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ABSTRACT

R at l i v e r  m icrosom es were in c u b a te d  in  th e  p re s e n c e  o f  z in c  io n s

and th e  r a t e  o f  NADPH o x id a t io n  and r e l a t e d  m e tab o lism  o f  a n i l i n e  and

e th y lm o rp h in e  by a p p r o p r ia te  o x id a se s  w ere s tu d ie d .  A c o m p e tit iv e

m echanism o f  th e  i n h i b i t i o n  o f  NADPH o x id a t io n  by z in c  io n  was fo u n d ,

w ith  Vmax = 1 0 .3  nm oles NADPH/min/mg p r o t e i n  and = 7 .22  uM z in c .

A lthough  s p e c t r a l  a n a ly s i s  o f  NADPH in  th e  ran g e  o f  220-400 nm d id  n o t

2+show any e f f e c t  o f  z in c ,  g e l f i l t r a t i o n  in d ic a te d  b in d in g  o f  Zn to

NADPH in  th e  m o la r r a t i o  2 :1 .  The o v e r a l l  fo rm a tio n  c o n s ta n t  o f

Zn^-NADPH com plex i s  1 0 ^ '7 5 .

Z inc io n  a ls o  i n h i b i t e d  th e  a c t i v i t y  o f  two o th e r  m icrosom al

drug  o x id a s e s ,  a n i l i n e  h y d ro x y la se  and e th y lm o rp h in e -N -d e m e th y la se ; 50%

2+i n h i b i t i o n  re a c h e d  a t  60 and 55 yM Zn , r e s p e c t iv e l y .  A no ther m ic ro ­

som al enzyme, g lu c o s e -6 -p h o s p h a ta s e ,  in d e p e n d e n t o f  NADPH, was n o t 

a f f e c t e d  by z in c  io n .  The c o n te n t  and s p e c t r a l  c h a r a c t e r i s t i c s  o f  

cytochrom e P ^ q was n o t  a f f e c t e d  by z in c  io n s .

I t  i s  co n c lu d ed  t h a t  Zn^+ , by d i r e c t  b in d in g  to  th e  p h o sp h a te  

m o ie ty  o f  NADPH, i n a c t i v a t e s  t h i s  p y r id in e  n u c le o t id e  and  p re v e n ts  i t

from  f u n c t io n in g  in  th e  m icrosom al e l e c t r o n  t r a n s p o r t  sy stem . The

2+p o s s i b i l i t y  t h a t  Zn may i n t e r f e r e  w ith  o th e r  io n s  o r  enzymes in v o lv e d  

in  m icrosom al e l e c t r o n  t r a n s p o r t  can n o t be ex c lu d e d .

v i i i



CHAPTER 1

INTRODUCTION

U n sa tu ra te d  l i p i d s  in  th e  c e l l  membrane a re  a p o t e n t i a l  t h r e a t  

to  th e  i n t e g r i t y  o f  th e  c e l l  b eca u se  o f  l a b i l i t y  o f  l i p i d s  in  th e

p re s e n c e  o f  oxygen. F ree  r a d i c a l s  may be form ed in  l i p i d s  in  th e

p re s e n c e  o f  oxygen w hich r e s u l t s  in  p e r o x id a t io n  o f  th e  l i p i d s  and th e  

o r i g i n a l  l i p i d  i s  d e s tro y e d  a lo n g  w ith  th e  lo s s  o f  th e  i n t e g r i t y  o f  th e  

membrane. F a c to rs  c o n t r o l l i n g  l i p i d  p e r o x id a t io n  a re  v i ta m in  E, 

g l u t a t h i o n , and se le n iu m , w hich a re  n a t u r a l l y  o c c u r r in g  a n t io x id a n t s ,  as 

w e ll as  z in c  io n . O th e r  means o f  p re v e n t in g  l i p i d  p e r o x id a t io n  a re  

s p a t i a l  s e p a r a t io n  o f  th e  com ponents u n d e rg o in g  l i p i d  p e r o x id a t io n ,  low 

oxygen t e n s io n ,  and m e ta l c h e l a t i o n .  T h is  s tu d y  i s  co n ce rn ed  w ith  th e

e f f e c t  o f  z in c  io n s  in  h e p a t ic  l i p i d  p e r o x id a t io n .

L ip id  p e r o x id a t io n  i s  an i r r e v e r s i b l e  p ro c e s s  a s s o c ia te d  w ith  

p a th o lo g ic a l  p r o c e s s e s .  L ip id  p e r o x id a t io n  has been  i d e n t i f i e d  as a 

b a s ic  d e t e r i o r a t i v e  r e a c t io n  in  c e l l u l a r  m echanism s o f  a g in g  p ro c e s s e s  

( 1 ,2 ) ,  ca rb o n  t e t r a c h l o r i d e  p o is o n in g  ( 3 - 6 ) ,  in  a i r  p o l l u t i o n  o x id a n t 

damage to  c e l l s  ( 7 ) ,  e th a n o l  in d u c ed  l i v e r  in ju r y  ( 8 ) ,  oxygen t o x i c i t y  

(9 ) ,  and r a d i a t i o n  damage (1 0 ) .

The m echanism  o f  l i p i d  p e r o x id a t io n  has n o t  been  f u l l y  u n d e r­

s to o d  s in c e  th e r e  a re  a v a r i e t y  o f  c a t a l y s t s  and i n h i b i t o r s  p r e s e n t .  

A lso , th e  p r o f i l e  o f  u n s a tu r a te d  l i p i d s ,  c a t a l y s t s ,  and a n t io x id a n t s  i s



n o t  th e  same in  a l l  t i s s u e s  and s u b c e l l u l a r  f r a c t i o n s  o f  th e  t i s s u e .

The p ro p o sed  r e a c t io n  scheme f o r  th e  p e r o x id a t io n  o f  u n s a tu r a te d  l i p i d s  

i s  (1 1 ) :

U n sa tu ra te d  l i p i d  (R^H)

1.

2 .

+03.

+ RJH
4.

00H

O rgan ic  f r e e  r a d ic a l  
form ed by  hydrogen 
a b s t r a c t i o n  (R^•)

D iene c o n ju g a tio n

P e ro x id e  r a d i c a l  (R^OO*)

H y d roperox ide  (R^OOH)

+R^• w hich can a t t a c k  a n o th e r  u n s a tu r a te d  l i p i d

The f r e e  r a d i c a l s  shown in  s te p s  2 and 4 can r e a c t  v e ry  e n e r g e t i c a l l y .  

They can i n i t i a t e  n o n s p e c i f ic  hydrogen  a b s t r a c t io n  and chem ica l a d d i t io n  

r e a c t io n s  b ecau se  o f  t h e i r  u n p a ire d  e l e c t r o n s .  The i n i t i a t i o n  r e a c t io n  

o f  th e  above p ro c e s s  i s  th e  v a r i a b le  s te p  in  t i s s u e s .  C auses o f  th e  

a b s t r a c t io n  o f  hydrogen  from  th e  u n s a tu r a te d  l i p i d  have been  shown in  

v i t r o  to  be r e l a t e d  to  some heavy m e ta ls  and th e  m icrosom al e l e c t r o n  

t r a n s p o r t  c h a in .

The r e s e a r c h  r e p o r te d  h e re  i s  co nce rned  w ith  th e  mechanism o f  

c o n t r o l l i n g  l i p i d  p e r o x id a t io n  p a r t i c u l a r l y  by z in c  io n s ,  b u t b e fo re



3

t h i s  can be u n d e rs to o d  th e  p ro c e s s e s  o f  l i p i d  p e r o x id a t io n  m ust be 

e lu c id a te d .

M etal C a ta ly z e d  P e ro x id a t io n  o f  P ure L ip id s  

M etal c a ta ly z e d  l i p i d  p e r o x id a t io n  h as  p r im a r i ly  been  c o n s id e re d  

in  th e  d e g ra d a tio n  o f  h y d ro p e ro x id e s , b u t  r e c e n t ly  H eaton  and U ri (12) 

have shown m e ta ls  to  be a s s o c ia t e d  w ith  th e  c h a in  i n i t i a t i o n  s te p .  E v i­

dence f o r  t h i s  o b s e rv a t io n  was shown when m e ta l c h e l a to r s  were a b le  to  

s to p  th e  a u to x id a t io n  o f  t i s s u e  hom ogenates (1 3 ) . A g e n e ra l  scheme f o r  

th e  m e ta l c a ta ly z e d  p ro p a g a t io n  s te p  i s  p ro p o se d  by In g o ld  (14) a s :

R 0 -0  H + M N+ R 0° + 0 H~ + M̂ N+1^

w here M r e p r e s e n t s  th e  m e ta l.  The R 0° can th e n  a c t  a s  an i n i t i a t o r  

o f  th e  o x id a t io n  o f  l i p i d s .  Some m e ta ls  t h a t  have been  shown to  have 

t h i s  c a t a l y t i c  e f f e c t  a r e  i r o n ,  c o p p e r , c o b a l t ,  and m anganese (1 4 -1 7 ) . 

T h e re fo re ,  m e ta ls  c a ta ly z e  l i p i d  p e r o x id a t io n  in  two w ays. They can 

i n i t i a t e  th e  f i r s t  o x id a t iv e  a t t a c k  and p rom ote th e  d e g ra d a tio n  o f  

h y d ro p e ro x id e s .

C opper io n s  w ere shown to  enhance th e  a u to x id a t io n  o f  phospho­

l i p i d  em u ls io n s  (1 8 ) . J a r v i  (1 9 ,2 0 ) h a s  shown t h a t  a c o b a l to u s  c h e la te  

h as  a  s im i l a r  e f f e c t  by in c r e a s in g  l i p i d  p e r o x id a t io n .  The a d d i t io n  o f  

f e r r i c  io n s  to  i r r a d i a t e d  s u sp e n s io n s  o f  m ito c h o n d r ia  in c re a s e d  th e  p r o ­

d u c tio n  o f  hydrogen  p e ro x id e  (2 1 ) . L ip id  p e r o x id a t io n  h as  a ls o  been 

a s s o c ia t e d  w ith  o th e r  m e ta ls  such  a s  le a d  (22) , m ercury  (2 3 ) ,  S i lv e r  

(2 4 ) ,  and g o ld  (2 5 ) .



E nzym atic  L ip id  P e ro x id a t io n  

F ree  r a d i c a l  in te r m e d ia te s  have been  shown to  be form ed in  l i v e r  

m icrosom es by means o f  NADPH o x id a t io n  (2 6 ) . P f e i f e r  and McCay (26) 

have e v id e n c e  t h a t  th e  f r e e  r a d i c a l  i s  r e s p o n s ib le  f o r  th e  p e r o x id a t iv e  

c h a in  s c i s s io n  o f  u n s a tu r a te d  l i p i d s  in  th e  m icrosom al membrane.

A no th er s tu d y  by H o c h s te in  and E m s te r  (27) in d i c a te s  an NADPH-induced 

p e r o x id a t io n  o f  l i p i d s  to  be p r e s e n t  in  r a t  l i v e r  m icro so m es . The r e a c ­

t i o n  r e q u i r e s  ADP, NADPH, o r  o th e r  p y ro p h o sp h a te s  and i s  co u p led  to  th e  

NADPH o x id a se  sy stem  o f  th e  m icrosom es. S e v e ra l a u th o rs  (2 8 ,2 9 ) have 

d e s c r ib e d  an NADPH o x id a se  sy stem  o f  l i v e r  m icrosom es r e l a t e d  to  th e  d rug  

m e ta b o liz in g  sy stem .

G i l l e te * s  work (29) in d i c a t e s  t h a t  th e  d rug  m e tab o lism  o f  l i v e r  

m icrosom es i s  a s s o c ia te d  w ith  th e  e l e c t r o n  t r a n s p o r t  sy stem . He h as  

e v id en ce  t h a t  th e  d rug  s u b s t r a t e  r e a c t s  w ith  th e  o x id iz e d  form  o f  c y to ­

chrome P-450 to  form  a  com plex by NADPH cytochrom e c r e d u c ta s e  o r  

i n d i r e c t l y  by an u n id e n t i f i e d  e l e c t r o n  c a r r i e r .  The re d u c e d  cytochrom e 

P-450 com plex th e n  r e a c t s  w ith  oxygen and decom poses to  th e  o x id iz e d  

d ru g  and o x id iz e d  cytochrom e P -450 . D uring  t h i s  p r o c e s s ,  a  f r e e  r a d i c a l  

in te r m e d ia te  i s  form ed w hich can a t t a c k  th e  u n s a tu r a te d  l i p i d s  o f  th e  

m icrosom al membrane and cau se  p e r o x id a t iv e  damage c h a r a c t e r i s t i c  o f  

p a th o lo g ic a l  p r o c e s s e s .

T o x .ic i t ie s  o f  L ip id  P e ro x id e s  

A u toX id ized  f a t s  w hich c o n ta in  p e ro x id e s  a re  to x i c  (3 0 ,3 1 ) .

P u re  l i p i d  h y d ro p e ro x id e s  a re  n o t  w e ll  ab so rb ed  from  th e  g a s t r o i n t e s t i n a l  

t r a c t .  I n t r a p e r i t o n e a l  i n j e c t i o n s  o f  m ethy l o le a te  and m e th y l l i n o l e a t e



p e ro x id e s  (32) have an LD^q o f  6 and 12 mg/kg body w e ig h t ,  r e s p e c t iv e l y ,  

w h ile  200 mg/kg o f  th e  p e ro x id e s  w ere n o t  l e t h a l  i f  f e d  to  th e  an im a l.

In  v i t r o  s tu d ie s  o f  p e ro x id e s  show t h a t  p e ro x id e s  r e a c t  w ith  

p r o t e i n s ,  such  as cytochrom e c , to  make them l e s s  s o lu b le ,  and cause  a  

d e p le t io n  o f  o r  damage to  amino a c id s  such  as  h i s t i d i n e ,  s e r i n e ,  p r o ­

l i n e ,  and v a l in e  (3 3 ) . P e ro x id e s  w ere shown by W ills  (34) and Lewis and 

W ills  (35) to  o x id iz e  s u lf h y d r y l  compounds to  s u l f o n ic  a c id s  and i n a c t i ­

v a te  s u l f h y d r y l  depen d en t enzym es. L ip id  p e ro x id e s  w ere added to  low 

d e n s i ty  l i p o p r o te i n s  (3 6 ,3 7 )  w hich r e s u l t e d  in  p r o t e i n s  b e in g  d e n a tu re d . 

S im i la r ly ,  d e n a tu re d  p r o t e i n s  may be p r e s e n t  in  a r t e r o s c l e r o t i c  l e s i o n s .  

L ip id  p e r o x id a t io n  p ro d u c ts  a p p e a r to  i n t e r f e r e  w ith  th e  norm al p r o ­

c e s s e s  o f  th e  c e l l .

The amount o f  l i p i d  p e r o x id a t io n  form ed in  m ito c h o n d r ia  exposed  

to  u l t r a v i o l e t  i r r a d i a t i o n  i s  c o r r e l a t e d  to  th e  i n h i b i t i o n  o f  o x id a t iv e  

enzymes (3 8 ) . O 'M alley  e t  a l .  (39) have shown t h a t  l i p i d  p e ro x id e s  

i n h i b i t  e r y th r o c y te  a c e ty l c h o l in e s t e r a s e .  The i n h i b i t i o n  o f  s y n th e s is  

o f  a s c o r b ic  a c id  in  r a t  l i v e r  m icrosom es in c u b a te d  a e r o b i c a l l y  h as  been  

a s s o c ia t e d  w ith  th e  l i p i d  p e r o x id a t io n  r e a c t io n  (4 0 ) .

The p re s e n c e  o f  l i p i d  p e ro x id e s  in  c e r t a i n  t i s s u e s  has been co n ­

c u r r e n t  w ith  p a th o lo g ic a l  c o n d i t io n s .  L ip id  p e ro x id e s  have  been demon­

s t r a t e d  in  p a t i e n t s  w ith  throm bosed  v e in s  (41) and a t h e r s c l e r o t i c  

a o r ta s  ( 1 ) .  High serum  v a lu e s  o f  l i p i d  p e ro x id e s  have been  found in  

p a t i e n t s  w ith  h e p a t i t i s  and c i r r h o s i s  (4 2 ,4 3 ) .  In  v i ta m in  E d e f i c i e n c i e s ,  

Damm and Granados (44) found  p e ro x id e s  in  th e  brown d ep o t f a t .  L ip id
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p e ro x id e s  a p p ea r in  s k in  c o in c id e n t  w ith  th e  in fla m m a tio n  cau sed  by  

ch em ica ls  o r  i r r a d i a t i o n  (4 5 ,4 6 ) .

R a d ia tio n

R e s u lts  o f  s e v e r a l  s tu d ie s  have shown t h a t  l i p i d  p e ro x id e s  a re  

p r e s e n t  in  th e  i n i t i a l  p h a se s  o f  r a d i a t i o n  damage (4 7 -5 0 ) .  The i n i t i a l  

r e a c t io n  b ro u g h t ab o u t by th e  io n iz in g  a g e n ts  i s  p resu m ab ly  th e  p ro d u c ­

t i o n  o f  th e  f r e e  r a d i c a l s  w hich b e g in s  th e  c h a in  o f  e v e n ts  in  l i p i d  

p e r o x id a t io n .

A ging

B arb e r and B em h e in  (1) have i d e n t i f i e d  l i p i d  p e r o x id a t io n  as a 

d e t e r i o r a t i n g  e f f e c t  a s s o c ia te d  w ith  a g in g . T h is  i s  b a se d  on two id e a s .  

One i s  t h a t  c h ro m o lip id s  ( l i p o f u c h s in s ,  a g in g  p ig m e n ts , c e ro id s )  t h a t  

accu m u la te  l i n e a r l y  w ith  age r e s u l t  from  p o ly m e r iz a tio n  o f  o x id iz e d  

u n s a tu r a te d  l i p i d s  (5 1 ,5 2 ) .  The o th e r  th e o ry  i s  t h a t  en v iro n m e n ta l f a c ­

t o r s  le a d  to  th e  p ro d u c t io n  o f  f r e e  r a d i c a l s  which w i l l  c au se  o x id a t iv e  

r e a c t io n s  a lo n g  w ith  i r r e v e r s i b l e  and dam aging e f f e c t s  on th e  l i p i d s  (5 3 ) .

The a s s o c ia t io n  o f  l i p i d  p e r o x id a t io n  to  ag in g  i s  su p p o r te d  by 

H arm an 's s tu d y  (54) in  w hich th e  a d d i t io n  o f  a n t io x id a n t s  to  th e  d i e t  o f  

m ice p ro lo n g e d  th e  norm al l i f e  sp an . The ev id en ce  i s  i n d i r e c t ,  b u t as 

B a rb e r and B em heim  p o in te d  o u t (1 , p .  3 9 5 ) , " . . .  i t  i s  g e n e r a l ly  n o t  

c l e a r  w h e th e r p e r o x id a t io n  i s  th e  c a u se  o r  e f f e c t  o f  th e s e  (p a th o lo g ic a l )  

chan g es. However, s in c e  l i p i d  p e r o x id a t io n  i s  a u t o c a t a l y t i c ,  once 

s t a r t e d  i t  can compound th e  i n j u r i e s  i n i t i a t e d  by o th e r  f a c t o r s  and th u s



7

c o n t r ib u te  to  th e  o v e r a l l  p a th o lo g y . Such may be th e  r o le  o f  l i p i d  

p e r o x id a t io n  in  a g in g ."

Carbon T e t r a c h lo r id e  T o x ic i ty

The to x ic  e f f e c t  o f  ca rb o n  t e t r a c h l o r i d e  on r a t  l i v e r ,  w hich i s  

seen  as n e c r o s i s , i s  d ependen t on th e  m e tab o lism  o f  ca rb o n  t e t r a c h l o r i d e  

(5 5 ,5 6 ) .  The m e tab o lism  o f  CCl^ r e s u l t s  in  f r e e  r a d i c a l  p ro d u c ts  (4 ,5 5 ,  

5 7 -5 9 ) . The f r e e  r a d i c a l  p ro d u c ts  a t t a c k  u n s a tu r a te d  l i p i d s  in  i n t r a ­

c e l l u l a r  membranes w hich r e s u l t s  in  l i p i d  p e r o x id a t io n .  The l i p i d

p e r o x id a t io n  damage i s  b e l ie v e d  to  be th e  n e c ro g e n ic  a c t io n  o f  CC1.
4

(6 ,5 5 ,5 9 )  w hich i s  seen  in  th e  l i v e r .

The fo rm a tio n  o f  th e  f r e e  r a d i c a l s  from th e  m e tab o lism  o f  CCl^ 

i s  enzyme d ependen t and lo c a te d  in  th e  en d o p lasm ic  r e t i c u lu m  o f  th e  

l i v e r  (5 5 ,5 6 ) .  In  v i t r o  s tu d ie s  have shown t h a t  a  so u rc e  o f  NADPH i s  

n e c e s s a ry  f o r  th e  fo rm a tio n  o f  l i p i d  p e ro x id e s  in  th e  m icrosom al f r a c ­

t i o n  o f  l i v e r  hom ogenates (2 7 ,6 0 ) .  The en zy m atic  pathw ay  i s  in v o lv e d  in  

th e  NADPH-cytochrome P-450 e l e c t r o n  t r a n s p o r t  c h a in  o r  drug  o x id iz in g  

sy stem . Once th e  f r e e  r a d i c a l  in t e r m e d ia te , CCl^*, i s  form ed l i p i d  

p e r o x id a t io n  can o c c u r  by way o f  th e  en zy m atic  p ro c e s s  a s  d e s c r ib e d

e a r l i e r  in  t h i s  p a p e r ,  o r  by a n o n en zy m atic  ro u te  w hich r e q u i r e s  ADP

, „ 2+ and Fe

F a c to rs  C o n tr o l l in g  L ip id  P e ro x id a t io n  

S in c e  l i p i d  p e r o x id a t io n  i s  c o n s id e re d  to  be a d e t e r i o r a t i n g  

e v e n t in  b io l o g ic a l  sy s te m s , i t  would be advan tag eo u s to  c o n t ro l  o r  

l i m i t  th e  p r o c e s s . E x te n s iv e  s tu d ie s  have been  made on d i e t a r y
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a n t io x id a n t s  w hich a re  su g g e s te d  in  c o n t r o l l i n g  l i p i d  p e r o x id a t io n .

Some o f  th e s e  a re  v i ta m in  E, s e le n iu m , g lu t a th i o n ,  se len iu m  c o n ta in in g  

compounds, and z in c  io n s .

V itam in  E

C h ro n ic  a v i ta m in o s is  E in  many an im al s p e c ie s  i s  m a n ife s te d  as  a 

d e g e n e ra tiv e  p ro c e s s  o f  th e  m u sc le s . V itam ine  E d e f i c i e n c i e s  o f  p r e g ­

n a n t  m ice r e s u l t s  in  20% o f  th e  newborn p o s s e s s in g  n e c r o t i c  m u scles  (6 1 ) .  

R ats  on v ita m in  E d e f i c i e n t  d i e t s  dev elo p  d e g e n e ra t iv e  le s io n s  o f  th e  

myocardium and f i b r o s i s  d ev e lo p s  (6 2 ) . Dogs w hich have d eran g ed  a b s o rp ­

t i o n  o f  l i p i d  s o lu b le  v ita m in s  as a r e s u l t  o f  b i l i a r y  f i s t u l a  e x p e r ie n c e  

c h ro m o lip id  p ig m e n ta t io n  o f  m uscles  (6 3 ) . A ls o , dogs on a h ig h  p o ly ­

u n s a tu r a te d  f a t t y  a c id  d i e t  low in  v ita m in  E show l i p i d  p ig m e n ta tio n  

( l i p o f u s c h in s )  in  th e  sm a ll i n t e s t i n e s  (6 4 ) .

T hese s tu d ie s  i n d i c a t e  t h a t  th e  fu n c t io n  o f  v ita m in  E i s  to  

l i m i t  l i p i d  p e r o x id a t io n .  Gram and P o u ts  (65) in c u b a te d  r a t  l i v e r  m ic ro - 

somes w ith  an NADPH g e n e ra t in g  sy stem  and o b se rv e d  c o n s id e ra b le  l i p i d  

p e r o x id a t io n .  When th e y  added v ita m in  E to  th e  in c u b a t io n  medium, l i p i d  

p e r o x id a t io n  was a b o l is h e d .  T h is  s tu d y ,  a lo n g  w ith  num erous r e p o r t s  by 

T appel (6 6 -6 9 ) ,  in d i c a t e s  t h a t  v i ta m in  E i n h i b i t s  f a t t y  a c id  o x id a t io n  

s t im u la te d  by d i f f e r e n t  compounds.

S elen ium  and G lu ta th io n

S elen ium  h a s  been  a s s o c ia te d  w ith  p r o t e c t in g  an im a ls  a g a in s t  

l i p i d  p e r o x id a t iv e  damage in d u ced  by d i e t s  h ig h  in  u n s a tu r a te d  f a t s  (70 , 

7 1 ). S tu d ie s  by Reddy and T appe l (72) i n d i c a t e  t h a t  th e  d e t o x i f i c a t i o n



o f  d i e t a r y  p e ro x id e s  by way o f  th e  g lu t a th io n  p e ro x id a s e  system  i s  

h ig h e r  in  r a t s  su p p lem en ted  w ith  se le n iu m . F lo h e , G u n z le r , and Schock 

(73) have shown t h a t  g lu t a th io n  p e ro x id a s e  c o n ta in s  s e le n iu m . T h is  

s u p p o r ts  Reddy and T a p p e l’ s (72) work t h a t  th e  d e t o x i f i c a t i o n  o f  

p e ro x id e s  i s  depen d en t on s u f f i c i e n t  am ounts o f  se le n iu m  and g lu t a th io n  

to  a c t i v a t e  th e  g lu t a th io n  p e ro x id a s e  sy stem .

The s w e ll in g  and l y s i s  o f  m ito c h o n d r ia  h as  been  c o r r e l a t e d  to  

l i p i d  p e ro x id e s  b e in g  form ed (7 4 ) . H u n te r  e t  a l .  (74) have shown t h a t  

g lu t a th io n  s i g n i f i c a n t l y  red u ce d  th e  s w e l l in g ,  l y s i s ,  and d i s i n t e g r a t i o n  

Of i s o l a t e d  m ito c h o n d r ia .

These in  v i t r o  s tu d ie s  i n d i c a t e  t h a t  s e le n iu m  and g lu t a th io n  

red u ce  l i p i d  p e r o x id a t io n  damage by means o f  th e  g lu t a th io n  p e ro x id a s e  

sy stem . The l i p i d  p e r o x id a t io n  r a t e  i s  p ro b a b ly  n o t  b e in g  d e c re a s e d ; 

i n s t e a d ,  th e  p ro d u c ts  o f  l i p i d  p e r o x id a t io n  a re  b e in g  d e to x i f i e d  more 

r a p id ly  in  th e  p re s e n c e  o f  th e  g lu t a th io n  p e ro x id a se  sy stem  and t h e r e ­

f o r e  t i s s u e  damage does n o t  o c c u r .

Z inc Tons

Carbon t e t r a c h l o r i d e  h e p a t o to x ic i t y  h a s  been  r e l a t e d  to  th e  

enhancem ent o f  l i p i d  p e r o x id a t io n .  S e v e ra l  l a b o r a to r i e s  have shown t h a t  

th e  dam aging e f f e c t s  o f  CCl^ a re  a m e lio ra te d  by z in c  io n  s u p p le m e n ta tio n  

in  exposed  an im a ls  (7 5 -7 7 ) .

In  C h v a p i l 's  s tu d y  (7 5 ) ,  r a t s  w ere dosed  w ith  ca rb o n  t e t r a ­

c h lo r id e  so t h a t  h a l f  w ere fe d  norm al l e v e l s  o f  z in c  and th e  o th e r  h a l f  

w ere on a h ig h  z in c  d i e t .  R e s u lts  s i g n i f i c a n t l y  showed t h a t  a  p ro d u c t 

o f  l i p i d  p e r o x id a t io n ,  m a lo n a ld eh y d e , was s i g n i f i c a n t l y  d e c re a se d  in  th e
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h ig h e r  z in c  r a t s .  Lysosom al s t a b i l i t y  was s i g n i f i c a n t l y  in c re a s e d  in  

th e  h ig h  z in c  r a t s  as  m easured  by th e  amount o f  g- g1u c u ro n id a se  r e le a s e d  

from  th e  ly so so m es . C o llag en  a c c u m u la tio n  and s y n th e s is  in  th e  l i v e r ,  

w hich i s  in d i c a t i v e  o f  th e  r e p a i r  p r o c e s s ,  was s i g n i f i c a n t l y  d e c re a se d  

in  r a t s  on h ig h  z in c . T h is  s tu d y  showed t h a t  l i p i d  p e r o x id a t io n  damage 

in d u c ed  by carb o n  t e t r a c h l o r i d e  c o u ld  be red u ce d  when z in c  was a d m in is ­

te r e d  in  c o n ju n c tio n  w ith  th e  n o x io u s  a g e n t .

Mechanism o f  Z inc Io n s  C o n tr o l l in g  L ip id  P e ro x id a t io n

Z inc  io n s  have been  shown to  p re v e n t  l i p i d  p e r o x id a t io n  in _ v iv o  

and in  v i t r o  (7 8 ) .  The r e s e a r c h  p r e s e n te d  in  t h i s  p a p e r  i s  co n ce rn ed  

w ith  th e  m echanism  o f  z in c  io n s  i n h i b i t i n g  l i p i d  p e r o x id a t io n .  T h is  h as  

been  ap p ro ach ed  by th r e e  d i f f e r e n t  m eans. F i r s t ,  s in c e  an en zy m atic  

l i p i d  p e r o x id a t io n  p ro c e s s  in v o lv in g  th e  NADPH o x id a se  sy stem  e x i s t s ,  

th e  e f f e c t  o f  z in c  on t h i s  was in v e s t i g a t e d .  The o x id a t io n  o f  d rugs by 

l i v e r  m icrosom es in  th e  p re s e n c e  Of z in c  was s tu d ie d .  T h i r d ly ,  b eca u se  

th e  coenzyme NADPH i s  in vo lved : as a s u b s t r a t e  f o r  th e  above r e a c t i o n s , 

th e  e f f e c t  o f  z in c  io n s  o f  NADPH was s tu d ie d .

T hese s tu d ie s  do n o t  hope to  answ er a l l  th e  q u e s t io n s  p r e s e n te d  

by t h i s  p r o c e s s .  A n o th er means by w hich z in c  may be i n h i b i t i n g  l i p i d  

p e r o x id a t io n  t h a t  h a s  n o t been  s tu d ie d  h e re  i s  t h a t  z in c  may be i n t e r ­

f e r in g  w ith  m e ta ls  w hich can c a ta ly z e  l i p i d  p e r o x id a t io n  o r  m e ta ls  t h a t  

a re  n e c e s s a ry  f o r  th e  e l e c t r o n  t r a n s p o r t  c h a in . Z inc io n s  may a ls o  be 

b in d in g  d i r e c t l y  w ith  enzymes, o f  th e  e l e c t r o n  t r a n s p o r t  sy stem . More 

s tu d ie s  a re  n e c e s s a ry  to  f u r t h e r  e x p la in  th e  m echanism o f  th e  e f f e c t  o f  

z in c  io n s  in  h e p a t ic  l i p i d  p e r o x id a t io n .



CHAPTER 2

INHIBITION OF NADPH OXIDATION AND OXIDATIVE METABOLISM 

OF DRUGS IN LIVER MICROSOMES BY ZINC

R ecen t o b s e rv a t io n s  t h a t  z in c  i n h i b i t s  in  v i t r o - in d u c e d  l i p i d  

p e r o x id a t io n  in  l i v e r  m icrosom es (7 8 ,7 9 ) and p r o t e c t s  th e  l i v e r  a g a in s t  

th e  to x ic  e f f e c t s  o f  CCl^ (75) p o in te d  to  a p o s s ib le  e f f e c t  o f  t h i s  

m e ta l on th e  a c t i v i t y  o f  m ix e d -fu n c tio n  oxygenases in  th e  en d o p lasm ic  

r e t ic u lu m  o f  th e  l i v e r .  S e v e ra l a u th o rs  have s t r e s s e d  th e  e s s e n t i a l  

r o le  o f  NADPH as a  so u rc e  o f  e l e c t r o n s  f o r  th e  m icrosom al cytochrom e 

P-450 d ru g -m e ta b o liz in g  enzymes (2 8 ,8 0 ) .  An NADPH o x id a t io n - l in k e d  

l i p i d  p e r o x id a t io n  sy stem  h as  a l s o  been  i d e n t i f i e d  in  l i v e r  m icrosom es 

and f i r s t  d e s c r ib e d  by H o c h s te in  and E m s t e r  (2 7 ) .  I t  was a ls o  su g g e s te d  

t h a t  b o th  th e  p ro c e s s e s  o f  l i p i d  p e r o x id a t io n  and o f  d rug  o x id a t io n  

depend on th e  same e l e c t r o n  t r a n s p o r t  c h a in  (8 1 ) . S in ce  C C 1^-induced 

l i p i d  p e r o x id a t io n  i s  g e n e r a l ly  assum ed to  be i n i t i a t e d  by  th e  “CCl^ f r e e  

r a d i c a l  p ro d u ced  by th e  NADPH-dependent, cytochrom e P-450 enzyme system  

( 5 5 ,5 6 ,8 2 ) ,  th e n  i n h i b i t i o n  o f  NADPH o x id a t io n  may e x p la in  th e  d e c re a se d  

l i p i d  p e r o x id a t io n  and C C l^ -induced  h e p a t o to x ic i ty  p ro d u ced  by z in c . In  

t h i s  r e s e a r c h ,  ev id en ce  w i l l  be p r e s e n te d  t h a t  NADPH o x id a t io n  i s  

i n h i b i t e d  by z in c  and t h a t  t h i s  r e a c t io n  r e s u l t s  in  th e  i n h i b i t i o n  o f  

d rug  m etab o lism  by l i v e r  m icrosom es.

11
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R at l i v e r  m icrosom es w ere p r e p a re d  by a p ro c e d u re  d e s c r ib e d  in  

p re v io u s  p a p e rs  (7 8 ,7 9 ) and in c u b a te d  in  a medium e n r ic h e d  in  NADPH o r  

in  NAD PH-generating sy s te m s , as  g iv en  in  th e  le g en d  to  F ig . 1. The r a t e  

o f  NADPH O x id a tio n  was re c o rd e d  a t  340 nm on a Beckman A c ta  I I I  s p e c t r o ­

p h o to m e te r  a t  37° u n d e r c o n tin u o u s  slow  m a g n e tic  s t i r r i n g .  R e p e t i t iv e  

a d d i t io n  o f  z in c  i n to  th e  r e a c t io n  m ix tu re  n o t  o n ly  s low ed  down th e  r a t e  

o f  NADPH o x id a t io n  b u t ,  a t  a  c e r t a i n  c o n c e n tr a t io n  o f  z in c  in  th e  

medium, r e v e r s e d  th e  r e a c t io n  in  th e  d i r e c t i o n  o f  NADP r e d u c t io n  

(F ig . 1 ) . The f a c t  t h a t  an e x c e ss  o f  z in c  in c r e a s e s  th e  f i n a l  c o n te n t 

o f  NADPH above th e  i n i t i a l  l e v e l  o f  NADPH in d ic a te s  th e  a d d i t io n a l  re d u c ­

t i o n  o f  en d o g en o u sly  p r e s e n t  NADP in  th e  m icrosom al f r a c t i o n .  We have 

two re a so n s  to  b e l ie v e  t h a t  th e  o b se rv e d  in h i b i t i o n  o f  NADPH o x id a t io n  

by z in c  i s  r e l a t e d  to  th e  e f f e c t  o f  t h i s  io n  on some enzymes p r e s e n t  in  

th e  m icrosom al f r a c t i o n  o f  th e  l i v e r  r a t h e r  th a n  to  a d i r e c t  i n t e r a c t i o n  

o f  z in c  w ith  p y r id i n e n u c le o t id e s : 1) h e a t in g  th e  r e a c t io n  m ix tu re  a t

60° f o r  10 min a b o l is h e s  th e  changes in  NADPH c o n te n t ,  and 2) th e re  i s  

no s p e c tr o s c o p ic  e v id e n c e  on th e  i n t e r a c t i o n  o f  Zn^+ w ith  NADPH (8 3 ) .

More r ig o ro u s  t r e a tm e n t  o f  th e  e f f e c t  o f  v a r io u s  z in c  c o n c e n tra ­

t i o n s  on NADPH o x id a t io n  was c a r r i e d  o u t u n d e r  th e  c o n d i t io n s  recommended 

f o r  th e  a s s a y  o f  NADPH o x id a se  (84) and i s  p r e s e n te d  in  F ig . 2. The 

a c t i v i t y  o f  NADPH o x id a s e ,  s tu d ie d  a t  two d i f f e r e n t  c o n c e n tr a t io n s  o f  

th e  s u b s t r a t e  and m easured  as i n i t i a l  v e l o c i t i e s  d u r in g  th e  f i r s t  m inu te  

o f  th e  r a c t i o n ,  was i n h i b i t e d  by z in c .  O nly a 10 pM c o n c e n tr a t io n  o f  

z in c  i n h i b i t e d  50 p e r c e n t  o f  th e  enzyme a c t i v i t y .  Such a low



F ig . 1

LIVER MICROSOMES + NADPH GENERATING SYSTEM

0.1340

20 jumoles Zn

20 jumoles Zn

3 min.

0.0

LIVER MICROSOMES + NADPH
0.1 - r

20 nm oles Zn

10 jumoles Zn
20 jumoles Zn

3 min.

0.0 - L -

E f f e c t  o f  z in c  on th e  o x id a tio n  o f  NADPH in  r a t  l i v e r  m icrosom es. - -  A m icrosom al f r a c t io n  
was p re p a re d  and d i l u te d  in  T ris-K C l b u f f e r  (0 .0 5  M, pH 7 .4 ) to  o b ta in  1 .5  mg p r o te in /m l .
To sam ples c o n ta in in g  2 ml s u sp e n s io n , 1 ml o f  e i t h e r  0 .2  mM NADPH o r  2 mM o f  g lu co se  
6 -p h o s p h a te , 2 u n i t s  o f  g lu c o se  6 -p h o sp h a te  deh y d ro g en ase , 5 mM MgSO  ̂ and 20 mM n ic o tin a m id e  
were added and m easured a t  340 nm a t  37° u nder s t i r r i n g .  Given amounts o f  z in c  in  T ris-K C l 
b u f f e r  were added as in d ic a te d .
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F ig . 2. E f f e c t  o f  z in c  on th e  a c t i v i t y  o f  NADPH o x id a se  in  l i v e r  m ic ro -  
some s a t  low and h ig h  s u b s t r a t e  l e v e l s .  - -  Enzyme a c t i v i t y  in  
th e  m icrosom al f r a c t i o n  was a ssa y e d  a t  pH 5 .5  in  a system  co n ­
ta in in g  8 nm oles Na2HP0 4 , 54 nm oles KH2 PO4 , 1 nmole MnCl2 , 340 
nm oles su c ro s e  and 2 1 .6  o r  86 .4  nmoles NADPH in  3 ml f i n a l  
volum e. C o n tro l sam ples d id  n o t  c o n ta in  a s u b c e l l u l a r  f r a c t i o n .  
The r a t e  o f  o x id a t io n  o f  th e  red u ce d  coenzyme was scanned  a t  
340 nm.
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c o n c e n tr a t io n  o f  z in c  s u g g e s ts  a p o s s ib le  e f f e c t i v e  and s p e c i f i c  r o le  o f  

z in c  in  th e  c o n t ro l  o f  NADPH o x id a t io n  w ith in  b io l o g ic a l  s y s te m s , even 

in  v iv o .

A d d it io n a l  ev id e n c e  in d i c a t i n g  t h a t  z in c  io n s  a t  r e l a t i v e l y  low

c o n c e n tr a t io n s  i n t e r f e r e  w ith  NADPH o x id a t io n - l in k e d  r e a c t io n s  was

d e te rm in e d  by s tu d y in g  th e  m icrosom al m e tab o lism  o f  e th y Im o rp h in e . The

in c u b a t io n  p ro c e d u re  h as  p r e v io u s ly  been  d e s c r ib e d  by S ip e s  e t  a l .  (8 5 ) .

The o n ly  m o d if ic a t io n  was a f i n a l  p r o t e i n  c o n c e n tr a t io n  o f  2 mg/ml. The

d a ta  in  F ig . 3 sum m arize th e  i n h i b i t o r y  e f f e c t  o f  z in c  on m icrosom al

e th y Im o rp h in e  N -dem ethy lase  a c t i v i t y  as r e l a t e d  to  tim e . Z inc i n h i b i t e d

th e  fo rm aldehyde p ro d u ced  by th e  N- d e m e th y la tio n  o f  e th y Im o rp h in e

th ro u g h o u t an in c u b a t io n  p e r io d  o f  90 m in. S in ce  th e  r e a c t io n  was s t i l l

l i n e a r  a t  10 m in, t h i s  tim e  p o in t  was chosen  to  d e te rm in e  th e  e f f e c t  o f

v a r io u s  c o n c e n tr a t io n s  o f  z in c  io n s  on th e  m e tab o lism  o f  e th y Im o rp h in e .

The r e s u l t s  a r e  sum m arized in  F ig . 4 . I t  i s  e v id e n t  t h a t  th e  a c t i v i t y

o f  th e  N -d em eth y lase , a s  ju d g ed  from  th e  f i r s t  10 min o f  th e  r e a c t io n ,

i s  i n h i b i t e d  by z in c  in  a  c o n c e n t r a t i o n - r e la t e d  m anner. S im i la r  e x p e r i -
2 _ _ 2 _

m ents c a r r i e d  o u t w ith  v a r io u s  z in c  s a l t s  (g lu c o n a te ,  SO^ , Cl , CO  ̂ , 

and CHgCOp in d i c a te  t h a t  th e  an ion  h as  no e f f e c t  on th e  m agn itude o f  

th e  i n h i b i t i o n  ( d a ta  n o t  p r e s e n te d ) .

The e x p e r im e n ta l ev id en ce  p r e s e n te d  in  t h i s  s tu d y  c l e a r l y  i n d i ­

c a te s  t h a t ,  in  sy stem  in  v i t r o  a t  r e l a t i v e l y  lo w .c o n c e n tr a t io n s ,  z in c  , 

io n s  i n h i b i t  th e  o x id a t io n  o f  NADPH and th e  r e l a t e d  m e tab o lism  o f  d ru g s , 

as  r e p r e s e n te d  in  t h i s  s tu d y  by e th y Im o rp h in e . The m echanism  o f  z in c  

i n t e r a c t i o n s  w ith  NADPH o x id a se  i s  u n d e r in v e s t i g a t io n .  I t  i s  n o te w o rth y .
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F ig . 3. E f f e c t  o f  z in c  on th e  l i v e r  m icrosom al N -d em eth y la tio n  o f  e th y lm o rp h in e  in  v i t r o . - -  A f in a l  
volume o f  3 ml in c u b a tio n  m ix tu re  c o n ta in e d  2 mg/ml o f  m icrosom al p r o t e i n ,  10 mM e th y lm o r­
p h in e , and NADPH-generating system  (NADPH 0 .22  mM, g lu c o se  6 -p h o sp h a te  3 .3  mM, n ic o tin a m id e  
2 .0  mM, and g lu c o se  6 -p h o sp h a te  dehydrogenase  1 u n i t / 3  m l). The c o n c e n tr a t io n  o f  z in c  s u l ­
f a t e  was 70 yM. In c u b a tio n  was c a r r i e d  o u t a t  37° u nder s l i g h t  sh ak in g .
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F ig . 4. E f f e c t  o f  z in c  c o n c e n tr a t io n  on th e  l i v e r  m icrosom al
N -dem ethy lase  a c t i v i t y .  - -  For m e th o d o lo g ic a l d e t a i l s ,  see  
F ig . 3. F orm ation  o f  fo rm aldehyde (HCHO) in  c o n t ro l  sam ples 
d u r in g  a 10-min in c u b a tio n  was 4 2 .3  nm oles/m g o f  p r o te in .
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how ever, t h a t  t h i s  enzyme r e q u i r e s  Mn2+ (8 4 ) . T here  i s  a p o s s i b i l i t y

t h a t  z in c  may d is p la c e  t h i s  c a t io n  in  a m anner s im i l a r  to  t h a t  s u g g e s te d  

by B runei and C a th a la  ( 8 6 ) f o r  a l k a l in e  p h o sp h a ta se  from  b o v in e  b r a in .

In  any c a s e ,  th e  f in d in g s  in d i c a t i n g  t h a t  th e  a c t i v i t y  o f  NADPH o x id a se  

i s  s t im u la te d  by Mn and i n h i b i t e d  by z in c  d i f f e r  from  th e  o b s e rv a tio n  

made by May and McCay (8 7 ) ,  who showed t h a t  p e r o x id a t io n  o f  m icrosom al 

p h o s p h o lip id s  depen d en t on NADPH o x id a t io n  was i n h i b i t e d  by Mn2*, We 

assume t h a t  th e  d e s c r ib e d  i n h i b i t i o n  o f  NADPH o x id a t io n  by  z in c  may 

e x p la in  o u r  o b s e rv a t io n  o f  th e  i n h i b i t i o n  o f  l i p i d  p e r o x id a t io n  in  th e  

l i v e r  by z in c  (7 8 ,7 9 ) and th e  p r o te c t io n  a f fo rd e d  by z in c  a g a in s t  CCl^- 

in d u c ed  h e p a t o to x ic i ty .

14In c u b a t io n  s tu d ie s  in  v i t r o  w ith  CC1. and l i v e r  m icrosom es 

have im p l ic a te d  NADPH o x id a t io n  in  th e  m echanism o f  CCl^ a c t iv a t io n  to  an 

a c t iv e  in te r m e d ia te ,  p ro b a b ly  °CClg. By fo llo w in g  th e  c o v a le n t  b in d in g  

o f  to  ^ C C l^  to  m icrosom al p r o t e i n  as  an in d ex  o f  th e  c o n v e rs io n  o f  

"^CCl^ to  «^ C C lg , i t  was r e p o r te d  t h a t  c o v a le n t  b in d in g  was p re v e n te d  

by  e l im in a t io n  o f  NADPH from  th e  in c u b a t io n  m ix tu re  (8 8 ,8 9 ) o r  by a d d i­

t i o n  o f  th e  s p e c i f i c  a n tib o d y  o f  NADPH-cytochrome c r e d u c ta s e  (89) (NADPH 

o x id a se )  to  th e  in c u b a t io n  medium. I f  °CClg i s  r e s p o n s ib le  f o r  th e  C C l^- 

in d u ced  l i p i d  p e r o x id a t io n ,  th e n  d e c re a s in g  th e  fo rm a tio n  o f  i t  may 

red u ce  th e  p e r o x id a t io n  w hich i s  d e s t r u c t iv e  to  th e  l i v e r  c e l l s .  T h e re ­

f o r e ,  th e  f in d in g  t h a t  z in c  i n h i b i t s  NADPH o x id a se  may be th e  mechanism 

by w hich z in c  i n h i b i t s  C C l^ -in d u ced  l i p i d  p e r o x id a t io n  and th e  su b se q u en t 

l i v e r  damage.
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W hile s tu d y in g  th e  mechanism o f  Zv?+ i n h i b i t i o n  on NADPH o x id a ­

t i o n ,  th e  c o n c e n tr a t io n s  o f  a l l  r e a c t a n t s  w ere d e c re a se d  as compared to  

th e  c o n d i t io n s  o f  th e  ex p e rim en t in  F ig . 1 . (O nly th e  i n i t i a l  r a t e  o f

th e  r e a c t io n  was u sed  so t h a t  M ich ae lis -M en to n  m echanism s co u ld  be

2 +a p p l i e d . ) U nder th e s e  c o n d i t io n s , Zn i n h i b i t e d  NADPH o x id a t io n  as i s  

shown in  F ig . 1 , b u t  th e  in c r e a s e  in  a b s o rp t io n  a t  340 nm was n o t e v i ­

d e n t .  R e p e a tin g  th e  c o n d i t io n s  o f  th e s e  p re v io u s  e x p e rim e n ts  and 

sc a n n in g  th e  r e a c t io n  a t  340 nm and 600 nm showed an in c r e a s e  in  a b s o rp ­

t i o n  a t  b o th  th e s e  w av e len g th s  when 60 pm oles o f  Zn^+ w ere added to  th e  

r e a c t io n  v e s s e l .  I n c r e a s in g  th e  te m p e ra tu re  showed t h a t  t h i s  in c re a s e  

in  a b s o rp t io n  o c c u rre d  a t  s t i l l  low er l e v e l s  o f  Zn . From th e s e  new

f in d in g s ,  i t  a p p e a rs  t h a t  th e  in c r e a s e  in  a b s o rp t io n  a t  340 nm in  F ig . 1

2 +may be due to  m ic r o p r e c ip i t a t io n  a t  th e s e  h ig h  l e v e l s  o f  NADPH and Zn

F u r th e r  s tu d y  i s  c o n t in u in g  in  t h i s  a r e a  in to  th e  p o s s i b i l i t y  o f  NADPH 

2+and Zn in t e r a c t i o n s  o c c u r r in g  even  though  th e  u .v .  s p e c t r a l  a n a ly s i s  

w hich i s  m en tio n ed  in  t h i s  c h a p te r  shows no p e r t u r b a t i o n s .



CHAPTER 3

INHIBITION OF NADPH OXIDATION AND RELATED DRUG 

OXIDATION IN LIVER MICROSOMES BY ZINC

In  a r e c e n t  s tu d y ,  i t  was shown t h a t  th e  a d m in is t r a t io n  o f  Zn^+

to  r a t s  p r o te c te d  th e  l i v e r  from  C C l^ -induced  h e p a t o to x ic i ty  (7 5 ) . The

d a ta  in d i c a te d  a d e c re a se  in  th e  p e r o x id a t io n  o f  u n s a tu r a te d  f a t t y  a c id s ,

s in c e  th e  r a t e  o f  m a lo n d ia ld eh y d e  fo rm a tio n  was s i g n i f i c a n t l y  s lo w er in

2+l i v e r  m icrosom es from  Zn - t r e a t e d  a n im a ls . I t  i s  g e n e r a l ly  assumed

t h a t  CCl^ i n i t i a t e s  l i p i d  p e r o x id a t io n  a f t e r  i t  i s  c o n v e r te d  to  a t r i -

c h lo ro m e th y l f r e e  r a d i c a l  (-C C l^) by m icrosom al d ru g -m e ta b o liz in g

enzymes and t h a t  -CCl^ i s  th e  a c tu a l  h e p a to to x ic  s p e c ie s  ( 5 ,9 0 ) .  Two

2 +p o s s ib le  mechanism s co u ld  e x p la in  th e s e  f in d in g s :  1) t h a t  Zn was

p re v e n t in g  th e  m icrosom al c o n v e rs io n  o f  CCl^ to  •C C l^, a n d /o r  2) t h a t  

Zn^+ was i n t e r a c t i n g  w ith  th e  p o ly u n s a tu r a te d  f a t t y  a c id s  o f  th e  biomem­

b ra n e s ,  th u s  r e n d e r in g  them r e s i s t a n t  to  p e r o x id a t iv e  d e t e r i o r a t i o n .

In  t h i s  c h a p te r  we e x p lo re  th e  f i r s t  h y p o th e s i s ,  nam ely , t h a t  

z in c  i n t e r f e r e s  w ith  m ix e d -fu n c tio n  o x id a se s  r e s id i n g  in  smooth endo­

p la sm ic  r e t ic u lu m  o f  l i v e r  m icrosom es. I t  h as  been w e ll  e s ta b l i s h e d  

t h a t  th e  m ix e d -fu n c tio n  o x id a t io n  consumes e q u a l am ounts o f  NADPH, oxy­

gen , and d rug  as a s u b s t r a t e .  T hus, th e  i n i t i a l  s te p  in  l i v e r  m icrosom al 

e l e c t r o n  t r a n s p o r t  in v o lv e s  t r a n s f e r  o f  e l e c t r o n s  from  NADPH to  red u ce  

th e  o x id iz e d  heme P - 4 5 0 - s u b s tr a te  com plex by way o f  NADPH-cytochrome-c

20
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r e d u c ta s e .  The red u ce d  cytochrom e P-450 s u b s t r a t e  com plex th e n  r e a c t s  

w ith  m o le c u la r  oxygen to  form  th e  o x y g en a ted  com plex (2 9 ) .  The o x id a ­

t i o n  o f  NADPH in  th e  i n i t i a t i o n  o f  m icrosom al e l e c t r o n  t r a n s p o r t  

r e s u l t i n g  in  o x id a t io n  o f  a d rug  was assum ed to  be th e  l i k e l y  t a r g e t  f o r  

z in c  e f f e c t .  The p r e l im in a r y  r e p o r t  i n d i c a t i n g  such  an e f f e c t  has  

a l r e a d y  been  p u b l is h e d  (9 1 ) .

. The m icrosom es w i l l  a l s o  c a ta ly z e  an NADPH-dependent p e r o x id a t io n  

o f  endogenous l i p i d  (2 6 ) .  T h is  r e a c t io n  in v o lv e s  th e  t r a n s i e n t  fo rm a­

t i o n  o f  l i p i d  p e r o x id e s ,  le a d in g  to  d e t e r i o r a t i o n  o f  p o ly u n s a tu r a te d  

f a t t y  a c id s  an d  p ro d u c in g  a v a r i e t y  o f  d e g ra d a tio n  p r o d u c ts ,  in c lu d in g  

m a lo n d ia ld e h y d e . Assum ing t h a t  z in c  i n h i b i t s  m icrosom al NADPH o x id a t io n  

(9 1 ) , we su g g e s t t h a t  by t h i s  m echanism b o th  o x id a t io n  o f  d ru g s  and 

NADPH-oxidation d ep en d en t l i p i d  p e r o x id a t io n  in  th e  en d o p lasm ic  r e t ic u lu m  

sh o u ld  be i n h i b i t e d .  The e x p e r im e n ta l d a ta  s u p p o r t in g  th e  view  t h a t  

z in c  io n s  i n h i b i t  en zy m atic  l i p i d  p e r o x id a t io n  w ere p u b l i s h e d  

e lse w h e re  (79) .

M ethods

A ll e x p e rim e n ts  r e p o r te d  in  t h i s  s tu d y  w ere p e rfo rm e d  w ith  m ic ro ­

somes i s o l a t e d  from  a d u l t  Sprague-D aw ley  r a t s  o f  b o th  s e x e s .  A f te r  

e x s a n g u in a tio n  o f  th e  a n im a l, th e  l i v e r  was th o ro u g h ly  p e r fu s e d  w ith  a t  

l e a s t  2 0  ml o f  i c e - c o ld  s a l i n e  th ro u g h  e i t h e r  th e  p o r t a l  v e in  o r  th e  

i n f e r i o r  ven a  cava .

L iv e r  was hom ogenized in  p h o sp h a te  b u f f e r  (0 .0 1  M, pH 7 .0 )  o r  

T ris-K C l b u f f e r  (0 .0 5  M T r i s  HC1 and 0 .1 5 3  M KC1 b u f f e r ,  pH 7 .4 )  and i s  

d e s c r ib e d  f o r  each  s tu d y . T ris-K C l b u f f e r  had  a te n d e n c y  to  d e c re a se
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enzyme a c t i v i t y  as  com pared to  p h o sp h a te  b u f f e r  b u t p h o sp h a te  b u f f e r  

2+p r e c i p i t a t e d  Zn a t  h ig h e r  l e v e l s  so t h a t  th e  b u f f e r  was chosen 

a c c o rd in g  to  th e  p a ra m e te r  b e in g  s tu d ie d .  H om ogenization  was p e rfo rm ed  

in  an a l l - g l a s s  hom ogen izer and m icrosom es w ere i s o l a t e d  from  th e  s u p e r ­

n a ta n t  o f  15 ,000  g c e n t r i f u g e d  f o r  2 0  min as d e s c r ib e d  in  a  p re v io u s  

p a p e r  (9 2 ) .

In  e x p e rim e n ts  w ith  d ia ly z e d  m icrosom es, an a l iq u o t  o f  m ic ro ­

somal f r a c t i o n  hom ogenized in  0 .01  M p h o sp h a te  b u f f e r ,  pH 7 .0 ,  was 

d ia ly z e d  f o r  2 h r  a t  4° a g a in s t  5 mM EDTA, 1 mM 1 ,1 0 -phenan  t h r o l i n e ,  pH 

7 .0 ,  and th e n  a g a in s t  0 .0 1  M p h o sp h a te  b u f f e r  f o r  24 h r .  The pH o f  th e  

m icrosom al f r a c t i o n  a f t e r  d i a l y s i s  was a d ju s te d  to  pH 7 .0 .

NADPH O x id a tio n

The r a t e  o f  NADPH o x id a t io n  was re c o rd e d  a t  340 nm a t  32° on a 

Beckman A c ta  I I I  sp e c tro p h o to m e te r  in  q u a r tz  c u v e t t e s . The r e a c t io n  

v e s s e l  c o n ta in e d  141 .7  mM su c ro s e  and 96 yM NADPH (Sigma) in  e i t h e r  

T ris-K C l o r  p h o sp h a te  b u f f e r .  Enzyme a c t i v i t y  was i n i t i a t e d  by ad d ing  

1-6  mg o f  m icrosom al p r o t e i n  in  a f i n a l  volume o f  3 m l. MnClg, MgCl^, 

o r  ZnClg was added as in d i c a te d  in  R e s u l ts  o f  t h i s  c h a p te r .  The i n i t i a l  

v e l o c i ty  o f  th e  o x id a t io n  was o b ta in e d  in  min 1 o f  th e  r e a c t io n ,  s in c e  

th e  r a t e  te n d e d  to  d e c re a se  w ith  tim e .

M icrosom al Drug O x id ases

The m icrosom al f r a c t i o n  f o r  th e  d e te rm in a tio n  o f  m icrosom al 

d ru g -m e ta b o liz in g  a c t i v i t y  and g lu c o se  6 -p h o sp h a ta se - a c t i v i t y  was p r e ­

p a re d  a s  fo l lo w s : l i v e r s  w ere p e r fu s e d  in  v i t r o  a s  d e s c r ib e d .
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hom ogenized in  1 :3  (w /v) o f  T ris-K C l b u f f e r  (50 mM T ris-H C 1-154  mM KC1 , 

pH 7 .4 ) ,  and th e  hom ogenate was c e n t r i f u g e d  a t  15 ,000  g f o r  20 m in. The 

r e s u l t i n g  s u p e rn a ta n t  was th e n  c e n t r i f u g e d  a t  105,000 g f o r  60 min to  

o b ta in  th e  m icrosom al p e l l e t .  T h is  p e l l e t  was g e n t ly  rehom ogenized  in  

1 .5  v o l o f  th e  same b u f f e r .  A ll th e  above o p e r a t io n s  w ere c a r r i e d  o u t 

a t  2 ° . The p r o t e i n  c o n te n t  o f  th e  m icrosom al s u sp e n s io n  was d e te rm in e d  

by th e  m ethod o f  Lowry e t  a l .  (9 3 ) .

The m icrosom al m e tab o lism  o f  e th y lm o rp h in e  and a n i l i n e  was d e t e r ­

m ined in  3 . 0-ml m ix tu re  c o n s i s t i n g  o f :  5 mM MgClg, 12 mM g lu c o se

6 -p h o s p h a te ,  1 u n i t  o f  g lu c o se  6 -p h o sp h a te  d ehyd rogenase  (S ig m a), 0 .3 3  

mM NADP, 50 mM T ris-K C l b u f f e r  (pH 7 .4 ) ,  6  mg o f  m icrosom al p r o t e i n , and 

10 mM e th y lm o rp h in e  o r  1 mM a n i l i n e .  The m ix tu re  was in c u b a te d  a t  37° 

f o r  10  min w ith  sh a k in g , a f t e r  w hich th e  r e a c t io n s  were te rm in a te d  w ith  

1 ml o f  15% ZnSO^ (e th y lm o rp h in e )  o r  w ith  0 .8  g NaCl and 25 ml e th e r  

( a n i l i n e ) . The d eg ree  o f  N -d e m e th y la tio n  was e s t im a te d  by m easu rin g  th e  

amount o f  fo rm aldehyde  form ed a c c o rd in g  to  th e  m ethod o f  Nash (9 4 ) . 

A n il in e  h y d ro x y la s e  was a ssa y e d  a c c o rd in g  to  S m uckler, A rrh e n iu s ,  and 

H u lt in  (9 5 ) .

2+In  o r d e r  to  in s u r e  t h a t  Zn was n o t  s e l e c t i v e l y  p r e c i p i t a t i n g  

th e  m icrosom al enzym es, th e  a c t i v i t y  o f  m icrosom al g lu c o se  6 -p h o sp h a ta se  

was d e te rm in e d  by in c u b a t in g  8 ym oles g lu c o se  6 -p h o sp h a te  w ith  1 mg o f  

m icrosom al p r o t e i n  in  0 .2  ml o f  50 ml T ris-K C l b u f f e r  (pH 7 .4 ) .  The 

p ro c e d u re  em ployed was e s s e n t i a l l y  t h a t  d e s c r ib e d  by H a rp e r  (96) w ith  a  . 

m icrosom al s u sp e n s io n  b e in g  s u b s t i t u t e d  f o r  f i l t e r e d  l i v e r  hom ogenate.



24

The p h o sp h a te  c o n te n t  was d e te rm in e d  by th e  c o lo r im e t r i c  m ethod o f  F isk e  

and Subbarow (97) u t i l i z i n g  th e  F is h e r  Gram-Pac (A 0974).

Cytochrom e P-450

Cytochrom e P-450 was d e te rm in e d  s p e c t r o p h o to m e t r ic a l ly  ( 9 5 ) and 

c a l c u la te d  u s in g  th e  e x t in c t i o n  c o e f f i c i e n t  o f  91 mM  ̂ cm- '*" (9 8 ).

M etal A n a ly s is

T h is  a n a ly s i s  was done on an a tom ic  a b s o rp t io n  s p e c tro p h o to m e te r ,  

P e rk in  Elm er model 305, a f t e r  d ig e s t in g  th e  l i v e r  sam ple i n i t i a l l y  w ith  

c o n c e n tr a te d  n i t r i c  a c id  fo llo w e d  by d ig e s t io n  in  e q u a l p a r t s  o f  n i t r i c  

a c id  and 30% hydrogen  p e ro x id e . The d ig e s t  was e v a p o ra te d  to  d ry n e s s ,  

th e  r e s id u e  was d i l u t e d  in  d e io n iz e d  d i s t i l l e d  w a te r ,  and a p p ro p r ia te  

a l i q u o t s  w ere ta k e n  f o r  th e  a n a ly s i s  o f  z in c ,  i r o n ,  m anganese, and 

magnesium.

R e s u lts

A l i n e a r  r e l a t i o n  was found betw een  th e  r a t e  o f  fo rm a tio n  o f  

NADP and th e  p r o t e i n  c o n te n t  o f  l i v e r  m icrosom es w ith in  th e  c o n c e n tr a t io n  

o f  1-6  mg p r o te i n s  in  3 ml medium. F u r th e r  work r e p o r te d  was c a r r i e d  on 

w ith in  t h i s  c o n c e n tr a t io n  ran g e  o f  m icrosom al f r a c t i o n .

E f f e c t  o f  Z inc  on NADPH O x id a tio n

T h is  e f f e c t  was s tu d ie d  in  a m icrosom al f r a c t i o n  o f  th e  l i v e r  a t  

v a r io u s  c o n c e n tr a t io n s  o f  z in c  and a t  7 .2 ,  1 4 .4 , and 2 8 .8  mM NADPH added 

to  th e  m icrosom es, su spended  in  0 .0 4  M p h o sp h a te  b u f f e r .  The r a t e  o f  

NADP fo rm a tio n  in  th e  sy stem  was r e l a t e d  to  th e  amount o f  NADPH added.
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At any c o n c e n tr a t io n  o f  NADPH i t s  o x id a t io n  was i n h i b i t e d  by z in c  in  a 

c o n c e n t r a t i o n - r e la t e d  m anner. The IT v a lu e  o f  t h i s  r e a c t io n  was 6 .4 5  mM
a

NADPH. These d a ta  p r e s e n te d  in  L inew eaver-B urk  d o u b le - r e c ip r o c a l  p l o t s

2+(F ig . 5) show a c o m p e ti t iv e  m echanism f o r  Zn i n h i b i t i o n .  W ith a 1 /V

i n t e r c e p t  o f  0 .0 9 7 , th e  Vmay f o r  th e  r e a c t io n  was 1 0 .3  nm oles NADP/min/mg
2 +

o f  p r o t e i n s .  The IC was c a l c u la t e d  to  be 7 .2 2  yM Zn .

T here a r e  s e v e r a l  p o s s ib le  mechanism s by  w hich Zn^+ co u ld

i n h i b i t  NADPH o x id a t io n .  D ir e c t  i n t e r a c t i o n  w ith  NADPH may r e n d e r  t h i s

p y r id in e  n u c le o t id e  more r e s i s t a n t  to  o x id a t io n .  .A no ther p o s s i b i l i t y  i s

2+th e  i n t e r f e r e n c e  o f  Zn w ith  c e r t a in  m e ta ls  in v o lv e d  in  th e  m icrosom al

e l e c t r o n  t r a n s p o r t  sy stem . F in a l ly ,  th e  i n h i b i t i o n  o f  NADPH o x id a t io n  
2+

by Zn may r e f l e c t  th e  i n t e r f e r e n c e  o f  t h i s  m e ta l w ith  enzymes a t  any 

s te p  o f  th e  m icrosom al e l e c t r o n  t r a n s p o r t  c h a in . In  th e  n e x t s e c t io n ,  

th e  r e s u l t s  r e f e r r i n g  to  th e  l a s t  two m en tio n ed  h y p o th e se s  w i l l  be p r e ­

s e n te d . The f i r s t  h y p o th e s is  i s  u n d e r i n v e s t i g a t io n .

2+I n t e r a c t i o n  o f  Zn w ith  O th e r M eta ls

We t e s t e d  th e  p o s s i b i l i t y  t h a t  z in c  d is p la c e s  some m e ta ls

in v o lv e d  in  th e  m icrosom al e l e c t r o n  t r a n s p o r t  sy stem . I t  was shown t h a t

th e  g r a n u la r  f r a c t i o n  o f  p o ly m o rp h o n u c lea r  le u c o c y te s  (8 4 ,9 9 ) and

m acrophages (1 00 ,101 ) c o n ta in s  an NADPH o x id a se  w hich i s  s t r o n g ly  a c t i -  

2 +v a te d  by  Mn io n s  (9 9 ,1 0 1 ) .  In  a r e c e n t  p a p e r ,  i t  was r e p o r te d  t h a t  

2 *$*Zn i n h i b i t e d  NADPH o x id a se  from  pu lm onary  a lv e o la r  m acrophages in  a 

c o m p e tit iv e  m anner (1 0 1 ). In  l i v e r  m icrosom es, i t  i s  th e  a c t i v i t y  o f  

cytochrom e c r e d u c ta s e  w hich fu n c t io n s  as  NADPH o x id a s e .
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F ig . 5. L inew eaver-B urk  cu rve  o f  1 / s u b s t r a t e  vs 1 /v e lo c i t y  b ased  on th e  
i n i t i a l  r a t e  o f  enzyme a c t i v i t y  a t  fo u r  d i f f e r e n t  Zn^+ 
c o n c e n t r a t io n s .  - -  NADPH o x id a t io n  was m easured  a t  340 nm in  a 
c u v e t te  c o n ta in in g  22 .5  mM KH2 PO4 , 13 .3  mM Na2HP0 4 , 141.7 mM 
s u c ro s e ,  and th e  amounts o f  NADPH and Zn2+ g iv e n  in  th e  f i g u r e ; 
2 . 0  mg o f  m icrosom al p r o te in s  w ere added to  i n i t i a t e  th e  r e a c ­
t io n  a t  32°. The 1/Vmax v a lu e  i s  0 .097  (nmole NADPH/min/mg o f  
p r o t e i n ) ”1 . The 1/KS v a lu e  i s  0 .155  (mM NADPH)"1 .
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2 +The s tu d ie s  on th e  r o l e  o f  Mn in  m icrosom al NADPH o x id a t io n  

were done w ith  a m icrosom al f r a c t i o n  d ia ly z e d  f o r  2 h r  a g a in s t  1 mM, 

1 ,1 0 -p h e n a n th ro l in e  and 5 mM EDTA a t  pH 7 .0  and th e n  f o r  a n o th e r  24 h r  

a t  4° a g a in s t  0 .0 1  mM p h o sp h a te  b u f f e r ,  pH 7 .0 . The change in  th e  con­

t e n t  o f  z in c ,  i r o n ,  magnesium , and m anganese in  m icrosom al f r a c t i o n  due 

to  d i a l y s i s  i s  shown in  T ab le  1. O nly a m inim al amount o f  i r o n  ( l e s s  

th a n  9 p e r c e n t  o f  t o t a l  i r o n )  was removed by d i a l y s i s .  A f te r  th e  seco n d  

d i a l y s i s ,  th e  c o n te n t  o f  Mn^+ d e c re a se d  from  th e  o r i g i n a l  3 .2  to  1 .6  y g /g

o f  m icrosom al p r o t e i n .  T hus, o n ly  50 p e r c e n t  o f  m anganese was removed

2+by d i a l y s i s .  F u r th e r  a d d i t io n  o f  Mn . up to  0 .4 3  mM f i n a l  c o n c e n tr a t io n

r e s u l t e d  in  a l i n e a r  in c r e a s e  o f  th e  r a t e  o f  NADPH o x id a t io n  (T ab le  2 ) .

2+No e f f e c t  o f  added Mg w ith in  th e  same c o n c e n tr a t io n  ra n g e  was o b se rv e d . 

S u r p r i s in g ly ,  a d d i t io n  o f  sm a ll am ounts o f  Zn (up to  5 yM f i n a l  co n ­

c e n t r a t i o n )  to  th e  E D T A -treated  and e x t e n s iv e ly  d ia ly z e d  m icrosom al

f r a c t i o n  s t im u la te d  th e  o x id a t io n  o f  NADPH (F ig . 6 ) .  W ith in  a range  o f

2+c o n c e n tr a t io n s  o f  5-30  yM Zn , an i n h i b i t i o n  o f  NADPH o x id a t io n  was

found  in  two in d e p e n d e n t e x p e r im e n ts . The p e r t i n e n t  d a ta  from o u r

ex p e rim en ts  a r e  shown in  F ig . 6 .

The d i f f e r i n g  e f f e c t  o f  in c r e a s in g  c o n c e n tr a t io n s  o f  z in c  io n s

on NADPH o x id a t io n  in  n o n d ia ly z e d  and d ia ly z e d  m icrosom es (F ig . 6 ) was

s u g g e s tiv e  o f  p o s s ib le  i n t e r a c t i o n  betw een  Zn^+ and Mn^+ . F u r th e r

a n a ly s i s  o f  t h i s  e f f e c t  in d ic a te d  r a t h e r  com plex r e l a t i o n s  betw een b o th

m e ta ls .  T ab le  3 r e p r e s e n t s  th e  r e s u l t s  o f  one ty p i c a l  e x p e rim e n t, w hich

h as been re p ro d u c e d  in  th r e e  s im i la r  e x p e r im e n ts . The d a t a  show t h a t  
2 +

in c r e a s in g  Zn c o n c e n tr a t io n  in  a d ia ly z e d  sam ple from  3 .3  to  13 .3  yM



T ab le  1 . C o n te n t o f  some m e ta ls  in  i n t a c t  and 
CaNa^EDTA d ia ly z e d  r a t  l i v e r  
m icrosom es. a

Me2+ (y g /g  p r o te i n )

Sample Fe Zn Mn Mg

M icrosom es
N o n d ia ly zed 878 95 3 .2 452
D ia ly z e d 800 63 1 . 6 167

% D ia ly z e d  o u t 9 30 50 63

L iv e r  m icrosom es (250 mg p r o te i n )  were 
d ia ly z e d  f o r  2 h r  a g a in s t  5 mM EDTA and 1 mM 
p h e n a n th r o l in e , pH 7 .0 ,  a t  4° and th e n  0 .0 1  M 
PO4  b u f f e r ,  pH 7 .0 ,  f o r  24 h r  a t  4 ° . M etal 
c o n te n t  was d e te rm in e d  by a to m ic  a b s o r p t io n .  
D ata a re  p r e s e n te d /g  p r o t e i n  o f  m icrosom al 
f r a c t i o n .

T ab le  2 . R ate o f  o x id a t io n  o f  NADPH in  E D T A -treated
and d ia ly z e d  l i v e r  m icrosom es in  th e  p re s e n c e  
o f  v a r io u s  d iv a le n t  c a t i o n s . a

Mn + o r  Mg 2+ (nm oles/m in/m g p r o t e i n )
concn Zn concn 7 ?+ \ .
(mM) (pm) Mn Mg Zn

0 . 0 . 0 29 29 1 9 .7
0 . 1 0 3 .3 3 50 29 37 .5
0 .3 3 1 0 . 0 0 157 30 24 .0
0 .4 3 13 .33 169 29 20 .5

a L iv e r  m icrosom es w ere d ia ly z e d  as i s  d e s c r ib e d  in  
M ethods. NADPH o x id a t io n  was i n i t i a t e d  by 2 .0  mg o f  
m icrosom al p r o te i n s  b e in g  added to  a  c u v e t te  co n ­
ta in in g  22 .5  mM KH2 PO4 , 1 3 .3  mM Na2HP0 4 , 1 4 1 .7  mM 
s u c ro s e ,  96 yM NADPH and th e  above m e ta ls  a t  3 2°. The 
pH v a lu e  o f  th e  in c u b a t io n  medium was 7 .4 . I n d ic a te d  
m e ta l c o n c e n tr a t io n  r e f e r s  to  exogenous amount o f  
s in g le  m e ta l added to  th e  m icrosom al sam ple.
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F ig . 6 . E f f e c t  o f  Zn^+ a d d i t io n s  on d ia ly z e d  and n o n d ia ly z e d  l i v e r
m icrosom al f r a c t i o n s  in  p h o sp h a te  b u f f e r .  - -  NADPH o x id a t io n  was 
i n i t i a t e d  by 1 .5  mg p r o te i n  o f  m icrosom al p r e p a r a t io n  b e in g  
added to  a c u v e t te  c o n ta in in g  22 .5  mM KH2 PO4 , 1 3 .3  mM Na2HP0 4 , 
141 .7  mM s u c ro s e ,  96 viM NADPH, and th e  g iv en  c o n c e n tr a t io n s  o f  
Zn2+. The n o n d ia ly z e d  l i v e r  m icrosom es c o n ta in e d  3 .5  yg Z n^V g 
p r o te i n  and th e  d ia ly z e d  sam ple c o n ta in e d  2 .5  yg Zn^+/g  p r o t e i n  
as d e te rm in e d  by atom ic  a b s o rp t io n .
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2+w ith o u t exogenous Mn r e s u l t e d  i n  i n h i b i t i o n  o f  NADPH o x id a t io n .  When 

2+0 .1  mM Mn was added , th e  e f f e c t  was j u s t  th e  o p p o s i te ;  n e v e r th e le s s ,

2+a t  0 .3  mM Mn , th e  o x id a t io n  o f  NADPH was a g a in  i n h i b i t e d  w ith  
2+

in c r e a s in g  Zn . The a n a ly s i s  o f  th e  k i n e t i c  d a ta  s u g g e s ts  t h a t  th e  

mechanism  in v o lv in g  v a r io u s  m e ta l io n s  in  NADPH o x id a t io n  i s  to o  com plex 

f o r  r ig o ro u s  t r e a tm e n t  a t  th e  p r e s e n t  tim e .

T ab le  3. R ate  o f  o x id a t io n  o f  NADPH in  d ia ly z e d  
m icrosom es a t  v a r io u s  c o n c e n tr a t io n s  o f  
Zn2+ o r  Mn2+. a

NADP (nm oles/m in/m g p r o te in )

Zn2+
(VM)

Mn2+ (mM)

0 0 . 1 0 . 2 0 .3

0 . 0 19 .7 2 0 . 8 35 .1 26 .3
3 .3 3 3 7 .5 17 .5  • 34 .0 59 .2

1 0 . 0 0 2 4 .0 28 .5 35 .1 24 .1
13.33 2 0 .5 4 2 .8 25 .6 15 .4

M icrosom al f r a c t i o n  was d ia ly z e d  a s  d e s c r ib e d  in  
M ethods. NADPH o x id a t io n  was m easured  in  a c u v e t te  
c o n ta in in g  2 2 .5  mM KH2 PO4 , 1 3 .3  mM NazHPO^, 1 4 1 .7  mM 
s u c ro s e ,  96 pM NADPH, th e  above am ounts o f  m e ta ls  
and 1 - 6  mg o f  m icrosom al p r o t e i n s ,  i n i t i a t i n g  th e  
r e a c t io n  a t  3 2 ° . The pH v a lu e  o f  th e  medium was 7 .4 . 
The in d ic a te d  c o n c e n tr a t io n s  o f  in d iv id u a l  m e ta ls  
r e f e r  to  am ounts added to  th e  sam ple in  e x c e s s  o f  
t h e i r  c o n te n t  l e f t  a f t e r  d i a l y s i s .  The o x id a t io n  
r a t e  was b ased  on min 1 o f  th e  r e a c t io n .

E f f e c t  o f  Z inc on Some Enzymes o f  
M icrosom al E le c tro n  T ra n s p o r t

To t e s t  th e  h y p o th e s is  t h a t  z in c  i n t e r a c t s  d i r e c t l y  w ith  some

enzyme com ponents o f  l i v e r  m icrosom al e l e c t r o n  t r a n s p o r t ,  we s tu d ie d  th e
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e f f e c t  o f  t h i s  m e ta l c a t io n  on cytochrom e P-450. S u p p lem en ta tio n  o f  
o+

Zn a t  two d i f f e r e n t  c o n c e n tr a t io n s  (1 and 100 yM) to  i s o l a t e d  m ic ro ­

som al f r a c t i o n  in c u b a te d  u n d e r s l i g h t  sh a k in g  in  T ris -K C l b u f f e r  f o r  10 

o r  40 min a t  25° d id  n o t  r e s u l t  in  any change o f  s p e c t r a l  c h a r a c t e r i s t i c s  

o f  cytochrom e P -450 . The c h a r a c t e r i s t i c  maximum a t  450 nm as  w e ll a s  

th e  s h o u ld e r  a t  420 nm was i d e n t i c a l  in  a l l  sam ples a n a ly z e d .

E f f e c t  o f  Z inc on th e  A c t i v i t y  o f  Some 
O x id ases  in  L iv e r  M icrosom es

I n h i b i t i o n  o f  NADPH o x id a t io n  in  l i v e r  m icrosom es by z in c , as

docum ented ab o v e , sh o u ld  r e s u l t  in  i n h i b i t i o n  o f  d ru g  o x id a t io n .  To

e x p e r im e n ta l ly  v e r i f y  t h i s  s ta te m e n t ,  we s tu d ie d  th e  e f f e c t  in_ v i t r o  o f  

2 +Zn in  a f i n a l  c o n c e n tr a t io n  o f  5-150 yM on th e  NADPH-dependent m ic ro ­

som al o x id a t io n  o f  a n i l i n e  and N -d e m e th y la tio n  o f  e th y lm o rp h in e . The 

d a ta  in  F ig . 7 i n d i c a t e  th e  i n h i b i t i o n  o f  a n i l i n e  h y d ro x y la se  a c t i v i t y  

by z in c ,  50 p e r c e n t  i n h i b i t i o n  b e in g  o b ta in e d  a t  60-70  yM z in c  concen ­

t r a t i o n s .  These d a ta  a re  s im i l a r  to  th e  p r e v io u s ly  p u b l i s h e d  d a ta  f o r  

e th y lm o rp h in e  N -d e m e th y la tio n  (9 1 ) . Under s im i la r  e x p e r im e n ta l c o n d i­

t i o n s ,  th e  a c t i v i t y  o f  g lu c o se  6 -p h o s p h a ta s e ,  an enzyme in d e p e n d e n t o f

2+NADPH o x id a t io n ,  was n o t  a f f e c t e d  by th e  p re s e n c e  o f  Zn (F ig . 7 ) .

F ig u re  8 p r e s e n ts  d a ta  on th e  e f f e c t  o f  z in c  on th e  a c t i v i t y  o f  

a n i l i n e  h y d ro x y la se  as w e ll  a s  e th y lm o rp h in e  N -dem ethy lase  by p l o t t i n g  

th e  r e c i p r o c a l  r a t e s  f o r  v e l o c i ty  o f  p ro d u c t fo rm a tio n  a s  a fu n c t io n  o f  

z in c  c o n c e n tr a t io n .  The s lo p e s  o f  l i n e a r l y  tra n s fo rm e d  d a ta  c l e a r ly  

i n d i c a t e  th e  i n h i b i t o r y  e f f e c t  o f  z in c  on b o th  enzymes dep en d en t on 

NADPH.
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F ig . 7. E f f e c t  o f  Zn^+ on th e  a c t i v i t y  o f  a n i l i n e  h y d ro x y la se  and
g lu c o se  6 -p h o sp h a ta se  in  l i v e r  m icrosom es. - -  A n il in e  (1 mM) 
was in c u b a te d  f o r  10 min in  a 3-ml in c u b a tio n  medium (pH 7 .4 )  
c o n s i s t i n g  o f  5 mM MgCl], 12 mM g lu c o se  6 -p h o s p h a te , 1 u n i t  
g lu c o se  6 -p h o sp h a te  d eh y d ro g en a se , 0 .33  mM NADP, 6  mg o f  m ic ro ­
somal p r o t e i n ,  50 mM T r i s ,  and 154 mM KC1. G lucose 
6 -p h o sp h a ta se  a c t i v i t y  was d e te rm in e d  by in c u b a t in g  g lu c o se  
6 -p h o sp h a te  w ith  m icrosom es suspended  in  T ris-K C l and th e  P i 
d e te rm in e d  by th e  c o lo r im e t r ic  p ro c e d u re  o f  F isk e  and Subbarow 
(9 7 ) . Each p o in t  r e p r e s e n t s  th e  mean o f  two in c u b a t io n s .
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F ig . 8 . R e c ip ro c a l p l o t  o f  s p e c i f i c  a c t i v i t y  o f  a n i l i n e  h y d ro x y la se  and 
e th y lm o rp h in e  N -dem ethy lase  as a fu n c tio n  o f  Zn2+ c o n c e n tr a t io n .  
— A n il in e  (1 mM) o r  e th y lm o rp h in e  (10 mM) was in c u b a te d  f o r  
10 min in  3 ml medium (pH 7 .4 )  c o n s i s t in g  o f  5 mM MgCl], 12 mM 
g lu c o se  6 -p h o sp h a te  d eh y d ro g en a se , 0 .3 3  mM NADP, 6 mg o f  m ic ro ­
somal p r o t e i n ,  50 mM I r i s  and 154 mM KC1. The r a t e  o f  r e a c t io n  
was d e te rm in e d  by m easu rin g  th e  p ro d u c t o f  each  r e a c t io n :  HCHO
f o r  e th y lm o rp h in e  N -dem ethy lase  and p -am inopheno l f o r  a n i l i n e  
h y d ro x y la se . Each p o in t  i s  th e  mean o f  two in c u b a t io n s .
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To a s c e r t a in  i f  v a r io u s  a n io n s  o f  z in c  compounds p la y  any r o l e
2 +in  th e  i n h i b i t o r y  e f f e c t  o f  Zn , we s tu d ie d  th e  e f f e c t  o f  fo u r  z in c  

s a l t s  a t  0 . 1  mM c o n c e n tr a t io n  on th e  a c t i v i t y  o f  e th y Im o rp h in e  

N -dem ethy lase  in  l i v e r  m icrosom es. Our r e s u l t s  i n d i c a te  t h a t  z in c  

g lu c o n a te  was th e  l e a s t  i n h i b i t o r y  (50 p e r c e n t  i n h i b i t i o n )  and z in c  

a c e ta t e  th e  m ost i n h i b i t o r y  (63 p e rc e n t)  when i n i t i a l  r a t e s  o f  p ro d u c t 

fo rm a tio n  w ere fo llo w e d . Z inc c h lo r id e  and z in c  s u l f a t e  i n h i b i t e d  by 50 

and 56 p e r c e n t ,  r e s p e c t iv e l y .

D isc u s s io n

The aim  o f  t h i s  s tu d y  was to  e x p la in  th e  p o s s i b le  m echanism (s)

by w hich z in c  a d m in is te re d  in  v iv o  p r o t e c t s  th e  l i v e r  a g a in s t  CCl^

h e p a to to x ic i ty  (7 5 ,7 6 ) .  The r e s u l t s  o f  t h i s  s tu d y  in  v i t r o  in d i c a te  t h a t

z in c  i n h i b i t s  th e  o x id a t io n  o f  NADPH in  l i v e r  m icrosom es by a c o m p e tit iv e

m echanism . A lo g i c a l  consequence o f  b lo c k in g  NADPH o x id a t io n  in  th e  

2+p re s e n c e  o f  Zn w ould be i n h i b i t i o n  o f  a l l  m icrosom al r e a c t io n s  depen ­

d en t on th e  t r a n s f e r  o f  e l e c t r o n s  from NADPH. The a c t i v i t y  o f  two NADPH-

d ep en d en t m icrosom al enzym es, i . e . ,  a n i l i n e  h y d ro x y la se  and e th y lm o r-

2 +p h in e  N -d e m e th y la se , was i n h i b i t e d  by th e  a d d i t io n  o f  Zn to  th e  in c u ­

b a t io n  medium. A n o th er enzym e, bound a l s o  to  en d op lasm ic  r e t ic u lu m , b u t  

in d e p e n d e n t o f  NADPH o x id a t io n ,  i . e . ,  g lu c o se  6 -p h o sp h a ta se ^  was n o t

a f f e c t e d  by z in c  io n s .  T h is  f in d in g  in d i c a te s  t h a t  th e  d e s c r ib e d  e f f e c t  

2 +o f  Zn on NADPH o x id a t io n  o r  th e  m e tab o lism  o f  two d ru g s  was n o t

2+r e l a t e d  to  e v e n tu a l  m i c r o p r e c ip i ta t io n  o f  m icrosom al p r o t e i n s  by  Zn , 

b u t  to  s p e c i f i c  i n t e r a c t i o n  o f  th e  m e ta l w ith  some com ponents o f  th e  

d ru g -o x id iz in g  sy stem . T hus, th e  d e c re a se d  o x id a t io n  o f  some drugs
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m e ta b o liz e d  to  a h e p a to to x ic  p ro d u c t m igh t e x p la in  th e  p r o t e c t i v e  e f f e c t  

o f  z in c  on ca rb o n  t e t r a c h lo r id e - in d u c e d  l i v e r  damage (7 5 ,7 6 ) .

Z inc  i s  o b v io u s ly  n o t  th e  o n ly  m e ta l i n h i b i t i n g  m icrosom al e l e c ­

t r o n  flo w . Mn^+ and Co^+ w ere shown to  i n h i b i t  p e r o x id a t io n  o f  p h ospho -

3+l i p i d s  in  l i v e r  m icrosom es (1 0 2 ) , p o s s ib ly  by com peting  w ith  Fe f o r

b in d in g  s i t e s  on th e  m icrosom es (8 1 ) . I t  h a s  to  be s t r e s s e d ,  how ever,

t h a t  c o n t ra r y  to  th e  Zn^+ e f f e c t  b o th  Mn^+ and Co^+ w ere e f f e c t i v e  a t  mM

2 +c o n c e n t r a t io n s , w h ile  Zn was i n h i b i t o r y  a t  pM c o n c e n t r a t io n s .  W hile 

t h i s  s tu d y  s u g g e s ts  t h a t  in c r e a s e  in  z in c  c o n te n t  in  l i v e r  m icrosom es 

may re d u c e  h e p a t ic  d rug  m e tab o lism , a s i m i l a r  e f f e c t  was r e p o r te d  by an 

o p p o s ite  s i t u a t i o n ,  i . e . ,  by z in c  d e f ic ie n c y  (1 0 3 ) . F u rth e rm o re , 

d e s p i t e  th e  co m p le x ity  o f  Zn^+ and Mn^+ i n t e r a c t i o n  in  th e  t e s t e d  

sy s tem , th e  d a ta  do n o t  su g g e s t an a d d i t iv e  o r  s y n e r g i s t i c  e f f e c t .

I t  w ould be p re m a tu re  to  s p e c u la te  on th e  p o s s ib le  b io l o g ic a l  

im p l ic a t io n s  o f  t h i s  f in d in g .  A d i r e c t  p r o o f  sh o u ld  be p r e s e n te d  f i r s t  

t h a t  such  an in h i b i t i o n  o f  drug  m e tab o lism  and e v e n tu a l ly  l i p i d  p e ro x id a -  

t i v e  d e t e r i o r a t i o n  o f  p o ly u n s a tu r a te d  f a t t y  a c id s  by z in c  o c c u r  a ls o  

a f t e r  a d m in is t r a t io n  in  v iv o  o f  t h i s  m e ta l .  The a l r e a d y  m en tioned  p r o ­

t e c t i o n  o f  CC1. h e p a t o to x ic i ty  by z in c  in  r a t s  s u p p o r ts  such an 

a ssu m p tio n  (7 5 ,7 6 ) .



CHAPTER 4

EVIDENCE FOR THE FORMATION OF THE 

BINUCLEAR COMPLEX, Zn2 -NADPH

We have shown t h a t  z in c  io n s  i n h i b i t  th e  en zy m atic  m icrosom al 

e l e c t r o n  t r a n s p o r t  c h a in  e s s e n t i a l  to  th e  d rug  o x id iz in g  sy stem  o f  l i v e r  

c e l l s  in  v i t r o  (9 1 ,1 0 4 ) .  The mechanism  o f  t h i s  i n h i b i t i o n  i s  unknown. 

S in ce  o x id a t io n  o f  NADPH"*' i s  th e  i n i t i a l  r e a c t io n  o f  th e  sy stem , we 

in v e s t ig a t e d  th e  p o s s i b i l i t y  t h a t  b in d in g  o f  z in c  to  NADPH co u ld  be 

in v o lv e d  in  t h i s  i n h i b i t i o n .

R e s u l ts  o f  o th e r  s tu d ie s  have in d i c a te d  i n t e r a c t i o n s  o f  z in c  

w ith  r e l a t e d  n u c l e o t id e s .  Z inc form s s t a b l e  com plexes w ith  5 ' -AMP (105) , 

ADP (1 0 6 ) , and ATP (1 0 7 ,1 0 8 ) . NADH was found n o t to  b in d  z in c  (1 0 9 ,1 1 0 ) . 

A ll  o f  th e s e  n u c le o t id e s  c o n ta in  a d e n in e  and p h o sp h a te  m o ie t ie s  and a l l  

e x c e p t NADH b in d  w ith  z in c .

S in ce  th e  r e l a t i v e  s t a b i l i t y  o f  some z in c - n u c le o t id e  com plexes 

a p p e a rs  to  in c r e a s e  w ith  in c r e a s in g  num bers o f  p h o sp h a te  g roups in  th e  

n u c le o t id e  ( 1 1 0 ) ,  we h y p o th e s iz e d  t h a t  w h ile  z in c  m igh t n o t  b in d  to  

NADH i t  c o u ld  b in d  NADPH as  th e  l a t t e r  compound c o n ta in s  an a d d i t io n a l  

p h o sp h a te  g roup . In  t h i s  s tu d y ,  we d e m o n s tra te  t h a t  z in c  d o e s , in  f a c t ,  

b in d  to  NADPH and we s u g g e s t  a  s t r u c t u r e  f o r  th e  r e s u l t i n g  zinc-NADPH 

b in u c le a r  com plex.
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M a te r ia ls

NADPH ( te t r a s o d iu m  s a l t ,  99% p u re )  and NADH (d iso d iu m  s a l t ,  98% 

p u re )  were o b ta in e d  from  Sigma C hem ical Co, ZnCl2 ( u l t r a p u r e )  was p acked  

u n d e r argon  from A lfa  I n o r g a n ic s . Sephadex G- 1 0  was o b ta in e d  from 

P harm ac ia  and D^O from  Bio Rad L a b o r a to r ie s .  A ll  e x p e rim e n ts  were p e r ­

form ed in  0 .05  M T ris-H C l b u f f e r ,  0 .154  M KC1, pH 7 .4  o r  0 .0 1  M H epes, 

0 .154  M KC1, pH 7 .2  as  is. i n d i c a te d  in  th e  e x p e rim e n t.

M ethods

The i n t e r a c t i o n  o f  z in c  io n s  w ith  NADPH and NADH was s tu d ie d  by 

fo u r  m ethods.

E q u ilib r iu m  Gel F i l t r a t i o n

E q u ilib r iu m  g e l  f i l t r a t i o n  was u se d  to  s tu d y  th e  b in d in g  o f  z in c  

io n s  to  NADPH and NADH as d e s c r ib e d  by M antoura and R ile y  (1 1 1 ) . T h is 

method was chosen  in s te a d  o f  a t i t r a t i o n  te c h n iq u e  b e c a u s e : ( 1 ) we d id

n o t know th e  number o f  m e ta l io n s  bound to  each  p y r id in e  n u c le o t id e  

m o le c u le , ( 2 ) th e  n u c le o t id e  bound to  th e  m e ta l io n  c o u ld  n o t  be d i s ­

t in g u is h e d  from  f r e e  n u c l e o t id e s ,  and (3) th e  l im i t e d  s o l u b i l i t y  o f  z in c  

h y d ro x id e . Z inc and p y r id in e  n u c le o t id e  e q u i l ib r iu m  g e l  f i l t r a t i o n  was 

c a r r i e d  o u t w ith  a Sephadex G-10 column (2x100 cm) in  0 .0 1  M Hepes 

b u f f e r ,  0 .154  M.KC1, pH 7 .2 ,  and flo w  r a t e  o f  0 .5  ml p e r  min m a in ta in e d  

by a p e r i s t a l t i c  pump. A f te r  e q u i l i b r a t i n g  a Sephadex G-10 column w ith  

a b u f f e r e d  s o lu t io n  c o n ta in in g  a known c o n c e n tr a t io n  o f  th e  z in c  io n  o f  

i n t e r e s t  (s e e  R e s u l t s ) , 13 .3  nm oles o f  p y r id in e  n u c le o t id e  in  0 .2  ml o f  

b u f f e r  was. added to  th e  column and e l u te d  w ith  th e  z in c  s o lu t io n  u sed
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f o r  e q u i l i b r a t i n g  th e  column. F r a c t io n s  o f  a p p ro x im a te ly  .1 ml were c o l ­

l e c t e d  and NADPH, NADH, and z in c  w ere m easu red . NADPH and NADH concen­

t r a t i o n s  were o b ta in e d  by m easurem ent o f  t h e i r  a b so rb a n c e s  w ith  a 

Beckman A cta  I I I  s p e c tro p h o to m e te r  a t  340 nm u s in g  th e  e x p e r im e n ta l ly  

d e te rm in e d  e x t in c t i o n  c o e f f i c i e n t  o f  5 .4 5 6  cm  ̂ mM T h is  v a lu e  i s  

a p p ro x im a te ly  eq u a l to  t h a t  r e p o r te d  by H rycay and O 'B rie n  (1 1 2 ). Z inc  

io n  c o n te n t  in  th e  e l u a te  was m easured  by a tom ic  a b s o rp t io n  in  a  P e rk in  

Elm er Model 305A sp e c tro p h o to m e te r .  R ecovery  o f  th e  p y r id in e  n u c le o ­

t i d e s  from  th e  column was a t  l e a s t  87% in  a l l  e x p e r im e n ts .

The b in d in g  o f  z in c  to  NADPH was s tu d ie d  in  T ris -H C l and Hepes 

b u f f e r s  s in c e  H an lon , W a tt, and W esthead (113) have shown an i n t e r a c t i o n  

o f  T ris-H C l b u f f e r  w ith  z in c  io n . Our s tu d ie s  a l s o  s u g g e s t  an i n t e r ­

a c t io n  s in c e  ZnCl^ was s o lu b le  in  T ris -H C l b u f f e r  beyond t h a t  in d i c a te d  

by  th e  s o l u b i l i t y  p ro d u c t  o f  Zn(OH)^ a t  pH 7 .4 . T h is  su g g e s te d  a iz inc- 

tr is (h y d ro x y m e th y l)a m in o m e th a n e  com plex b e in g  p r e s e n t  w hich was s o lu b le .  

Hepes b u f f e r  a t  pH 7 .2  was chosen  b eca u se  o f  no a p p a re n t i n t e r a c t i o n  

w ith  th e  z in c ,  i . e . ,  Z nC ^ s o lu t io n  in  Hepes d id  n o t  ex ceed  th e  s o lu ­

b i l i t y  p ro d u c t  o f  Zn(OH)^.

U l t r a v i o l e t  Spectrum

The u l t r a v i o l e t  sp ec tru m  o f  a s o lu t io n  o f  96 pM.NADPH was 

re c o rd e d  in  th e  ran g e  o f  220-400 nm in  th e  p re s e n c e  o f  1 3 .3  pM ZnClg as  

in  B ru ic e  and B e n k o v ic 's  s tu d y  (109) w ith  NADH and z in c .  NADPH and 

ZnClg were made up in  0 .05  M T ris-H C l b u f f e r ,  0 .154  M KC1, pH 7 .4 .
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F lu o re sc e n c e  Spectrum

The f lu o re s c e n c e  sp ec tru m  o f  NADPH a t  1 yM w ith  and w ith o u t 1 .25  

yM ZnClg was re c o rd e d  w ith  e x c i t a t i o n  o f  345 nm and e m iss io n  a t  460 nm. 

The z in c  and NADPH w ere in  0 .05  M T ris-H C l b u f f e r , pH 7 .4 ,  and m easu re ­

m ents were made on an Aminco-Bowman f lu o ro p h o to m e te r .

N u c le a r  M agnetic  R esonance

N u c le a r  m a g n e tic  re so n a n c e  s tu d ie s  o f  NADPH and NADH w ere p e r -

31form ed on a V arian  CFT-20 s p e c tro m e te r  a t  32 MHz f o r  P . 32 ym oles o f  

th e  p y r id in e  n u c le o t id e s  w ere re c o rd e d  in  10 ml o f  0 .0 5  M T ris-H C l 

b u f f e r ,  pH 7 .4 ,  2 0 % D^O, and z in c  a d d i t io n s  o f  40 ym oles.'

A cid  D is s o c ia t io n  C o n s ta n ts

The a c id  d i s s o c i a t i o n  c o n s ta n ts  o f  th e  p h o sp h a te  g roups o f  NADPH 

w ere d e te rm in e d  by a c id  t i t r a t i o n  o f  th e  te tr a s o d iu m  s a l t  o f  NADPH. 34 

ym oles o f  th e  NADPH in  20 ml o f  0 .1 5 7  M NaNO^ w ere t i t r a t e d  w ith  0 .1  M 

HC1. T i t r a t i o n s  w ere p e rfo rm ed  a t  25° u n d e r a  n i t r o g e n  a tm o sp h e re . The 

g la s s  e l e c t r o d e  s a t u r a t e d  ca lo m el e l e c t r o d e  p a i r  was c a l i b r a t e d  a t  pH 

6 . 8 6  and pH 3 .5 6  w ith  N a tio n a l  B ureau S ta n d a rd  b u f f e r s .

R e s u l ts

A c h a r a c t e r i s t i c  e l u t i o n  p a t t e r n  o f  NADPH from  th e  Sephadex G-10 

column e q u i l i b r a t e d  w ith  ZnCl^ i n  Hopes b u f f e r  i s  shown i n  F ig . 9 . The 

e l u t io n  p a t t e r n  i n d i c a t e s  t h a t  z in c  b in d s  to  NADPH. The e l u t io n  p a t t e r n s  

o f  NADH u n d e r i d e n t i c a l  c o n d i t io n s  i n d i c a t e  t h a t  z in c  b in d in g  does n o t  

o c c u r .
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F ig . 9. E lu t io n  p a t t e r n  o f  z in c  and NADPH in  0 .01  Hepes b u f f e r ,  0 .154  M 
KC1, pH 7 .2 ,  from Sephadex G-10 colum n. — The column was 
e q u i l i b r a t e d  w ith  111 yM ZnCl] ( • )  in  Hepes b u f f e r  and 13 .3  
ym oles o f  NADPH (o) was added and e lu te d  w ith  th e  z in c  s o lu ­
t i o n .  R ecovery  r a t e  o f  th e  NADPH was 87%.
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In  o rd e r  to  d e te rm in e  th e  number o f  z in c  io n  b in d in g  s i t e s  and 

th e  a s s o c ia t io n  c o n s ta n ts  o f  th e  zinc-NADPH com plex, g e l  f i l t r a t i o n  

colum ns w ere e q u i l i b r a t e d  a t  d i f f e r e n t  c o n c e n tr a t io n s  o f  z in c  io n . 

A n a ly s is  o f  th e  b in d in g  d a ta  was b a se d  on th e  e q u i l ib r iu m  e q u a t io n s :

NADPH. + Zn2+ ■*-  1 .’ aP£--—  NADPH-Zn [1]

k
NADPH - Zn + Zn2+ , NADPH-Zn^ [2]

The a p p a re n t  a s s o c ia t io n  c o n s ta n ts  k , and k .  a t  pH 7 .2 ,  andl» a p p . 2 , ap p .

io n ic  s t r e n g th  0 .1 5 7  M, can be w r i t t e n  as

= jN A D P H ^ n L _ _  r 31

[NADPH] [Zn2+]

[NADPH-Zn2]

2 , a p p . [NADPH-Zn][Zn2+]

where [NADPH] r e p r e s e n t s  a l l  form s o f  th e  uncom plexed l ig a n d  in  

m o l e s / l i t e r  a s  in  eq . 5 :

[NADPH] * [H4 L] + [H3 L ']  + [H2 L2 ' ]  + HL3"] + [L4 “ ]

[5]

E q u a tio n  5 i s  pH -dependent and i s  ta k e n  in to  acc o u n t l a t e r  in  th e  c a lc u -

2+ • 2+1a t i o n s . [Zn ] r e p r e s e n t s  th e  f r e e  m o la r c o n c e n tr a t io n  o f  Zn , and

[NADPH-Zn] and [NADPH»Zh2] . a re  th e  m o la r c o n c e n tr a t io n s  o f  th e  com plexed

s p e c ie s .
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A f u n c t io n  v i s  d e f in e d  as th e  number o f  m oles o f  z in c  bound p e r  

mole o f  t o t a l  NADPH, [NADPH^]:

2+-  _ (m oles o f  Zn bound) 
V (m oles o f  NADPEp) [6]

where

[NADPBp] = [NADPH] + [NADPH«Zn] + [NADPH-Zn^] [7]

S u b s t i t u t io n  o f  e q s . 3, 4 , and 7 in to  eq . 6 g iv e s :

v =
k 1 [Zn2+] + 2k1 k 2 [Zn2 + ] 2

1 + k x [Zn2+] + k 1 k 2 [Zn2 + ] 2
[8]

R earrangem ent o f  t h i s  e q u a t io n  g iv e s :

r z n 2 + ] 2 ( v  -  2 )
+  i -

[ Z n 2 + 1 ( v  -  1 }

V k 2 V k Ik 2
= 0

[9]

w hich i s  th e  e q u a t io n  f o r  a  s t r a i g h t  l i n e  w ith  th e  s lo p e  e q u a l to

p— and th e  y - i n t e r c e p t  e q u a l to  - , \  - . When th e  o b se rv e d  g e l f i l t r a -  
2 1 2

t i o n  d a ta  (T ab le  4) a r e  p l o t t e d  a c c o rd in g  to  eq . 9 , th e  r e s u l t i n g

s t r a i g h t  l i n e  (Fig.. 10) f i t s  th e  a ssu m p tio n  t h a t  two m oles o f  z in c  a re

bound p e r  m ole o f  NADPH. The v a lu e s  o f  k . and k . o b ta in e dr  l , a p p .  2 , a p p .

3 73 2 99from  a l e a s t  sq u a re s  a n a ly s i s  o f  th e  d a ta  a re  1 0  * and 1 0  1 ,

r e s p e c t iv e l y .



T ab le  4. D e te rm in a tio n  o f  v from  Sephadex 
G-10 co lu m n s .a

zn (M) v (± SB)

8.0 X 10"6 .0212 ± .00025

8.6 X 10 "6 .0310 ± .00035

9.6 X 1 0 " 6 . 0433 ± .00025

9 .7 X i o - 6 .0410 ± .00030

11.1 X 1 0 ' 6 .0648 ± .00028

aColumns w ere e q u i l i b r a t e d  w ith  th e  above 
c o n c e n tr a t io n s  o f  z in c  io n  and NADPH e lu te d  
as d e s c r ib e d  in  M ethods, v was d e te rm in e d  
as d e s c r ib e d  in  th e  t e x t .
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[Zn2+](v-1 )\ ( x 10"3)

slop e=
-  -6
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F ig . 10. Graph o f  th e  e x p e r im e n ta l d a ta  from  th e  Sephadex G-10 column
run  f iv e  tim es  each  tim e in  one o f  f iv e  d i f f e r e n t  c o n c e n tra ­
t i o n s  o f  z in c  io n  in  Hepes b u f f e r .  - -  o = 80 yM, •  = 86  yM,
i  = 97 yM, A = 96 yM, and D = 111 yM. D e r iv a t io n  o f  th e  
s t r a i g h t  l i n e  e q u a tio n  i s  p r e s e n te d  in  th e  t e x t .  L e a s t 
sq u a re s  a n a ly s i s  has a c o r r e l a t i o n  c o e f f i c i e n t  o f  0 .993  and 
k l ,a p p .  = l o 5 - 7 6  and k 2 ,a p p . = 1 0 2 - 9 9 .
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To d e te rm in e  w h e th e r th e  b in d in g  o f  z in c  to  NADPH in v o lv e d  th e  

c h lo r id e  io n s  in  th e  s o lu t i o n ,  th e  column was run  u n d e r th e  same c o n d i­

t i o n s  e x c e p t t h a t  Zn (NO^) ^ r e p la c e d  Z nC ^ and NaNO^ r e p la c e d  KC1 . A lso , 

th e  p o s s i b i l i t y  o f  th e  Hepes b u f f e r  r e a c t in g  w ith  th e  z in c  was t e s t e d  by 

ru n n in g  th e  column w ith  th e  b u f f e r  c o n c e n tr a t io n  in c re a s e d  by a  f a c t o r  

o f  te n .  V alues f o r  v from  th e s e  colum ns f i t  th e  s t r a i g h t  l i n e  p l o t  as 

in  F ig . 10. The column w ith  T ris-H C l b u f f e r  in s te a d  o f  H epes b u f f e r  a t  

th e  same z in c  c o n c e n tr a t io n  a ls o  r e s u l t e d  in  th e  same e l u t i o n  p a t t e r n  as 

F ig . 9 , i n d i c a t i n g  t h a t  th e  z in c - tr is (h y d ro x y m e th y l)a m in o m e th a n e  com plex 

d id  n o t change th e  m e ta l - n u c le o t id e  com plexes.

To d e te rm in e  th e  z in c  b in d in g  s i t e s  o f  NADPH, th e  u l t r a v i o l e t  

s p e c t r a  o f  th e  compounds w ere re c o rd e d . S cann ing  o f  NADPH and NADH from  

220-400 nm w ith  and w ith o u t th e  a d d i t io n  o f  z in c , r e s u l t e d  in  i d e n t i c a l  

maxima a t  260 nm and 340 nm. T h is  a g re e s  w ith  B ru ic e  and B en kov ic’ s 

(109) o b s e rv a t io n s  t h a t  z in c  cau sed  no s h i f t  in  th e  UV sp ec tru m  o f  NADH. 

A lso , th e  f lu o re s c e n c e  sp ec tru m  o f  NADPH w ith  z in c  gave maxima i d e n t i c a l  

w ith  th o s e  o b ta in e d  w ith  NADPH a lo n e ,  a t  an e x c i t a t i o n  w av e len g th  o f  

346 nm and e m iss io n  a t  460 nm. These maxima a re  s i m i l a r  to  th o se  

o b se rv ed  by E le v i tc h  (114) w ith  NADH. T hus, o u r r e s u l t s  i n d i c a t e  t h a t  

z in c  does n o t  cause  any p e r tu r b a t io n s  in  th e  f lu o re s c e n c e  spec trum  o f  

NADPH.

The p o s s i b i l i t y  o f  z in c  b in d in g  to  th e  p h o sp h a te  m o ie tie s  o f  

NADPH was in v e s t i g a t e d  by d o ing  th e  .^ P  NMR s p e c t r a  o f  NADPH and NADH 

w ith  and w ith o u t z in c  a d d i t io n s .  The s p e c t r a  i n d i c a te  b in d in g  o f  z in c  

to  NADPH b u t  n o t  NADH. As seen  in  F ig . 11a , th e  peak  a t  5 ppm i s  due to
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2025

ppm

F ig . 11. 31? nMR sp ec tru m  o f  3 .2  mM NADPH. — (a) T ris-H C l b u f f e r ,  20%
D2 O, pH 7 .4 ;  15,242 t r a n s i e n t s ,  0 .511  sec  a c q u i s i t i o n  tim e ,
10 y sec  p u ls e s  w ith  b ro ad  band p ro to n  d e c o u p lin g . (b) 4 mM
ZnCl2 in  T ris-H C l b u f f e r ,  20% D2 O, pH 7 .4 ;  11 ,427  t r a n s i e n t s ,
0 .511  se c  a c q u i s i t i o n  t im e , 10 y sec  p u ls e s  w ith  b ro ad  band 
p ro to n  d e c o u p lin g .
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th e  d ip h o s p h a te s ,  w h ile  th e  peak  a t  2 0  ppm i s  due to  th e  p h o sp h a te  on 

th e  3 - carbon  o f  th e  ad en in e  r i b o s y l  p o r t i o n  o f  NADPH. The spectrum  o f  

NADPH w ith  z in c  (F ig . 11b) i n d i c a t e s  t h a t  z in c  c a u se s  a s h i f t  o f  th e  

p h o sp h a te  peak  a t  2 0  ppm and a s l i g h t  n a rro w in g  o f  th e  d ip h o sp h a te  peak  

a t  5 ppm.

S in ce  th e  b in d in g  s i t e s  o f  z in c  to  NADPH in v o lv e  th e  p h o sp h a te  

m o ie t ie s  o f  NADPH, th e  a s s o c ia t io n  c o n s ta n ts  o f  th e  fo u r  p h o sp h a te  g roups 

w ere d e te rm in e d . The t i t r a t i o n  cu rv e  o f  th e  te tra s o d iu m  o f  NADPH w ith  

HC1 i s  shown in  F ig . 12. A lso shown in  F ig . 12 i s  th e  Gran p l o t  

a n a ly s i s  (115) o f  th e  pH-volume d a ta  o b ta in e d  from  th e  t i t r a t i o n .  By

p l o t t i n g  th e  d a ta  as  d e s c r ib e d  by Seymour and Fernando (1 1 5 ) , th e  s lo p e

1 - 
o f  th e  Gran p l o t  i s  -  p— and th e  i n t e r a c t i o n  w ith  th e  x - a x is  i s  th e

4

volume a t  th e  e q u iv a le n c e  p o in t .  The t i t r a t i o n  was c a r r i e d  o u t a t  th e  

same io n i c  s t r e n g th  as th e  g e l f i l t r a t i o n  (0 .1 5 7  M) and th e  v a lu e  o f  pK^ 

was found  to  be 6 .0 1 . The f i r s t  th r e e  pK v a lu e s  were found  to  be 

s e v e r a l  o rd e r s  o f  m agn itude  l e s s  th a n  pK^ and were n o t  c a l c u la te d .

S in ce  th e  b in d in g  s tu d ie s  w ere p e rfo rm ed  a t  pH 7 .2 ,  th e  o n ly  s i g n i f i c a n t  

p ro to n  i n t e r a c t i o n s  o f  NADPH w i l l  b e :

a d e n in e  a d e n in e

0------ CH-— — r ib o s e  0—.—-CH„—— r i b  os e
I „ 2 I I I

0 = P—— 0 . 0 ' 0 = P-------0 0
I I .  4 I I +
0 0 = P- -OH --------------------- 0 0 = P-------0™ + H
1 _ L I _ L

0  = P-— —0 0 0 = P-—— 0 0
I . I
0------ CH0 n ic o tin a m id e  0 CH0 n ic o tin a m id e

I 2 I ■ 12 I
r ib o s e  r ib o s e
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F ig . 12. A cid t i t r a t i o n  o f  th e  te t r a s o d iu m  s a l t  o f  NADPH and th e  Gran 
p l o t  d e r iv e d  from th e  a c id  t i t r a t i o n  c u rv e . - -  o = a c id  
t i t r a t i o n  and # = Gran p l o t .
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o r  as shown in  e q s . 1 0  and 1 1 :

K
HL3" ^   L4 " + H+ [10]

k 4 = [11]
4  [HL ]

The o th e r  th r e e  p ro to n a te d  s p e c ie s  a r e  s t r o n g e r  a c id s  and th e y  w i l l  n o t  

be p r e s e n t  in  s i g n i f i c a n t  am ounts a t  pH 7 .2 .

The a p p a re n t  a s s o c ia t io n  c o n s ta n ts  d e te rm in e d  by th e  g e l f i l t r a ­

t i o n  a re  c o n d i t io n a l  c o n s ta n t s ,  d ep en d en t on th e  pH and th e  io n ic  

s t r e n g th  o f  th e  s o lu t io n  (eq . 5 ) .  The t r u e  fo rm a tio n  c o n s ta n ts  a re  

e x p re s s e d  by:

k
L4" + Zn2+ ■ -  - ZnL2" [12]

k
ZnL2 " + Zn2+ ^— -—  Zn0L [13]--------- 5? Z

[Zn L]

k 2  ------------------------2” ---------------W  C l 5 ]
2 [ZnL ] [Zn ]

From eq . 14, k . i s  d e te rm in e d  by th e  amount o f  l ig a n d  in  th e  L4 " form , 
i

4_
and n o t  uncom plexed NADPH as  shown in  eq . 3. However, L i s  r e l a t e d  to  

th e  uncom plexed NADPH c o n c e n tr a t io n  by  th e  e x p re s s io n :
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[L4 ~] = a 4  [NADPH] [16]

4 -where i s  th e  f r a c t i o n  o f  unco n p lex ed  NADPH in  th e  L ~ form . R e c a l l in g
'Z

t h a t  a t  pH 7 .2  th e  o n ly  im p o r ta n t io n ic  s p e c ie s  o f  NADPH a re  th e  HL 

and L4 - , may be w r i t t e n  a s :

■ ‘17]

S u b s t i t u t io n  o f  eq . 11 in to  eq . 17 g iv e s :

S in ce  th e  v a lu e  o f  and pH a re  known, th e  v a lu e  f o r  ot  ̂ i s  0 .9 3  o r  

1 0  The r e l a t i o n s h i p  betw een th e  a p p a re n t k^ and th e  t r u e  k^ can

be shown by s u b s t i t u t i n g  eq . 16 in to  eq . 14:

k = [Zn.k— 3-------— [19]
1 [Zn ] a 4  [NADPH]

R ea rra n g in g  eq . 19 and s u b s t i t u t i o n  from  eq . 3 g iv e s :

k = [20]
1 a4

k o f  th e  Zn-NADPH com plex from  F ig . 10 i s  10^ ' t h e r e f o r e ,  k i
J. ^

from  eq . 20 i s  1 0 ^ * ^ .  I t  i s  seen  t h a t  k^ i s  n o t  d ep en d en t on th e
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c o n c e n t r a t io n  o f  so t h a t  th e  v a lu e  o f  o b ta in e d  from  th e  l i n e a r

2 99l e a s t  sq u a re s  a n a ly s i s  i s  1 0

D isc u s s io n

Z inc b in d s  to  NADPH to  form  a m ononuclear com plex and a b in u c le a r

3 76com plex. The fo rm a tio n  c o n s ta n t  o f  th e  m ononuclear com plex i s  10 ' a t

an io n ic  s t r e n g t h  o f  0 .1 5 7  M. The fo rm a tio n  c o n s ta n t  o f  th e  b in u c le a r  

2 99com plex i s  10 * . The z in c  b in d in g  s i t e s  o f  NADPH w ere s tu d ie d  by

31exam in ing  th e  u l t r a v i o l e t ,  f lu o r e s c e n c e ,  and P NMR s p e c t r a  in  th e  

p re s e n c e  and ab sen ce  o f  z in c  io n .

The a d d i t io n  o f  z in c  io n  d id  n o t  change th e  UV a b s o rp t io n  maxima 

o f  NADPH a t  340 and 260 nm. These maxima have been  a t t r i b u t e d  to  th e  

red u ce d  form  o f  th e  n ic o tin a m id e  m o ie ty  and th e  ad en in e  p o r t i o n ,  r e s p e c ­

t i v e l y .  H ence, z in c  does n o t  b in d  a t  th e s e  s i te s ,  and does n o t  cau se  any 

changes in  th e  e l e c t r o n  d i s t r i b u t i o n  in  th e s e  g ro u p s . T h is  a g re e s  w ith  . 

Iw eibo  and W einer (1 1 6 ) , who showed t h a t  z in c  does n o t  b in d  to  th e  

a d e n in e  m o ie ty  o f  NADH. The f lu o re s c e n c e  s p e c t r a  o f  NADPH w hich a r i s e s  

from  th e  re d u c e d  form  o f  th e  n ic o tin a m id e  m o ie ty  o f  th e  m o lecu le  i s  a l s o  

n o t  in f lu e n c e d  by th e  a d d i t io n  o f  z in c  io n  and in d i c a t e s  t h a t  z in c  i s  

n o t bound to  any o f  th e  donor atom s in  th e  n ic o tin a m id e  g ro u p . Both th e  

UV and f lu o re s c e n c e  s p e c t r a  su p p o r t T ak a h ash i and H a rv e y 's  (117) s tu d ie s  

w hich r e p o r t  t h a t  n e i t h e r  n ic o tin a m id e  n o r  th e  ad en in e  p o r t i o n s  o f  NADH

i n t e r a c t  w ith  th e  z in c  atom s in  a lc o h o l d eh y d ro g en a se .

31The P NMR s tu d ie s  show t h a t  z in c  form s com plexes w ith  NADPH 

and n o t w ith  NADH. F u rth e rm o re , th e  s p e c t r a  in d i c a te  t h a t  z in c  i n t e r a c t s  

w ith  th e  m onophosphate group on th e  3 ' -c a rb o n  on th e  a d e n in e  r i b o s y l



p o r t io n  o f  NADPH. S im i la r  z in c - r ib o s y l  p h o sp h a te  i n t e r a c t i o n s  have been ' 

r e p o r te d  w ith  AMP (1 0 5 ) , RNA (1 1 8 ) , and in o s in e  5 1m onophosphate (1 1 9 ) . 

IV eitze l and S pehr (110) th e o r iz e d  t h a t  th e  s t a b i l i t y  o f  th e  z in c -  

n u c le o t id e  com plex in c re a s e d  a s  a fu n c t io n  o f  th e  number o f  p h o sp h a te  

g roups p r e s e n t  w hich i s  su p p o r te d  by t h i s  s tu d y . S im i la r  f in d in g s  w ere 

r e p o r te d  by R ifk in d  and E ic h h o m  (105) w ith  Zn-5 * -AMP in  which a 

p h o sp h a te -m e ta l i n t e r a c t i o n  a s  w e ll  as  a p h o s p h a te -m e ta l-a d e n in e  l in k a g e  

i s  shown. Our s tu d ie s  w ith  NADPH and NADH d id  n o t  show ad en in e  i n t e r ­

a c t io n s  w ith  z in c .

The p o s s i b i l i t y  o f  z in c  b in d in g  to  th e  c h lo r id e  io n s  a s  i n d i ­

c a te d  by McCall and T a y lo r  (120) in  th e  Z n -(9 -m e th y l-a d e n in e )  com plex 

was e l im in a te d  s in c e  th e  g e l  f i l t r a t i o n  w ith  Zn(NO^)^ in s te a d  o f  Z nC ^ 

d id  n o t  change th e  e l u t i o n  c h a r a c t e r i s t i c s .

Our r e s u l t s  i n d i c a t e  z in c  i s  bound to  NADPH as  shown in  F ig . 13. 

In  t h i s  m odel, th e  f i r s t  z in c  atom form s a l in k a g e  betw een  th e  monophos­

p h a te  and d ip h o sp h a te  m o ie t i e s .  The second  z in c  atom l in k s  th e  

re m a in in g  oxygen o f  th e  m onophosphate w ith  th e  d ip h o sp h a te  to  form a 

ten-m em bered r i n g  s t r u c t u r e .  The r i n g  i s  "p u ck e red "  a s  seen  in  F ig . 13 

so t h a t  th e r e  i s  m in im al s t r e s s .  The o v e r a l l  fo rm a tio n  c o n s ta n t  o f  th e  

b in u c le a r  com plex i s  1 0 ^ '^ .  The fo rm a tio n  o f  a r in g  w i l l  r e s t r i c t  th e  

r o t a t i o n  o f  th e  ad en in e  and n ic o tin a m id e  g roups w hich in  tu r n  may l i m i t  

th e  a v a i l a b i l i t y  o f  th e  red u ce d  n ic o tin a m id e  r i n g  to  enzyme o x id a t io n .

A s im i l a r  e f f e c t  w here z in c  s t a b i l i z e s  DNA (121) was r e p o r te d .  The e v i ­

dence t h a t  z in c  i n h i b i t s  NADPH- d ep en d en t m icrosom al r e a c t io n s  (104) may 

be e x p la in e d  by th e  b in d in g  o f  z in c  to  NADPH, th e re b y  m aking th e  com plex
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Zn2 • NADPH

F ig . 13. P roposed  scheme o f  z in c  b in d in g  w ith  NADPH b ased  on th e
e x p e r im e n ta l r e s u l t s  o f  two z in c  m oles bound to  one NADPH 
m o le c u le .



more r e s i s t a n t  to  en zy m atic  e l e c t r o n  lo s s  o r  h in d e r in g  th e  fo rm a tio n  o f  

th e  e n z y m e -su b s tra te  in te r m e d ia te .  S in ce  z in c  i n t e r a c t s  w ith  th e  su b ­

s t r a t e  t h i s  does n o t  ex c lu d e  th e  p o s s i b i l i t y  o f  z in c  io n s  i n t e r f e r i n g  

w ith  some enzymes o f  th e  m icrosom al e l e c t r o n  t r a n s p o r t  c h a in  o r  o th e r  

n e c e s s a ry  m e ta l io n s  o f  t h i s  sy stem .



CHAPTER 5

GENERAL CONCLUSIONS AND FURTHER PROJECTIONS

The fo rm a tio n  o f  th e  b in u c le a r  com plex, Zn^-NADPH s t r o n g ly  i n d i ­

c a te s  t h a t  z in c  io n s  i n h i b i t  h e p a t ic  l i p i d  p e r o x id a t io n  by p re v e n t in g  

t h i s  p y r id in e  n u c le o t id e  from  f u n c t io n in g  in  th e  m icrosom al e l e c t r o n  

t r a n s p o r t  sy stem . E v idence  i s  p r e s e n te d  in  t h i s  s tu d y  w hich shows t h a t  

NADPH o x id a se  (cy tochrom e c r e d u c t a s e ) ,  a n i l i n e  h y d ro x y la s e ,  and e t h y l - 

m orphine d em eth y la se  a re  i n h i b i t e d  by z in c  io n s .  These enzymes a re  

NADPH-dependent, w h ile  g lu c o s e - 6 -p h o sp h a se , w hich i s  a l s o  bound to  th e  

en d o p lasm ic  r e t ic u lu m  b u t n o t  d ep en d en t on NADPH, was n o t  i n h i b i t e d  by 

z in c  io n s .  T h e re fo re ,  z in c  io n s  a r e  i n h i b i t i n g  th e  p ro d u c t io n  o f  l i p i d  

p e ro x id e s .

L ip id  p e r o x id a t io n  m ust f i r s t  be i n i t i a t e d  a s  in  th e  m icrosom al 

e l e c t r o n  t r a n s p o r t  c h a in ,  and th e n  i t  m ust be p e r p e tu a te d  by  p ro d u c in g  

f r e e  r a d i c a l s  as  in  th e  u n s a tu r a te d  l i p i d s  o f  th e  b iom em branes. Z inc 

io n s  may be i n h i b i t i n g  h e p a t ic  l i p i d  p e r o x id a t io n  by  i n t e r a c t i n g  w ith  

th e  p h o s p h o lip id s  o f  th e  m em branes, th u s  m aking them more r e s i s t a n t  to  

p e r o x id a t iv e  damage. The s t a b i l i z a t i o n  o f  lysosom es and e r y th r o c y te s  by 

z in c  io n s  from  l i p i d  p e r o x id a t io n  has been  shown by C h v ap il and cow orkers 

(1 2 2 -1 2 4 ). R e s u lts  o f  s e v e r a l  s tu d ie s  i n d i c a te  t h a t  z in c  io n s  in c r e a s e  

th e  r i g i d i t y  o f  model sy stem s o f  p h o s p h o lip id s  (1 2 5 ) .

55
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The r e s e a r c h  r e p o r te d  h e re  o n ly  b e g in s  to  e x p la in  th e  m echanism  

o f  z in c  io n s  i n h i b i t i n g  h e p a t ic  l i p i d  p e r o x id a t io n ,  nam ely  th e  m icrosom al 

e l e c t r o n  t r a n s p o r t  sy stem . A no th er a s p e c t  o f  z in c  io n s  in  l i p i d  p e r o x i ­

d a t io n  w hich h as  been  docum ented (122-124) m ust s t i l l  be  in v e s t i g a t e d ,  

t h a t  i s ,  th e  s t a b i l i z a t i o n  o f  b iom em branes.

To com ple te  th e  s tu d y  o f  th e  m echanism s o f  th e  e f f e c t  o f  z in c  

io n s  in  h e p a t ic  l i p i d  p e r o x id a t io n ,  membrane s t a b i l i t y  w i l l  be i n v e s t i ­

g a te d ,  and th e n  th e s e  m echanism s w hich have been  e lu c id a t e d  in  th e  in  

v i t r o  sy stem  w i l l ,  i n  c o n c lu s io n ,  be t e s t e d  in  th e  in  v iv o  sy stem .

Biomembrane s t a b i l i t y  w i l l  be s tu d ie d  by m easu rin g  th e  d eg ree  o f

" f l u i d i t y "  o f  th e  membrane as a f u n c t io n  o f  z in c  i o n s . T h is  w i l l  be

done by m easu rin g  p h o s p h o lip id  exchange in  th e  p re s e n c e  and ab sen ce  o f  

z in c  io n s .  T ra n s p o r t  o f  io n s  a c ro s s  th e  membrane w i l l  a l s o  be exam ined. 

The p r o f i l e  o f  p o ly u n s a tu r a te d  f a t t y  a c id s  o f  th e  membrane may a l s o  v a ry  

in  th e  p re s e n c e  o f  z in c  i o n s . S in ce  th e . b in d in g  o f  z in c  io n s  to  th e  

p h o sp h a te  m o ie t ie s  i s  w e ll  known, th e  p o s s i b i l i t y  o f  z in c  io n s  i n t e r ­

a c t in g  w ith  th e  p h o s p h o lip id s  o f  th e  membrane i s  v e ry  r e a l .

The f i n a l  p r o o f  o f  th e  m echanism s o f  z in c  io n s  i n h i b i t i n g

h e p a t ic  l i p i d  p e r o x id a t io n  w i l l  be in  th e  an im al s tu d i e s  in  w hich c o n d i­

t i o n s  known to  be due to  h e p a t ic  l i p i d  p e r o x id a t io n  w i l l  be t e s t e d  on 

h ig h  z in c  fe d  r a t s  and norm al z in c  fe d  r a t s .  P a ra m e te rs  o f  l i p i d  p e r o x i -  

d a t iv e  damage w i l l  th e n  be m easured . A model system  o f  h e p a t ic  l i p i d  

p e r o x id a t io n  i s  carbon  t e t r a c h l o r i d e  p o is o n in g  w hich h a s  a l r e a d y  b een  

shown to  be a m e lio ra te d  by z in c  a d m in is t r a t io n  (7 5 -7 7 ) . O th e r  system s
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to  be i n v e s t ig a t e d  a re  e th a n o l- in d u c e d  l i v e r  i n j u r y ,  oxygen t o x i c i t y ,  

and r a d i a t i o n  dam age.

These s tu d ie s  w hich a re  o u t l in e d  h e r e ,  i t  i s  f e l t ,  a re  n e c e s s a ry  

to  com plete  th e  r e s e a r c h  on th e  m echanism s o f  th e  e f f e c t  o f  z in c  io n s  in  

h e p a t ic  l i p i d  p e r o x id a t io n .
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