u i t h  tocophero f  a t  
v a r i o u s  c o n c e n t r a t i  ons and i n c u b a t s d  a t  37Ot.  
CAPO a c t i v i t y  was assayed as d e s c r i b e d  i n  f i g u r e  
2, The t r a c t i o n  c t  t o t a l  GAP0 a c t i v i t y  wh ich  uas 
a c c e s s i b l e  w i t h o u t  t r i t o n  t o  cubsttates  added 
o u t s i d e  t h e  c e l  l r e s b t a n e  i s  p l o t t e d  a s  a f u n c t l  on 
o t  t i m e  and exposure  t o  t o c o p h e r o l ,  T o t a l  G A P 0  
a c t i v i t y  was e s t  i t a t s d  u s i n g  g h o s t s  c o m p l e t e l y  
d i s r u p t e d  by t r i t o n  X-100. 
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F igure  2 2 ,  Combined e f f e c t  or r s t i n o l  and 

d - t o c o p h e r o l  on membrane peraeab il i t y  

A 10% ghost suspension i n  0,125 U NaCi and 20 
at4 PO4 b u f f e r ,  pH 7-49 was pte - incubated f o r  10 
minutes w i t h  0 - 1 2  m# tocopherol ,  Suf f i c i e n t  
r e t i n o l  was added so t h a t  f i n a l  r e t i n o l  
c o n c e n t r a t i c n  was 0 - 5 6  s r o l e s l  l i t r e e  GAPD a c t i v i t y  
was assayed as d e s c t i  bed i n  f i g u r e  2 .  Changes i n  
p e r r e a b i t i  t y  ware measured as desct  i b e d  i n  f i g u r e  17, 
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c h a n g e s  s r e  a d d t t i v e  when t o c o p h e r o l  a n d  r e t t n o l  e r e  p r o s e n *  

s i s u  l t s n e o u s  l y .  C o n c e r t r a t  i o n s  h i g h e r  t h a n  0.12 mY 

t o c o p h ~ r a l  d o  n o t  t n c r e q s e  t h e  p e r e e s 5 t i t y  t o  a n y  g r s a t e r  

e x t e n t  & h e n  i n  c o s b i n ? t i o n  w i  t h  r e t  i n o i .  

C e l l  S ~ z e  2 n d  Y o r p h o l o g y  

I n  c o n t r a s t  t o  n h c l .  r 3 d  c s i l s  w h t c h  h s v e  ? v o l ~ r m e  o f  

9% c u b i c  m i c r o n s t  f r s s b f y  p r e p e r s d  g h o s t  c e l  t s  w e r e  f o u n d  t o  

h a v e  e l e c t r r c a l  c h a r a c t e t r s t i c s  on  t h e  C o u t t e r  c o u n t e r  

c o t r e s ~ o n l  I n g  t o  a n  a v e r q q e  v o l u n e  o f  47.5 c u b i c  m i c r o n s .  

T h e v  5 o p e n r e A  s o h e r  i c q l  w i  tt- s l  i g h t  c r e n s t i o n  a s  i l l u s t r a t e l  

0 
i n  P I q t e  1. T n c u k a t i o r  a t  37 C f o r  2 4  h o t t s  d i e  Q G %  

s i g n i f i c a n t l y  a l t e r  c e l l  s i z e  o r  m o r p h o l o q y ,  The a d d i t i a n  

o f  r e t i n o l  t o  t h e  i n c u h s t i o n  n e d ~ u a ,  h o w e v e r ,  r e s u t t e  4 t n  R 

c o n c e n t r a t i o n - d e o e n q e n t  i n c r e a s e  i n  c e l  I s i z e ,  a p h e n o a e n o n  

w h t c b  was a l s o  o h s e r v a t l  e when  w h o l e  r e d  c e f  l s w e r e  

i n c u b a t e d  w i t h  v a r i o u s  c o n c o n t r % t i c r s  o f  r e t i n o l ,  P l a t e  2 

shows  s h o s t  c e l  Is a f t e r  t n c u b a t ~ o n  f o r  5 h o u r s  h t k b  0.56 vPd 

r e t i n o l .  C r e n ? t i o n  h ~ s  d i s s p o a ~ r e d  a n d  t h e  c e l l s  p o p e a r  a s  

i n t a c t ,  s m o o t h  s p h s r e s  w t  t h  some d e ~ r e e  o f  t n f o l d  t n q .  

U n l i k e  r e t i r o l ,  a s c o r h e t e  d o e s  n o t  a l t e r  t h e  s i z e  o f  z i h o s t  

 cell^^ h o w e v e r  t t  d c 3 1  r e c u l t .  i n  s t g n ~ f ~ c a n t  c h a n g e s  i n  c e l l  

m o r p h o l o g y .  W i t h i n  5  fours^ 10 and  5 nw a s c o r h s t e  c a u s e  

g h o s t  s u s p e n s i o n s  t o  c h t n g e  f r o m  a l t g h t  c i n k  l o  q 







P l s t e  ?. O h a s e  c o ~ t t q c t  ~ h o t o q r a n h  o f  e t y t h s o c ~ t ~  

a h o s t s  f o l l o w i n q  h o u r s  o f  i n c u b ~ t i o n  

w i t h  0 .56  m M  t e t i n o l  





b r o w n ~ s h - r e d  c o l o r r  s n d  h y  2 4  h o u r s  t h i s  has p r o g r e s s e d  t o  I 

d i s t i n c t  g reen.  I n  s d c i t i o n 9  t h e r e  was i n c r e - s e d  t u r b i d i t y  

o f  * h e  c e l l  s u s p e n s ~ o n  3nd s n  i n c r e ~ s e d  mass o f  s e d r m s n f  

a f t e r  c e n t r  i f u g q t i  on. lJpon e r 3 r n i n a t i  cr  u n d e r  t h e  ~ h n s e  

c o n t r a s t  m i c r o s c o p e ,  c e l  ls s p p e a r  n s p e c k l e d w ~  a l t h o u q h  

l a r g e l y  s t i l l  i n t a c t ,  and t h e  e x t e n t  o f  t h i s  d e v e l a p m e n t  

depends  u p o n  t h e  c o n c e n t r a t r o n  o f  a s c o r b a t e  p r e s e n t  ( P l a t e  

3 ) .  

I n c u b a t i o n  w i t h  0 ( - t o c o p h e r o l  a l s o  r e s u l t s  i n  a n  

i n c r s a s e  i n  c e l l  s i l e .  T h e  c h a n g e s  r n  c e l l  s ~ z e  c e u s e d  b y  

e q u i s o l 3 r  c o n c e n t r a t i  c r s  o f  t o c o p h e r o l  o r  r a t  i n 0 1  a r e  

a p p r o x i m a t  l y  e q u a l 9  ? r e  when i n c u b a t e d  t o g e t h e r ,  t h e  e f f e c t  

a o p s s r s  t o  b e  a d d i t i v e  a s  shown i n  f i g u r e  23, 







F i g u r e  23, Combined e f f e c t  o f  r e t i n o l  and 

d - t o c a p h e r a l  on ghost  c e l  l s i z e ,  

10% ghost  suspensions In 0,126 !4 NaCl and 20 
wH PO4 b u f f e r r  pH 7-49  were incubated a t  3 7 O ~  
w i t h  0 - 5 6  nfl r e t i n a l ,  0.S6 mR 4 - t o c c p h e r o l r  or  b o t h ,  
C e l  l voluas  uas measured by t h e  use o f  an 
e i e c t r a n i c  b lood  c e l l  counters the  C o u l t e t  Counter. 
F i n a l  d i  lutlon o f  c e l  I s  in  t h e  C o u l t e  r Counter was 
50,000 t i n e s ,  
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D l  SCUSS I ON 

A t  a l l  c o n c e n t r a t i o n s  t e s t e d ,  b o t h  r e t i n o l  and 

a s c o r b a t e  caused a  c o n c e n t t a t i  on-dependent i n a c t  i r a t  i o n  o f  

t h e  enzyme g l y c e r a l  dehyde-3-phosphate dehydrogenase ( f  i g u r e s  

3 9 3 1 ,  T h i s  enzymes wh ich  i s  one o f  t h e  ma jo r  components 

a s s o c i a t e d  w i t h  t h e  e r y t h r o c y t e  membranes c o n t a i n s  a number 

o f  s u l t h y d t y l  g roups  wh ich  a r e  h i g h l y  s u s c e p t i b l e  t o  

o x i d a t i v e  damage (Carraway and Shiny 1972; Tanner and Grayr 

1971). S i n c e  t h e  e f f e c t s  o t  b o t h  r e t i n o l  and a s c o r b a t e  a r e  

r e v e r s e d  by d i t h i o t h r e i t o l ,  a  s u l f h y d r y i  compound w h i c h  

reduces  S-S bonds (C le land.  19641s  i t  appears t h a t  t h e  

decrease i n  enzyme a c t i v i t y  i s  a s s o c i a t e d  w i t h  a  r e v e r s i b l e  

o x i d a t i o n  o f  s u l f h y d r y l  groups, T j i o e  and Haugaard (19721 

f o u n d  t h e  decrease i n  a c t i v i t y  o f  c r y s t a l l  ine GAPD i n  t h e  

presence of  oxygen t o  be l i k e w i s e  a s s o c i a t e d  w i t h  t h e  

d isappearance o f  s u l f h y d r y  l groups  a n d  t o  be r e v e r s e d  b y  

d i t h i o t h r e i  t o l ,  

The f a c t  t h a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  oxygen d i d  

n o t  a f f e c t  t h e  i n i t i a l  r a p i d  r a t e  o f  enzyme daeage, b u t  d i d  

a l t e r  subsaquent  d e s t r u c t i o n  ( f i g u r e  819 i n d i c a t e s  t h e  

i n r o i v e m e n t  of  two s e p a r a t e  e r e c h a n i s ~ s  i n  r e t i  n o l - i n d u c e d  

GAPD d e s t r u c t i o n :  ( I f  en i n i t i a l  r a p i d  s f f e c t  w h i c h . l i k e l y  

does n o t  i n v o l v e  oxygen* end 12)  a  subsequent  e f f e c t  wh ich  



does i n v o l v e  oxygen, F i g u r e  4 i l l u s t r a t e s  t h e s e  t w o  

separa te  r a t e s  o f  damage whi l e r  i n  c o n t r a s t *  f  i g u r e  6 shows 

t h a t  a s i ~ i  l a r  e f f e c t  does n o t  occu r  d u r i n g  i n c u b a t i o n  w i t h  

ascorbate, The b i p h a s i c  p a t t e r n  i n  t h e  presence o f  r e t i n o l  

c l o s e l y  resembles  t h e  two-step p r o c e s s  f o r  t h e  h e m o l y s i s  of  

e r y t h r o c y t e s  proposed by O i n g l e  and Lucy ti955)r a l t h o u g h  

t h e y  based t h e i r  c l a s s i t i c a t i o n  o n  t h e  s t t e c t s  o f  

t empera tu re  r a t h e r  t h a n  oxygen c o n c e n t t s t i o n ,  

The i n h i b i t i n g  s f  f a c t  o t  decreased t e m p e r a t u t u  o n  

membrane damage induced  b y  r e t i n o l  h a s  been r e p o r t e d  b y  

O i n g l e  41961) i n  I ~ S O ~ O B ~ S ~  D i n g l e  a n d  Lucy (19621 i n  

e r y t h r o c y t e s *  and b y  Lucy, L u s c o ~ b e  and O i n g l e  (1963) i n  

m i tochondr ia .  A s i m i l a r  e f f e c t  was seen i n  t h e  p r e s e n t  

experiment,  F i g u r e  7 i l l u s t r a t e s  t h a t  low t e r p e r a t u r e s  

r e t a r d  t h e  l o s s  o f  CAPO a c t i v i t y  and t i g u t s  19 shows t h e  

i n h i b i t i n g  e f f e c t  on i n c r e a s e d  membrane p e r m e a b i l i t y .  

A l though  t h e  decrease i n  e e r b r a n e  p e r r e a b i  l i t y  wh ich  

o c c u r r e d  s t  l ower  t e m p e r a t u r e s  was v i t t u a l l y   complete^ 

decreased t e m p e r a t u r e  was n o t  t o t a l l y  a b l e  t o  i n h i b i t  t o s s  

o f  6 A P D  a c t i v i t y *  i n d i c s t i n g  a g a l n  t h e  p o s s i b i l i t y  o f  two 

s e p a r a t e  mechani srs i n  r e t i n o l - i  nduced G A P 0  damage. By 

compar ing  f i g u r e s  7 and 8 it i s  p o t s i b t e  t o  see t h e t  w h i l e  

oxygen c o n c e n t r a t i o n s  have no e f f e c t  on the  i n t i t i a l  enzyme 

P damage, a decrease i n  t e m p e r a t u r e  does* and t h e  l a t t e r  



m a i n t a i n s  a c t i v i t y  I n  one h a l f  hour  s t  a  l e v e l  a p p r o x i m a t e l y  

4 t i r e s  t h a t  a t  37'~. Oxygen does n o t  med ia te  i t s  e f f e c t  

u n t i l  a f t e r  t h i s  time, which i m p l i e s  t h a t  t h e  

temperature-dependent  phase o f  enzyme damage i s  a  

p r e - r e q u i s i t e  f o r  t h e  subsequent oxygen-dependent s tage,  

Tho e f f e c t  o f  a s c o r b a t e  appears  t o  be c o n p l e t e  i n  t h e  
0 

f i r s t  30 m i n u t e s  o f  i n c u b a t i o n  a t  37 C s i n c e  t h e  l e v e l  o f  

enzyme a c t i v i t y  d i d  n o t  change a p p r e c i a b l y  beyond t h i s  p o i n t  

t f  i g u r s  6 ) .  It i s  p o s s i b l e  t h a t  t h i s  l e v e l  l i n g - o f f  i s  due 

t o  a n  e q u i l  i b r a t i o n  between damrging and r e p a i r i n g  mechani sns 

w i t h i n  t h e  c e l l ,  As n e l t h e r  decreased tempera ture  no r  an 

atmosphere o f  n i t r o g e n  had any s i g n i  t i c a n t  s f  t e c t  on 

a s c o r b a t e e s  a c t i o n  on G I P D ,  i t  appears  t h a t  a d i f f e r s n t  

mechanism i s  r e s p o n s i b l e  t h a n  i s  t h e  case w i t h  r e t i n o l .  

F u r t h e r  s u p p o r t  o f  t h i s  i s  e v i d e n t  i n  f i g u r e  10, Whereas 

h i g h  c o n c e n t r a t i o n s  o f  a s ~ o t b a t 0  anhance t h e  i n i t l  a  i damage 

caused b y  r e t  in019 I owet c o n c e n t r a t i  ons decreased t h e  

subsequent damaging e f  f ec t .  These d a t a  agree w i t h  t h e  

r e p o r t s  o t  K r i s h n a m u r t h y  and K a r t h a  419731 who f o u n d  

a s c o r b a t e  a t  c o n c e n t r a t i o n s  l e s s  t h a n  0.3 r4l t o  p r e v e n t  

r e t i n o i - - i n d u c e d  h e r o l y s i s  w h i l e  h i g h e r  c o n c e n t r a t i o n s  

i n c t e a s b d  t h e  damage, 



The i n c r e a s e  i n  membrane permeabi l i t y  caused b y  r e t  i n o l  

wh ich  h a s  been obse rved  by o t h e r  worke rs  has g e n e r a l l y  been 

a t t r i b u t e d  t o  swe l  t i n g  o f  t h e  membrane a s  a  r e s u l t  o f  i t s  

p e n e t r a t i o n  b y  t h e  hyd rophob ic  p o r t i o n  o f  the  r e t i n a l  

mo lecu le  f G l a u e r t  kt G.9 19631, The increase i n  e e l  l s ize  

shown i n  t i g u t e  23 and t h e  i n c r e a s e d  a c c e s s i b i  l i t y  o f  GAPD t o  

s u b s t r a t e s  l o c a t e d  o u t s i d s  t h e  c e l l  membrane { f i g u r e  1 7 )  

i n d i c a t e s  t h a t  a s i m i l a r  p rocess  o c c u r s  i n  e r y t h r o c y t e  

ghosts,  The r e t i n o l  sro iecule has  a  b u l k y  hyd rophob ic  r i n g  

s y s t e a  a t t a c h e d  t o  a  r e l a t i v e l y  long9 r i g i d  c h a i n  w h i c h  i s  

t e r m i n a t e d  by  a h y d t o p h i l i c  end g roup  ( f i g u r e  I f .  Bangham. 

O i n s t e  and Lucy  11964) demonst ra ted  t h a t  i t  i s  t h e s e  

c h a r a c t e r i s t i c s  wh ich  produce r s t i n o l * ~  s u r f a c e  a c t i v e  

p r o p e r t i e s  and i t s  a b i  l i t y  t o  p e n e t r a t e  b i o l o g i c a l  

merbranes. f n c u b a t i  on below 2 0 ' ~ ~  howaver. r e  t e t d s  

p e n e t r a t i o n  and expans ion*  and t h i s  may perhaps e x p l a i n  t h e  

e f f e c t s  shown i n  f i g u r e  19, P e n s t r a t i  an and e x p a n s i o n  o f  a 

membrane i n v o l v e  a concoa i  t a n t  i n c r e a s e  i n  permeabi l i t y  as 

t h e  n a t u r a l  components of  t h e  membrane a r e  f o r c e d  spar  t t o  

make room f o r  t h e  i n t r u d i n g  a o l e c u l e s  ~ L U C Y P  19723. A t  

decreased t e a p s r a t u t e ~  membrane s t r u c t u r e  i s  more r i g i d .  

p e n e t r a t i o n  i s  deprsssedr  and so a l s o  t h e  i nc rease  i n  

p e t s e a b i l t t y ,  



Tocophero l  a l s o  has t h e  a b i l i t i y  t o  permeate b i o l o g i c a l  

membranes (LUCY* 1972; l l o l e n a a t  & bJ-. 1972) and  t i g u r e  21 

shows i t s  e f f e c t  on p e r l e a b i l i t y  o f  t h e  ghost  membrane. When 

t o c o p h e r o l  and r e t i n o l  e r e  p r e s e n t  t o g e t h e r  t h e  e f f e c t  on 

c e l  l s i z e  and Rtelabrane p e r n s a b i l  i t y  i s  g r e a t e r  t h a n  w i  t h  

e i t h e r  m o l e c u l s  by i t s s l f  ( t  i g u t e s  229 231, f t  p e n s t t a t i o n  

and expans ion  o f  t h e  membrane a l o n e  were s u f t  i c i e n t  t o  

decrease GAP0 a c t i v i t y .  t h e n  it wou ld  be  expec ted  t h a t  

t o c o p h s r o l  w o u l d  have t h e  s a s s  damaging s t f e c t  as r e t i  nol ,  

Honevsrr  a s  t h i s  i s  n o t  t h e  case. s i n c e  t h e  p resence  o f  

t o c o p h e r o l  a l o n e  i n  t h e  i n c u b a t i  on medium does n o t  a l t e r  

GAP0 a c t i v i t y  f r o m  c o n t r o l  I e v e l s ~  i t  appears  t h a t  

pens t r a t  i o n  w i t h o u t  subsequent  o x i d a t i  on does n o t  d e s t r o y  

GAP0 a c t  i r i t y ,  The f a c t  t h a t  l ower  c o n c e n t r a t i o n s  o t  

t o c o p h e r o l  were a b l e  t o  i n h i b i t  t h e  i n i t i a l  damaging e f f e c t  

o f  r e t i n o l  even though  h i g h e r  a a o u n t s  u s r e  n o t  i s  p a r a l l e l e d  

by t h e  g r e a t e r  e f f i c i e n c y  w i t h  wh ich  l o w e r  amounts i n h i b i t  

t h e  development o f  l i p i d  p a t o x i c a t i o n  ( f i g u r e  161, The 

i n e f  f e c t  i veness  o f  h i g h  t o c o p h e r o l  c o n c e n t r a t i  ons may 

p a r t i a l l y  be e x p l a i n e d  by t h e  f o r m a t i o n  o f  mice1 l e s  or  

mactophagic g l o b u l e s  when t o c o p h e r o l  i s  p r e s e n t  i n  l a r g e  

aaounts*  thus d e c r s a s i  ng t h e  e f t  e c t  i ve tocophe r o l  

c o n c e n t r a t i o n  i n  s o l u t i a n .  O n  t h e  o t h e r  hand* i t  n i g h t  also 

be s x p l a l n s d  by t h e  a b l  l i t y  of  t o c o p h e r o l  t o  s t a b i  l i z e  

membranes i n  a  p h y s i c a l  manner, Lucy  11972) p roposed t h a t  



v i t a m i n  E s t a b i l i z e s  r e n b r a n e s  b y  v i r t u e  o f  s p e c i f i c  

i n t e r a c t i o n s  between i t s  p h y t y l  s i d e  c h a i n  and t h e  t a t t y  

a c y l  c h a i n s  cf p o l y u n s a t u r a t e d  f a t t y  ac ids,  A smal l aaoun t  

o f  t o c o p h e r o l  r a y  t h e r e f o r e  s u i t a b l y  c o u n t e r b a l a n c e  t h e  

d i s o r g a n i z i n g  e f f e c t  o f  t e t i n o l ,  H ighs  r c o n c e n t r a t  i o n s *  

howevetr  r a y  a c t u a l l y  add t o  t h e  d i s o r d e r  and Anderson* 

R o e l s  and P f i s t e t  (1967) found t h a t  a n  i n c r e a s e  i n  t h e  

t o c o p h e r o l l t e t i n o l  r a t i o  i n  r a t  e r y t h r o c y t e s  r e s u l t e d  i n  

w idespread d i s t o r t 6  o n  of membrane s t t u c t u r e ,  They c o n c l u d e d  

t h a t  r e t  i n o l  c o u n t e r a c t s  t h e  changes i n  s t r u c t u r e  a n d l o r  

f u n c t i o n  o f  b i o l o g i c a l  u u i b r a n e s  caused by d i f f e r e n t  

c o n c e n t r a t i  ons o f  O( - t o c o p h e r o l  and t h a t  b o t h  v i t a r i  n t  were 

i n t i m a t e l y  r e l a t e d  t o  l e a b r a n e  s t t u c t u r e  and i n t e g r  i t y ,  

Bo th  h i g h  and l ow c o n c e n t r a t  i o n s  o t  t o c o p h e r o l  were 

a b l e  t o  e x e r t  a n  e t t e c t  on t h e  oxygen-dependent phase o f  

r e t i n o l - i n d u c e d  GAP0 damage, A f  t e r  6 h o u r s  b o t h  0.12 and 

0.56 afi t o c o p h e t o l  show t h e  same degree o f  p r o t e c t i o n  

towards  CAPO a c t i v i t y  ( f i g u r e  11) even though 0.12 r H  

t o c o p h e r o l  i s  c o n s i d e r s b i y  more e f f e c t i v e  t h a n  0.54 mM i n  

i n h i b i t i n g  t i p i d  p e t o x i d a t i o n  ( f  i g u t e  16). L u c y  a n d  O i n g l e  

( 1 9 6 4 )  f o u n d  t h a t  t o c o p h e r o l  concen t  r a t i o n s  between 0.23 and 

0.46 mfl wete l e s s  e f f e c t i v e  i n  i n h i b i t i n g  h e r o l y s i s  t h a n  

wete c o n c e n t r a t i o n s  l e s s  t h a n  t h f  t, and t h i s  was p r o b a b l y  
I 

due t o  t h e  t a c t  t h a t  t h e y  f o l l o w e d  t h e  r e a c t i o n  t o r  o n l y  15 



minutes, K r  i shnamur thy  and K a t t h a  ( 1 9 7 3 )  f o u n d  t h a t  

i n c r e a s i n g  c o n c e n t r a t i  ons o f  tocophe r o l  a t  f o r d e d  i n c r e a s i n g  

i n h i b i t i o n  o f  hemol y s i s r  however t h e  i r  c o n c e n t r a t i o n s  were 

l e s s  t h a n  0.1 a)li and t h e  s f  t e c t  cor responded w i t h  t h e  lower  

amounts used b y  Lucy  and D i n g l e  4 19641, I t  t o c o p h e r o l  i s  

f u n c t i o n i n g  b o t h  a s  a  s t a b i l i z e r  of  p h y s i c a l  membrane 

s t r u c t u r e  and as an a n t i o x i d a n t s  i t  i s  u n d e r s t a n d a b l e  how 

Lucy and D i n g l e  ( 1 9 4 4 )  tound such a w ide  v a r i e t y  o t  

compounds w i t h  p h y s i c a l  s i m i l a r i t i e s  t o  t o c o p h e r o l  t o  be 

e q u a l l y  e f t e c t i v s  i n  i n h i b i t i n g  h e s o l y s i s  t o r  15 minutes, 

F i g u r e  I1  shows t h a t  t o c o p h e r o l  a c e t a t e  causes an i n i t i a l  

p r o t e c t i v e  a t t e c t  on enzyrre damege i nduced by t e t i n o l r  

p tssumably  t h e  same e f f e c t  as t h a t  seen  e a r l i e r  by L u c y  and 

D l  n g l e  l l 964) .  Subsequent damage was enhanced by t o c o p h e r o l  

acetate,  however, and a l t h o u g h  L u c y  and D i n g l e  11964) 

eaphss lze  t h e  i n i t i a l  p r o t e c t i v e  e t f e c t  of  t o c o p h e r o l  

a c e t a t e  on e r y t h r o c y t e  h e r o l y s i s r  t h e y  a l s o  r e p o r t  t h a t  

l o n g e r  i n c u b a t i o n  w i t h  t o c o p h e r o l  a c e t a t e  and v i t a m i n  & 

r e s u l t e d  i n  e x t e n s i v e  t e l e a s e  o f  po tass ium and hemoglobin,  

I n c u b a t i o n  w i t h  a s c o t b a t e  r e s u l t s  i n  no s i g n i t  i c a n t  

i n c r e a s e  i n  membrane p e r m e a b i l i t y  and a l s o  no i n c r e a s e  i n  

c e l  t  s i z e  d e s p i t e  i t s  a f f e c t  i v e n e s s  i n  i n t a c t i  v a t i n g  CAPO, 

S i n c e  a s c o r b a t s  i s  n o t  l i p i d  s o l u b l e r  i t  presumably h a s  l e s s  

tendency  te i n t e r a c t  w i t h  t h e  l i p i d  p o r t i o n  o f  t h e  renbrane.  



I t  appears, t h e r e f o r e  t h a t  t h e  i n i t i a l  r a p i d  

d isappearance of GAPD a c t i v i  t y  i n  t h e  presence o f  r e t i  no1 i s 

due t o  a p e n e t r a t i o n  and  d i s o r g a n i z a t i o n  of t h e  g h o s t  c e l  l 

membrane. T h i s  p rocess  I s  n o t  sf  f e c t e d  by t h e  p resence  o r  

absence of  oxygen9 b u t  i s  r e t a r d e d  by a decrease i n  

teapera tu te ,  The subsequent  e f t e c t ~  w Pich  i s  enhanced i n  

t h e  presence o f  l O O X   oxygen^ l i k e l y  i n v o l v e s  t h e  o x i d a t i o n  

of t h e  doub le  bonds o t  t h e  t e t i n o l  ~ o l s c u l e  and  a r e s u l t a n t  

i n j u r y  t o  n e i g h b o r  lng s t r u c t u r e s  i n  t h e  membrane. Rerh rane  

p e n e t r a t  i o n  w i t h o u t  subsequent o x i d a t i o n  does n o t  have t h e  

sane e f f e c t ,  as i n d i c a t e d  b y  t h e  f a i  l u r e  o f  d - t o c o p h e r o l  t o  

i n a c t i v a t e  GAPD. A c o r p s t i s o n  o f  t h e  p r o g r e s s i v e  l o s s  of  

GAPD a c t i v i t y  ( f i g u r e  3 )  w i t h  I n c r e a s e d  membrane 

p e r a s a b i l i t y  ( f i g u r e  131  and t h e  deve lop8en t  o f  l i p i d  

p e r o x i d a t i o n  ( f i g u r e  17) i n d i c a t e s  t h a t  t h e  p a t t e r n  o f  

pe raeab i  l i t y  p a r a l l e l s  t h e  l o s s  o f  enzyme a c t i v i t y ,  B o t h  o f  

t h e s e  parameters  l e v e l  o f f  t o l l o w i n g  t h r a e  h o u r s  o f  

i n c u b a t i o n  whereas " p e r o x i d a t i o n W  c o n t i n u e s  t o  i n c r e a s e  w i t h  

f u r t h e r  i n c u b a t i o n  and shows n o  tendency  t o  l e v e l  o f f .  

G l a u e t t  et al, (1963) found membrane p e n e t r a t i  on t o  occur  

w i t h i n  seconds a f t e r  i n t r o d u c t i o n  of r e t i n o l  t o  a  suspens ion  

o f  r e d  c e l l s ,  F i s h e r  a d, (1972)  f o u n d  t h a t  oxygen up take  

i n  a c o l l o i d a l  d i s p e r s i o n  of r e t i n o l  L ncreased f o l l o w i n g  one 

m i n u t e  of i n c u b a t i o n  and t o  t e a c h  a  rax inum between two and 

f o u r  minutes, wh ich  sugges ted  t h a t  a u t o x i d a t i o n  of t h e  



r e t i n o l  m o l e c u l e  b e g i n s  i m m e d i a t e l y  f o l l o w i n g  i m p l a n t a t i o n  

i n  t h e  membrane- L i c h t i  and Lucy  11969) and Lucy  and L i c h t i  

11969) showed t h a t  r e t i n o l  behaves a s  a n  e l e c t r o n  donor  and 

w i l l  i n t e r a c t  w i t h  s e v e r a l  d i f f e r e n t  e l e c t r o n  a c c e p t o r s r  

t h e r e f o r e  i t  i s  p o s s i b l e  t h a t  it r e a c t s  w i t h  oxygen and 

i n i t i a t e s  a  r a d i c a l  c h a i n  r e a c t i o n .  Bangham s t  a l ,  ( 1964 )  

f ound  r e t i n o l  t o  i n t e r a c t  more s t r o n g l y  w i t h  l e c i t h i n  t h a n  

w i t h  c h o l e s t e r o l  i n  a o n o l a y e t s  composed of t h e s e  t w o  

substances, so i f  ox id i zed ,  t h e  r e t l n o l  a o l e c u l e  wou ld  be i n  

c l o s e  p r o x i m i t y  t o  t h e  o t h e r  l a b i l e  e l e a e n t s  o f  t h e  

membrane. I t  i s   conceivable^ t h e r e f  ore, how a  damaging f r e e  

r a d i c a l  c h a i n  r e a c t  i o n  c o u l d  b e  i n l t  i a ted .  

The l i p i d n p s r o r i d a t i o n "  u h i c h  deve lops  w i t h  r e t i n o l  

( f i g u r e  13) c o n t r a s t s  w i t h  t h e  t e s u l t s  o f  K r i s h n a m u r t h y  and 

K a r t h a  f 1973) who f o u n d  n o  p r o d u c t i o n  o f  TEA p igmen t  even 

when h e a o l y s i s  was comple te  u i t h  100 a4 v i t a m i n  A, T h i s  may 

be e x p l a i n e d  by t h e  f a c t  t h a t  t h e y  f o l l o w e d  t h e  r e a c t i o n  f o r  

o n l y  30 r i n u t e s ~  and t h a t  t h e y  used  whole r e d  c e l l s  r a t h e r  

t h a n  i s o l a t e d  g h o s t  e e l  Is, I n c u b a t i o n  o t  whole e r y t h r o c y t e s  

I w i t h  0.56 a?! r e t i n o l  i n  t h e  p r e s e n t  expe r imen t  r e s u l t e d  i n  

I 

I 
c o n s i d e r a b l y  l e s s  TBA p igment  t h a n  was t h e  case w i t h  g h o s t  

I c e l l s r  and perhaps t h i s  i s  due t o  t h e  removal o f  some 

c e l l u l a r  p r o t e c t i v e  mechanisas d u r i n g  h y p o t o n i c  t rea tmen t .  

A l t h o u g h  a  l a r g e  p r o p o r t i o n  o f  c a t a l a s e  and g l u t a t h i o n e  i s  



r e p o r t e d  t o  be r e t a i n e d  d u r i n g  h y p o t o n i c  hem01 y s i s  ( N i  s i o k a r  

196919 ghos t  c e l l s  c o n t a i n e d  o n l y  13% o t  t h e  p r o t e i n  o f  

whole e r y t h r o c y t e s ~  and it i s  h i g h l y  I i k e l j t  t h a t  a t  l e a s t  

some o f  t h e  p r o t e c t i v e  p r o t e i n s  were removed, Tha f a c t  t h a t  

t o c o p h e r o l  i n h i b i t s  t h e  a c c u m u l a t i o n  of  l i p i d  p e r o x i d e s  

sugges ts  t h a t  a t  l e a s t  one o t  i t s  e t t e c t s  on t h e  g h o s t  

membrane i s  t h a t  o f  a n  a n t i o x i d s n t .  

L i p i d  " p e r o x i d a t i o n n  i n  t h e  p resence  o t  a s c o r b a t e  

f o l f o n s  a  p a t t e r n  s i m i l a r  t o  t h e  l o s s  o f  GAPO a c t i v i t y  i n  

t h a t  t h e  v a l u e  i t  a t t a i n s  w i t h l n  t h e  f i r s t  h o u r  rema ins  

c o n s t a n t  t o r  t h e  d u r a t i c n  o f  t h e  t e s t  p e r i o d  ( t i g u r e  141, 

U n t o r t u n a t e l y r  i t  was n o t  p o s s i b l e  w i t h  t h e  a v a i l a b l e  

t e c h n i q u e s  t o  d e t e r m i n e  wh ich  o c c u r r e d  t i r s t  

c h t o n o l o g i c a l f y .  As w i t h  r e t i n o t *  0.12 a#! t o c o p h e r o l  was 

mote e f t e c t  i v e  i n  p r o t e c t i n g  a g a i n s t  GAPO damage t h a n  uas 

0.56 mH t o c o p h e r o l  ( f i g u r e  121, Nei  t h e r  c o n c e n t r a t i o n t  

however, was c a p a b l e  o f  t o t a l l y  p r e v e n t i n g  t h e  i n i t i a l  l o s s  

o f  enzyme a c t i v i t y ,  The means b y  w h i c h  a s c o r b a t e  i n i t i a t e s  

i t s  e t t e c t  on GAP0 i s  n o t  c t e a r ~  however t h e  t o l l o w i n g  

c o n c l u s i o n s  say be drawn: t i  1 a s c o r b a t e  ~ r o d u c e s  a  more 

r a p i d  i n i t i a l  e f t s c t  on t h e  enzyme GAPD t h a n  does  a n  

e q u i ~ o l a r  c o n c e n t r a t  i o n  o f  r e t  i n o l r  ( 2  1 t h i s  damage l e v e l s  

o f t  a lmos t  imaed ia t rs ly  and i s  l e s s  w i t h i n  one h a l f  h o u r  t h a n  

an  equ imo la r  c o n c e n t r a t  i o n  o t  r e t i n o l r  (31  enzyme damage 



i nduced  by a s c o r b a t e  does n o t  r e s u l t  i n  an  i n c r e a s e  i n  

membrane petmeabi l t y *  ( 4 )  l e s s  T8A pigment  i s  p roduced w i t h  

a s c o r b a t e  t h a n  w i t h  an epuimol  a r  conce r t t a t i o n  o f  t e t i  nol .  

Together  w i t h  t h e s e  d i  t f s r e n c e s ~  the  f a c t  t h a t  a s c o r b a t e  

e x e r t s  b o t h  a damaging and p r o t e c t i v e  e f  t e c t  o n  GAP0 

i n a c t i v a t i o n  s u g g e s t s  t h a t  t h e  t w o  v i t a m i n s  produce t h e i r  

e t t e c t s  by t a  two e n t i r e l y  d i f f e r e n t  mechanisms, 

The "speck l e d w  appearance o f  g h o s t s  seen under t h e  

phase c o n t r a s t  ~ i c r o s c o p e  ( P l a t e  3 )  i s  due t o  t h e  p resence  

o f  i n t r a c s i  l u l a r  H e l n z  bodies, wh ich  a r e  p r l m a r i  ly composed 

of  t h e  i n s o l u b l e  d e g r a d a t i o n  p t o d u c t s  o f  hemoglobin, H a r l e y  

and Nauer (L961f a l s o  r e p o r t  H e i n z  body  p r o d u c t i o n  i n  the 

presence o f  a s c o t b a t e r  b u t  even w i t h  e x t e n s i  ve Hei n z  body  

tormat ion,  n o t  more t h a n  10% h e r o l y s i s  was d e t e c t e d r  

a g r e e i n g  w i t h  p r e s e n t  t e s u l t s  t h a t  a s c o r b a t e  does n o t  a l t e r  

laembrans pe raeab i  l i t y .  The g r e e n i s h  c o l o r  p r e s e n t  i n  24 

h o u r s  i s  l i k e l y  due t o  such d s g t a d a t  i o n  p r o d u c t s  o f  

hemogiob in  as  c h o l e g l o b i n  and sul f h e r o g l o b i n  4 J a n d l ~  Eng le  

and A l len .  19601, 

I n   conclusion^ t h e  q u e s t i o n s  wh ich  were posed a t  t h e  

s t a r t  o f  t h i s  s t u d y  may now be p a r t i a l l y  answered a s  

f o l l o w s :  



1, R e t i n o l  i n  c o n c e n t r a t i o n s  r a n g i n g  f rom 0.28 t o  1 - 1 2  

rN has a d e s t r u c t i v e  e f f e c t  on t h e  aembrane o f  t h e  

e r y t h r o c y t e  g h o s t  wh ich  appears  t o  b e  more d e b i l i t a t i n g  t h a n  

on i n t a c t  e r y t h r o c y t e s f  p o s s i b l y  due t o  removal o f  

p h y s i o l o g i c a l  p r o t e c t i v e  a g e n t s  d u r i  ng h y p o t o n i c  h e n o l  y s i s .  

Ghosts t h u s  p r o v i d e  an e x c e l  l e n t  model f o r  s t u d y i n g  

pro-ox idant  damage t o  membranes and enzyme systems. T h e i r  

h e i g h t e n e d  s e n s i t i v i t y  and l a c k  o f  i n t r a c e l l u t a t  components 

made i t  p o s s i b l e  t o  m o n i t o r  damage caused by a  v a r i e t y  of  

s u b s t a n c e s ~  and t o  s e p a r a t e  t h e  v a r i a b  l e s  i nvo l ved .  I n  t h e  

p r e s e n t  i n v e s t i g a t i o n  r e t i n o )  p roduced s w e l l i n g  o f  t h e  

membrane and an i n c r e a s e  i n  membrane pe rneab i  l t y ,  l i p i d  

m p e r o x i d a t i  onm* and d e s t r u c t i o n  o f  p r o t e i n  components, 

These e f f e c t s  o c c u r r e d  i n  two  s e p a r a t e  stages: I l l  an 

i n i t i a l  r a p i d  e f f e c t  wh ich  was i n h i b i t e d  a t  low tempera tu res  

and d i d  n o t  i n v o l v e  oxygen* and ( 2 1  a subsequentr  s l o w e r  

e f f e c t  wh ich  was n o t  a f f e c t e d  by changes i n  t e m p e r a t u r e f  b u t  

wh ich  d i d  i n v o l v e  oxygen, 

2, Asco rba te  caused an i n a c t i v a t i o n  of membrane 

p r o t e i n  wh ich  was more i r r e d i a t e  t h a n  t h a t  caused b y  a n  

e q u i n o l a r  c o n c e n t t a t  i o n  o f  r e t  i n o l r  even though e t  f e c t  i v e  

damage was c o n s i d e r a b l y  l e s s  t o 8 l o n i n g  t h e  f i r s t  h a l t  hour 

o f  i ncuba t ion .  As n e i t h e r  decreased tempera tu re  n o r  100% 

oxygen a f f e c t e d  a s c o t b a t e - s e d i  a t  ad  damage* i t  was cone luded  



t h a t  s e p a r a t e  mechanisms a r e  i n v o l v e d  I n  t h e  membrane 

e f f e c t s  o t  a s c o t b a t s  and r s t i n o l ,  L i p i d  a p e r o x i d a t i o n n  

o c c u r r e d  o n l y  a t  h i g h  c o n c e n t r a t i o n s  o f  a s c o r b a t e  and t h e r e  

was no change i n  c e l l  s i z e  o r  aetrbtane p e r m e a b i l i t y ,  

3, A l t h o u g h  a s c o r b a t e  a t  c o n c e n t r a t i o n s  l e s s  t h a n  0.1 mH 

were p r o t e c t  i v e  a g a i n s t  r e t i  n o t - i  nduced p t o t e i  n  damage, 

h i  sher  a s c o t b a t e  c o n c e n t r a t i o n s  enhanced t h e  enzyme 

i n a c t i v a t i o n *  and a t  no  t i m s  d i d  a s c o t b a t e  i n h i b i t  l i p i d  

" p e r o x i d a t i  onn o r  a l t e r  t h e  perrreabi t t y  changes caused b y  

t e t i n o l ,  d-to cop he tot^ b u t  n o t  d - t o c c p h e r o l  a c e t a t e s  

caused 30X p r o t e c t i o n  a g a i n s t  p r o t e i n  damage and 7 0 X  

p r o t e c t i o n  a g a i n s t  I i p i d  n p e r o x i d a t i  onw caused by b o t h  

t e t i n o l  and ascorbate,  

4,  d - t o c o p h e r o l  caused sue1 t i n g  o f  t h e  g h o s t  membrane 

and an i n c r e a s e  i n  p e t r e a b i  I i t y  s i r i  l a r  t o  an  equ i  mo la r  

c o n c e n t r a t i o n  o t  r e t i n o f .  however it d i d  n o t  cause an  

i n a c t i v a t i o n  of membrane p r o t e i n ,  P e n e t r a t i o n  o f  t h e  ghos t  

membrane t h e r e f o r e  does n o t  cause s u f f i c i e n t  d i s o r d e r  i n  t h e  

membrane t o  i n a c t i  v a t e  membrane-bound enzymes. From o u r  

t e s u i t s r  t o c o p h e r o t  i s  c l e a r l y  a c t i n g  as a  p r o t e c t i v e  agent  

a g a i n s t  t h e  n o n - o x i d a t i v e  damage and a l s o  as a n  a n t i o x i d a n t ,  

The d i f f e r e n t  t i m e  s c a l e s  o f  t h e s e  t w o  e v e n t s  a c c o u n t s  t o r  

t h e  a p p a r e n t l y  c o n t r a d i c t o r y  f i n d i n g s  of v a r i o u s  w o r k e r s  
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