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ALTERATIONS OF MICROSOMAL PHOSPHOLIPIDS OCCURRING 

DURING THE ENZYMIC OXIDATION OF TPNH

CHAPTER I 

INTRODUCTION

Microsomes from v a r io u s  t i s s u e s  c o n t a in  a v a r i e t y  o f  mixed fu n c t i o n  

o x id a s e s  (1 ,2 )  which a r e  concerned w i th  the  metabolism of  x e n o b i o t i c s  

( s u b s t a n c e s  f o r e i g n  t o  th e  m e tabo l ic  network) and a l s o  normal m e tabo l ic  

components such as s t e r o i d s .  These o x id a s e s  appear to  involve an e l e c t r o n  

t r a n s p o r t  c h a i n  found in th e  membrane of  t h e  endoplasmic re t i c u lu m  (3 -5 ) .  

Some i f  not a l l ,  o f  th e  pigmented components of  th e  microsomal e l e c t r o n  

t r a n s p o r t  c h a i n  have been i s o l a t e d  and c h a r a c t e r i z e d  (6 -9 ) .  Two c y t o ­

chromes unique to  t h e  microsome have been i s o l a t e d  and i t  has been shown 

t h a t  t h e i r  p r o p e r t i e s  a r e  q u i t e  d i s t i n c t  from th o s e  found in th e  mitochon­

d r i o n  ( 6 , 7 ) .  F l a v o p r o t e i n s  t h a t  o x i d i z e  p y r i d i n e  n u c l e o t id e s  have a l s o  

been i s o l a t e d  and p u r i f i e d  from microsomes and e x t e n s i v e l y  s t u d i e d  (6 ,10-  

13).  The r a t e  o f  e l e c t r o n  flow, measured by v a r io u s  e l e c t r o n  a c c e p to r s ,  

appears  to  be app rox im a te ly  o f  equal  magnitude in mi tochondr ia  and micro­

somes (3 ) .  The r e l a t i o n s h i p s  between the  components o f  the  microsomal 

e l e c t r o n  t r a n s p o r t  sys tem have been e s t a b l i s h e d  by: a) s tudy  o f  the

appea rance  o f  v a r i o u s  enzymic a c t i v i t i e s  in the  develop ing  l i v e r  ( 3 -5 ) ;

b) s tudy  o f  t h e  r a t e  o f  in d u c t io n  o f  the  components by drugs (14-18) ;

1
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c )  s t u d i e s  on th e  e f f e c t s  o f  v a r io u s  e l e c t r o n  a c c e p to r s  and i n h i b i t o r s  

(19) ;  d) s t u d i e s  o f  i s o l a t e d  components ( 1 ,1 3 , 2 0 ,2 1 ) ;  and e) r e c o n s t r u c ­

t i o n  o f  the  enzymic a c t i v i t y  o f  s t e r o i d  11 3 -h y d ro x y la s e  o f  adrena l  

m i tochondr ia  (20) .  These s t u d i e s  have led to  t h e  fo l low ing  scheme which 

is  a combination  o f  t h a t  given by S i e k e v i t z  (3) and E r n s t e r  (19):

DPNH — " y  F y  X  ^  Cytochrome b
"D ;  ^

Exogenous Cytochrome c

PCMB .RCHg + 0^

TPNH -----^  F_ -j— ?------------- ►Cytochrome P^
V s

Cytochrome c NT ^FePP. CO *  RH + HCHO
DCPIP yT \
V i t .  Kg Lip id  + 0^ Lip'O^— >  Malonaldehyde

where DPNH and TPNH a r e  d i -  and t r i p h o s p h o p y r i d i n e  n u c l e o t i d e s ,  re spec ­

t i v e l y ;  PCMB is  p -ch lo ro m e rc u r ib e n z o a te ;  DCPIP is  d ich lo ropheno l indophen -  

o l ; NT is a n é o t é t r a z o l iu m  s a l t ;  CO is  ca rbon  monoxide; F„ and Fo a re
Pd T̂

f l a v o p r o t e i n s ;  and FePP is a py rophosphate  complex of  ion ic  i ron .  At the 

p r e s e n t  t h e r e  appears  t o  be two e l e c t r o n  t r a n s p o r t  c h a i n s ,  one f o r  the  

o x i d a t i o n  o f  DPNH and a n o th e r  f o r  the  o x i d a t i o n  o f  TPNH. Belof f -Cha in  

e t  a l .  (22) r e p o r t e d  in 1963 t h a t  the  a d d i t i o n  o f  adenos ine  d iphosphate  

(ADP) to  r a t  l i v e r  microsomes s t im u l a t e d  t h e  o x i d a t i o n  o f  TPNH with  a 

concomitant  in c r e a s e  in oxygen up take .  H ochs te in  and E r n s t e r  (23) l a t e r  

found t h a t  th e  molar  r a t i o  o f  oxygen uptake  t o  TPNH o x id i z e d  was 20 to  1 

which was f a r  too  g r e a t  f o r  th e  expec ted  r a t i o  f o r  the  enzymic o x id a t io n  

o f  TPNH by known mechanisms. The a u th o r s  a l s o  found a t h i o b a r b i t u r i c  

a c i d - r e a c t i n g  chromogen produced c o n co m i ta n t ly  with, th e  s t i m u la t e d  

o x i d a t i o n  o f  TPNH. The fo rmat ion  of  t h i s  chromogen, which they



b e l i e v e d  t o  be a r e s u l t  o f  l i p i d  p e r o x i d a t i o n ,  cou ld  be p reven ted  by: 

a) e t h y l e n e d i a m i n e t e t r a a c e t a t e  (EDTA), d iphenylphenylenediami ne (DPPD) 

and the  a - t o c o p h e r o l  m e t a b o l i t e  o f  Simon (3 - (hyd roxy -3 -m ethy lca rboxy -  

p e n t y l )  3 , 5 , 6 - t r i m e t h y l  benzoquinone) which a r e  i n h i b i t o r s  o f  l i p i d  

p e r o x i d a t i o n  (23) ;  b) p - c h lo ro m e rc u r ib e n z o a te  (PCMB) and p - d i e t h y l -  

aminoethyl  d iphenyl  propyl  a c e t a t e  (SKF-525A), i n h i b i t o r s  o f  microsomal 

e l e c t r o n  t r a n s p o r t  ( 19) ;  and c )  i n a c t i v a t i o n  o f  microsomes by hea t  

p r i o r  to  in c u b a t io n  w i th  TPNH and ADP (23).

In v i t r o  l i p i d  p e r o x i d a t i o n  has been s t u d i e d  in model systems f o r  

s e v e ra l  y e a r s  and many, a l though  not  a l l ,  o f  th e  ba s ic  p r o p e r t i e s  of  

such systems a r e  known. L ip id  p e r o x i d a t i o n  is  thought  to  be an au to -  

c a t a l y t i c  s e r i e s  of  r e a c t i o n s  invo lv ing  a f r e e  r a d i c a l  mechanism. The 

p rocess  can be c o n v e n i e n t l y  d iv id e d  in to  f o u r  p ro c e s s e s  ( see  reviews by 

Lundberg (24) and Ingold ( 2 5 ) ) :  c h a in  i n i t i a t i o n ,  c h a in  p ro p ag a t io n ,

hydroperox ide  breakdown and c h a in  t e r m i n a t i o n .

I n i t i a t i o n : R-CH=CH-CH2-CH=CH-R'

> H.

R-CH=CH-CH-CH=CH-R'

R-CH=CH-CH=CH-CH-R'

P ropaga t ion :

R-CH=CH-CH=CH-CH-R'
I
0 - 0 '

RH\

R-CH=CH-CH=CH-ÇH-R'
Ô-0-H

R-CH-CH=CH-CH=CH-R'

R-CH-CH=CH-CH=CH-R' 
I
0 - 0 *

RH

R* '
R-CH-CH=CH-CH=CH-R‘

0-0-H



R-CH=CH-CH=CH-CH-R' R-CH-CH=CH-CH=CH-R'
0-0-H 0-0-H

Perox ide  
Breakdown:

aldehydes ,  ke tones ,  a l c o h o l s ,  c a rb o x y l i c  a c i d s ,  polymers,  e t c .

Chain T erm ina t ion :

R-CH=CH-CH=CH-CH-R* + X ' I nac t i ve  Products
I
0- 0 .

For o u r  purposes  RH is  an u n s a tu r a t e d  f a t t y  a c id  w i th  a 1 , 4 -p e n ta d ie n e  

p o r t i o n  p r e s e n t  and X is  e i t h e r  ano the r  f r e e  r a d i c a l  o r  a compound 

which r e a c t s  w i th  a f r e e  r a d i c a l  t o  form an o th e r  f r e e  r a d ic a l  which is 

no t  e n e r g e t i c  enough t o  p e r p e t u a t e  the  cha in  p ropaga t ion  p ro ces s .

Although many k inds  o f  l i p i d - d e r i v e d  p ro d u c ts  a re  formed by t h i s  

p rocess  (26) ca rbonyl d e r i v a t i v e s  a re  u s u a l l y  formed in r e l a t i v e l y  

l a r g e r  q u a n t i t i e s ,  among them a ldehydes  r e s u l t i n g  from the  c l eavage  o f  

l i p i d  carbon t o  carbon bonds a r e  predominant  (26) .  When p o ly u n s a t u r ­

a t e d  f a t t y  a c id s  a re  used as s u b s t r a t e s  f o r  l i p i d  p e r o x id a t io n  a 

t h i o b a r b i t u r i c  a c i d - r e a c t i n g  chromogen, presumably malonaldehyde,  is 

formed and a measure o f  t h i s  chromogen c o n s t i t u t e s  an Index, a l though 

not  a q u a n t i t a t i v e  one,  o f  the  e x t e n t  o f  l i p i d  p e r o x id a t io n  (27) .

Repor ts  have appeared  d e s c r ib i n g  in v ivo  p e r o x id a t io n  of  l i p i d s  

and th e  s u b j e c t  has been reviewed by Tappel (28) .  Many o f  the  s t u d i e s ,  

however,  appeared not  t o  have been done w i th  s u f f i c i e n t  p r e c a u t io n  to  

p r e v e n t  l i p i d  p e r o x i d a t i o n  pos t  mortem in th e  t i s s u e s  i n v e s t i g a t e d .  

S tu d ie s  in t h i s  l a b o r a t o r y  have f a i l e d  t o  show s i g n i f i c a n t  d i f f e r e n c e s  

in l i p i d  p e rox ide s  found in t i s s u e s  from an imals  s u f f i c i e n t  and 

d e f i c i e n t  in Cü-tocopherol (29) .  Negative ev idence ,  however, does not
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r u l e  ou t  l i p i d  p e r o x id a t io n  in v ivo  s in c e  i t  may be t h a t  the  o x id a t io n  

p ro d u c ts  a re  removed from the  t i s s u e s  as f a s t  as  they  a r e  formed and, 

t h e r e f o r e ,  do not  accumula te .  For example,  malonaldehyde when in j e c t e d  

in to  the  r a t  is . rap id ly  me tabo l ized  (30) .  Thus a l though  l i p i d  p e r o x i ­

d a t io n  p robab ly  occurs  in v ivo  th e  q u e s t i o n  is s t i l l  in the  a u t h o r ' s  

o p in io n  an open one.

C e r t a in  compounds o f  b i o l o g i c a l  o r i g i n  have been shown to  perox- 

i d i z e  l i p i d s  very  e f f e c t i v e l y .  For example,  hematin compounds are 

very  e f f i c i e n t  p e r o x i d a t i v e  c a t a l y s t s  and the  l i t e r a t u r e  up to  1962 

was reviewed by Tappel (31 ,32) .

Enzyme-associa ted  l i p i d  p e r o x id a t io n  has been re p o r te d  (33,34) 

o c c u r r i n g  in a s s o c i a t i o n  w i th  th e  a c t i v i t y  o f  th e  r a t  l i v e r  micro­

somal enzyme L-gu lono lac tone  o x ida se  in a - t o c o p h e r o l - d e f i c i e n t  an im als .  

Th is  was th e  f i r s t  r e p o r t  o f  l i p i d  p e r o x id a t io n  a s s o c i a t e d  with  the  

f u n c t i o n in g  of  an enzyme. I t  has been d i f f i c u l t ,  however, to  demon­

s t r a t e  d i r e c t l y  t h a t  l i p i d  changes occu r red  du r ing  the  fu n c t i o n  o f  

t h i s  enzyme (35).

The microsomal TPNH-oxidizing system d e s c r ib e d  by Belof f -Cha in  

(22) and by Hochste in  and E r n s t e r  (23) o f f e r e d  ano the r  o p p o r tu n i ty  

f o r  i n v e s t i g a t i n g  d i r e c t l y  the  fo rm at ion  o f  l i p i d  p e ro x id a t io n  

p ro d u c ts  by a f u n c t i o n in g  enzyme system under mild c o n d i t i o n s  compat­

i b l e  w i th  p h y s io lo g i c a l  c o n d i t i o n s .

The purpose  o f  t h i s  s tudy  was:

1) To de te rmine  by a v a r i e t y  o f  a n a l y t i c a l  te chn iques  

whether  o r  not l i p i d  changes o c c u r re d  in the  microsome dur ing  the 

f u n c t i o n i n g  o f  microsomal TPNH o x id a s e .



6

2) To s tudy th e  e f f e c t  o f  v a r io u s  enzymic param ete rs  o f  TPNH 

ox id a se  on any l i p i d  changes  t h a t  might occur .

3) To s tudy th e  e f f e c t  o f  d i e t a r y  a - to c o p h e r o l  l e v e l s  on 

the  r e a c t i o n  and a l s o  t o  s tudy  th e  e f f e c t  o f  d r u g - s t im u la t e d  induc t ion  

o f  microsomal hyd roxy lases  on th e  v a r io u s  r e a c t i o n s .

4)  To e s t a b l i s h  th e  c h a r a c t e r i s t i c s  o f  t h e s e  r e a c t i o n s  and 

the  n a tu re  o f  t h e  p roduc ts  formed s u f f i c i e n t l y :  a) to  de te rmine  

whether  o r  no t  a c l a s s i c a l  l i p i d  p e r o x id a t io n  mechanism is  involved 

and b) to  j u s t i f y  a f u t u r e  s e a r c h  f o r  s i m i l a r  r e a c t i o n s  in v iv o .



CHAPTER II 

MATERIALS AND METHODS 

M a t e r i a l s  

Animals

Adult  male a l b i n o  r a t s  (180-250 g ) ,  bred and m a in ta in ed  in t h i s  

l a b o r a t o r y ,  were used in t h e s e  e x p e r im en t s .  These r a t s  were o r i g i n a l l y  

d e r iv e d  from the  Holzman-Sprague Dawley s t r a i n  and a r e  now h ig h ly  

inb red .  Animals were fed  e i t h e r  a commercial p e l l e t  d i e t  o r  a syn­

t h e t i c  d i e t  d e s c r ib e d  below.

M a te r i a l s  f o r  D ie t s  

Case in ,  v i t a m i n s  (excep t  a - to c o p h e r y l  a c e t a t e ) ,  cod l i v e r  o i l  and 

Alphacel  (a pure ,  powdered c e l l u l o s e  added f o r  bu lk )  were o b ta in ed  from 

N u t r i t i o n a l  B iochemicals  C orp o ra t io n ,  C leve land ,  Ohio.  S t r ip p e d  l a rd  

(cu-tocopherol and o t h e r  v o l a t i l e  m a t e r i a l s  removed by m o lecu la r  d i s t i l ­

l a t i o n ) ,  a - t o c o p h e r o l  and a - to c o p h e r y l  a c e t a t e  were o b t a i n e d  from 

D i s t i l l a t i o n  Produc ts  I n d u s t r i e s ,  R oches te r ,  New York.

Experimental  D ie t s  

cn -T o c o p h e ro l -d e f i c i e n t  d i e t s .  The exp e r im en ta l  d i e t  used was t h a t  

o f  Young and Dinning (36) .  The s a l t  m ix tu re  and v i t a m i n  mix tu re  were 

p repa red  acc o rd ing  t o  th e  method o f  Hubbell e t  a i . (37)*

7
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Composit ion o f  Vi tamin Mixture 

i n o s i t o l  22 .5  g

C hol ine  C h lo r id e  22.5 g

N icot inamide  4 . 5  g

Py r idox ine  HCl 112.5 mg

Thiamine 112.5 mg

R ib o f l a v in  i 12.5 mg

Calcium P an to thena te  225 .0  mg

F o l ic  Acid 112.5 mg

2-Methylnap thoquinone 5 . 6  mg

Vitamin Bjg 1.0 mg

B i o t i n  1.1 mg

Dextrose  100.0 g

Composit ion of  S a l t  Mixture

CaCOg 54 . 3 0 0 % KHgPO^ 21.200 %

KCl 11.200 % NaCl 6 .900  %

MgCOg 2.500  % MgSO^ 1.600 %

FeSO^.THg^ 0 . 0 9 0 % MnSO^-HgO 0.035 %

A1K(S0i^)2 * I2H2O 0 . 0 1 7 % Kl 0 .008  %

Composit ion of  Basal Die t

Pe rcen t  Composit ion 

Case in ,  v i t am in  f r e e  I7 .0

Sucrose 37 .3

Corn S ta rc h  36 .0

Lard 3 .0
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Percen t  Composit ion 

Cod Liver  Oil 3*0

S a i t  Mixture  3*0

Vitamin Mixture 0 .7

The basa l  d i e t  was mixed w i th  Alphacel  in a r a t i o  o f  10 to  1.

a -Tocophero i - supp lem en ted  d i e t s .  These d i e t s  were i d e n t i c a l  to  

th e  a - t o c o p h e r o i - d e f i c i e n t  d i e t  excep t  a - to c o p h e r y l  a c e t a t e  was added. 

The fo l low ing  d i e t s  were used and t h e i r  nomenclature is g iven .

Nomenclature a-Tocophery l  A ce ta te
per  100 g o f  Diet

- E 0

+ El 10 mg

+ E2 20 mg

+ E3 30 mg

+ E6 60 mg

+ E9 90 mg

+ E15 150 mg

Stock  Diet  ( P e l l e t  D ie t )

Rats  t h a t  were not  ma in ta ined  on an exper imenta l  d i e t  were fed 

a commercial p e l l e t  d i e t  from Rockland L a b o r a to r i e s ,  Teckland Incor­

p o ra te d ,  Monmouth, I l l i n o i s .  Th is  d i e t  had the  fo l low ing  i n g r e d i e n t s ;  

soybean meal,  ground ye llow corn ,  f i s h  meal,  p u lv e r i z e d  b a r l e y ,  wheat 

m id l in g s ,  ground wheat ,  dehydra ted  a l f a l f a  meal,  p u lv e r i z e d  o a t s ,  

f e ed in g  o a t  meal ,  d r i e d  skim milk ,  1% animal f a t ,  v i t am in  A p a i m i t a t e ,  

i r r a d i a t e d  d r i e d  y e a s t ,  n i a c in ,  ca lc ium p a n t o th e n a t e ,  r i b o f l a v i n
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supplemen t,  menadione,  v i t am in  1% ca lc ium c a rb o n a te ,  0.5% d ica lc ium

phospha te ,  1% sodium c h l o r i d e ,  and t r a c e s  o f  manganese ox ide ,  copper 

ox ide ,  c o b a l t  c a rb o n a te ,  i ro n  ca rb o n a te ,  z in c  ox ide ,  and ca lc ium  ioda te .  

The m a n u fa c tu re r s  gua ran teed  the  fo l iow ing  a n a ly s e s :  c rude  p r o t e i n ,  24%;

crude  f a t ,  4%; and crude  f i b e r ,  6%.'

Reagent Chemicals

All  chem ica ls  and s o lv e n t s  were r eag e n t  grade and were used as 

o b ta in e d  excep t  where s p e c i f i e d  o th e rw is e .

T r ip h o sp h o p y r id in e  n u c l e o t i d e s  (TPN and TPNH), sodium D-g lucose-  

6 -phospha te ,  D,L sodium i s o c i t r a t e ,  and p-hydroxymercur ibenzoa te  were 

o b ta in e d  from Sigma Chemical Company, S t .  Louis,  M issour i .

Adenosine  5 ' -d ip h o s p h a te  was o b ta in ed  from P L L a b o r a to r i e s ,  

Milwaukee, Wisconsin.

The fo l lo w in g  chemica ls  were o b ta in e d  from F i s h e r  S c i e n t i f i c  

Company, P h i l a d e l p h i a ,  Pennsy lvan ia :  t r i s  (hydroxymethyl ) amino-

methane,  monobasic po ta ss ium phosphate,  d i b a s i c  po ta ss ium phospha te ,  

ch lo ro fo rm ,  methanol ,  d i e t h y l  e t h e r ,  benzene and th e  ino rgan ic  s a l t s  

used in  t h i s  s tudy .

The fo l lo w in g  chemica ls  were o b ta in e d  from Eastman Organic Chem­

i c a l s ,  R oches te r ,  New York: 2 , 4 - d i n i t r o p h e n y l h y d r a z i n g ,  sodium

e t h y l e n e d i a m i n e t e t r a a c e t a t e ,  2 - t h i o b a r b i t u r i c  a c id ,  p y r o g a l l o l ,  

hydroxyl  amine-HCl and a > a - d i p y r i d y l .

L-Gulonolac tone  was o b t a in e d  from K and K L a b o r a to r i e s ,  P lainview, 

New York.

N inhydr in  was purchased  from the  P ie r c e  Chemical Company, Rockford,  

I l l i n o i s .
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Boron t r i f l u o r î d e - m e t h a n o l  r e a g e n t ,  p h o s p h o l ip id  s t a n d a r d s  and 

some s t a n d a r d  methyl e s t e r  m ix tu res  were o b ta in e d  from Appl ied  Science  

L a b o r a t o r i e s ,  S t a t e  C o l l e g e ,  Pennsy lvan ia .

Sodium p h é n o b a rb i t a l  (40 mg/ml) in i s o t o n i c  s a l i n e  f o r  i n j e c t i o n  

was o b t a i n e d  from C o n n ie ' s  P r e s c r i p t i o n  Shop, Oklahoma C i t y ,  Oklahoma.

Some methyl e s t e r  s t a n d a rd s  and f r e e  f a t t y  a c i d s  were o b ta in ed  

from t h e  Hormel I n s t i t u t e ,  A us t in ,  Minnesota.

S o lv e n t s

All s o l v e n t s  used were re a g e n t  grade excep t  n-hexane  which was 

c h r o m a to q u a l i t y  (Matheson Coleman & Bell Company, Eas t  R u the r fo rd ,

New J e r s e y ) .  In c e r t a i n  chromatograph ic  p rocedu res ,  so d e s ig n a t e d ,  

t h e  s o l v e n t s  r e q u i r e d  f u r t h e r  p u r i f i c a t i o n .  "Carbonyl f r e e "  benzene 

was p re p a re d  by r e f l u x i n g  r eagen t  g rade  benzene in t h e  p re sence  of  

d i n i t r o p h e n y l h y d r a z i n e  (10 g /1 )  (DPNH) fo r  8 hours fo l low ed  by d i s ­

t i l l a t i o n  (3 8 ) .  P u r i f i e d  methanol was prepared  s i m i l a r l y  bu t  r equ i re d  

two d i s t i l l a t i o n s  to  remove DPNH i m p u r i t i e s .  Chloroform was a l s o  

p u r i f i e d  in t h e  same manner.

Chromatographic M a te r i a l s

Reagent  g r a d e  s i l i c i c  a c i d ,  100 mesh, from M a l l in c k ro d t  Chemical 

Works, S t .  Louis,  M is sou r i ,  and l a b e l e d  " s u i t a b l e  f o r  chromatography" 

was used f o r  column chromatography  o f  l i p i d s  a f t e r  a c t i v a t i o n  a t  

110° C f o r  3 h o u r s .  S i l i c a  gel  G (Research S p e c i a l t i e s  Company, 

Richmond, C a l i f o r n i a )  was used f o r  t h i n - l a y e r  chromatography.  A c a t io n  

exchange r e s i n  o f  th e  s u l f o n i c  a c i d  type  (AG50-X4, BioRad L a b o r a to r i e s ,  

Richmond, C a l i f o r n i a )  was used in column chromatographic  s e p a r a t i o n s  of
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d i n i t r o p h e n y l hyd razones .  T h is  r e s i n  (H+ form) was washed w i th  carbonyl 

f r e e  methanol and the n  a m ix tu re  o f  ca rbonyl f r e e  methanol and carbonyl  

f r e e  benzene (1 :1 )  p r i o r  to  i t s  use in column chromatography.  Sephadex 

GIO, G15 and G25 (Pharmacia,  Uppsala,  Sweden) e q u i l i b r a t e d  with  methanol 

were a l s o  used f o r  column f r a c t i o n a t i o n  o f  d i n i t r o p h e n y l h y d ra z o n e s .

Enzymes

Cobra venom (Naja n a j a ) o r  r a t t l e  snake venom ( C r o ta l u s  adamanteus) 

o b ta in e d  from th e  Ross A llen  R e p t i l e  I n s t i t u t e ,  S i l v e r  Sp r ings ,  F lo r id a ,  

were used as a s o u rc e  o f  phospho l ipa se  A (cc -p h o s p h a t id e -p -acy lh y d ro la s e ) .  

P u r i f i e d  g 1ucose-6 -phospha te  dehydrogenase (D-glu cose -6 -phospha te  : t r i -  

phosphopyr id ine  n u c l e o t i d e  o x id o re d u c ta s e )  was o b t a in e d  from Sigma 

Chemical Company, S t .  Louis,  M issour i .  P u r i f i e d  D - i s o c i t r i c  dehydrogen­

ase  ( D - i s o c i t r a t e  ; t r i p h o s p h o p y r i d i n e  n u c l e o t i d e  o x id o re d u c ta s e )  was 

o b ta in e d  from Cal Biochem, Los Angeles ,  C a l i f o r n i a .

in s t rum ents  and Equipment 

S p e c t ro p h o to m e t r i c  measurements were made e i t h e r  u s ing  a Beckman 

DU o r  Beckman DU-2, from Beckman In s t rum en ts  Company, South Pasadena,  

C a l i f o r n i a .  A b so rp t io n  s p e c t r a  were recorded  a u t o m a t i c a l l y  us ing a 

Cary Model 14 Recording Spec t ropho tom eter ,  Appl ied  Physics  C orpora t ion ,  

Pasadena,  C a l i f o r n i a .  C e n t r i f u g a t i o n s  were done us ing an I n t e r n a t i o n a l  

R e f r i g e r a t e d  C e n t r i f u g e ,  I n t e r n a t i o n a l  Equipment Company, Boston, 

M assachuse t t s  and a Spinco Model L U l t r a c e n t r i f u g e ,  Beckman Ins truments  

Company, Spinco D iv i s io n ,  Palo A l to ,  C a l i f o r n i a .  Enzyme in c u b a t io n s  

were sometimes c a r r i e d  ou t  in a Dubnoff Shaker  equ ipped  wi th  a c o n s t a n t  

te m pera tu re  w a te r  b a th .  P r e c i s i o n  S c i e n t i f i c  Company, Chicago,  I l l i n o i s .
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Organic s o lv e n t s  were removed from l i p i d  samples by use o f  a Rota t ing  

Evapora to r  o b ta in e d  from Calab,  Berkeley ,  C a l i f o r n i a .  F a t t y  ac id  methyl 

e s t e r s  were q u a n t i t a t e d  us ing  a Perkin-E lmer  Model 226 Gas Chromatograph,  

Perk in-Elmer C o rp o ra t i o n ,  Norwalk, C o n n e c t i c u t .

Methods

P r e p a r a t i o n  o f  Rat L iver  Microsomes 

Male r a t s  (180-250 g) were stunned by a blow on the  head and 

exsangu ina ted  by se v e r in g  th e  neck v e s s e l s .  The l i v e r  was removed, 

c h i l l e d  with  c o ld  po ta ss ium phosphate b u f f e r  (0 .15 M, pH 7 -5 ) ;  b l o t t e d  

dry and weighed.  Five m i l l i l i t e r s  o f  co ld  phosphate  b u f f e r  (0° C) was 

added to  each g o f  l i v e r  and then homogenized u s ing  a homogenizer  o f  

th e  P o t te r -E lveh jem  type .  The homogenate was c e n t r i f u g e d  in a r e f r i g ­

e r a t e d  c e n t r i f u g e  a t  8000 x g f o r  15 minutes t o  sediment  c e l l u l a r  d e b r i s ,  

n u c l e i ,  and m i to ch o n d r ia .  The s u p e rn a ta n t  f r a c t i o n  so o b ta in e d  was then  

c e n t r i f u g e d  f o r  90 minutes in a 30 r o t o r  a t  30 ,000  rpm (105,000 x g) in 

a Spinco Model L U l t r a c e n t r i f u g e  in o r d e r  t o  sed iment the  microsomes.

The microsomal p e l l e t  was resuspended in t h e  same volume o f  cold  

phosphate b u f f e r  and r e c e n t r i f u g e d  f o r  60 minutes  a t  30,000 rpm. This 

washing p rocess  was repea ted  once.  The b u f f e r  was d ra in e d  from th e  

f i n a l  microsomal p e l l e t  and th e  p e l l e t  was s t o r e d  a t  -20°  C. The f ro z e n  

p e l l e t  o f  microsomes was thawed immediately b e f o r e  use and suspended by 

homogenizat ion in t r i s -H C l  b u f f e r  (0.1 M, pH 7*5) so t h a t  1 ml o f  the  

suspens ion  was e q u i v a l e n t  to  the  microsomes from 1 g o f  l i v e r  wet w e igh t .  

Once thawed, microsomes were not r e f ro z e n  f o r  l a t e r  use s in c e  i t  was 

found t h a t  r ep ea ted  f r e e z i n g  and thawing caused  an in c r e a s e  in the  t h i o ­

barb i  t u r i c  a c id  (TBA) chromogen in th e  c o n t ro l  i n c u b a t io n  systems.
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Assay o f  Microsomal TPNH-Oxidlzing and 
TBA Chromogen-Forming Systems

Assay o f  TPNH o x i d a t i o n .  Although th e  e x a c t  n a t u r e  o f  th e  enzyme 

r e a c t i o n  i s  not known the  fo l low ing  p a r t i a l  r e a c t i o n  can  be w r i t t e n :

0^, ADP-Fe+3
TPNH + H — ---------------------TPN

microsomes

TPNH o x i d a t i o n  measurements a re  based on th e  f a c t  t h a t  TPNH has an ab­

s o r p t i o n  maximum a t  3^0 mp w hile  TPN absorbs  very  l i t t l e  a t  t h i s  wave 

l e n g th .  Thus a d e c re a se  in a b s o rp t i o n  a t  3^0 mp can be used as a 

measure o f  TPNH o x i d a t i o n  (39) .  The TPNH o x id a se  system under study  

f u n c t i o n s  when microsomes, TPNH, and ADP-Fe’̂ ^ complex a re  incuba ted 

a t  pH 7 -5 .  Although any o f  t h e se  param ete rs  can be v a r i e d  a t y p i c a l  

a s say  m ix tu re  co n ta in e d  per  ml: 0.1 ml o f  microsomes, 0 .3  pmoles TPNH,

4 . 0  pmoles ADP-Fe"*"  ̂ (ADP/Fe*3 ; g 333/ I )  and O.9  ml o f  t r i s -H C l  b u f f e r  

(0.1 M, pH 7*5).  One m i l l i l i t e r  systems were incubated  in 10 ml 

beake rs  a t  37° C in a i r .  The enzyme r e a c t i o n  was te rm in a ted  by the 

a d d i t i o n  o f  3 ml o f  e thy l  a l c o h o l .  A f t e r  t e rm i n a t i o n  o f  th e  enzyme 

r e a c t i o n  th e  m ix tu re  was p la ced  in an ice ba th  f o r  a t  l e a s t  30 minutes 

in o r d e r  to  p r e c i p i t a t e  f u l l y  a l l  i n t e r f e r i n g  m a t e r i a l s  t h a t  absorb 

a t  340 mp. The samples were c e n t r i f u g e d  and th e  o p t i c a l  d e n s i t y  o f  

th e  s o l u t i o n  was de termined  a t  340 mp. Measurement o f  the a b s o rp t io n  

o f  an e q u i v a l e n t  amount o f  TPNH not  incubated  w i th  the  microsomal 

system pe rm i t s  one t o  c a l c u l a t e  the  TPNH o x id i z e d  as fo l lo w s :

(ODgkn b e fo re  in c u b a t io n  -  OD,bn a f t e r  incuba t ion )  
pmoles TPNH o x id i z e d  = ----- 2-------------------------------------   ^z2-------------------------

where is  the  o p t i c a l  d e n s i t y  a t  340 mp and Ç is  the  OD^^g i f  1

pmole o f  TPNH is d i s s o i v e d  in 1 ml.
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Assay of  fo rm a t ion  o f  TBA chromoqen. A t y p i c a l  assay  mixtu re  

c o n t a in e d  per  ml: 0.1 ml o f  microsomes, 4 . 0  pmoles ADP-Fe'*’  ̂ and 0 .9  ml

o f  t r i s - H C l  b u f f e r  (0.1 M, pH 7*5) were incuba ted  w i th  (Experimenta l)  

and w i th o u t  (C o n t ro l )  0 .3  pmoles o f  TPNH a t  37° C in a i r .  One m i l l i ­

l i t e r  i n c u b a t io n s  were c a r r i e d  o u t  in 10 ml b e a k e r s .  The enzyme r e a c ­

t i o n  is  t e rm i n a t e d  by th e  a d d i t i o n  o f  0 .5  ml o f  35% (weight/volume;

W/V) t r i c h l o r o a c e t i c  ac id  (TCA). One m i l l i l i t e r  o f  0.75% TBA (W/V) 

was added and th e  mix tures  were hea ted  in a b o i l i n g  w a te r  bath f o r  

15 minu tes  acco rd ing  t o  the  method o f  O t to lengh i  (40) .  A f t e r  c o o l in g ,

1 ml o f  70% TCA (W/V) was added to  each tube  and s w i r l e d  g e n t l y .  The 

samples were then  c e n t r i f u g e d  and th e  o p t i c a l  d e n s i t y  o f  the  c l e a r  p ink  

s u p e r n a t a n t  was determined  a t  532 mp. In many i n s t a n c e s  sample c o l o r s  

were too  dense t o  be read d i r e c t l y  and were f i r s t  d i l u t e d  with  an ac id  

d i l u t i o n  m ix tu re  w i th  the  same com posi t ion  as  t h a t  o f  t h e  sample.  Sam­

p l e s  t h a t  were t u r b i d  were e x t r a c t e d  w i th  ch lo ro fo rm  ( to  remove the  

l i p i d  t u r b i d i t y )  and the  o p t i c a l  d e n s i t y  o f  the  c l e a r  aqueous la y e r  was 

de te rmi ned.

In c u b a t io n s  c a r r i e d  out  a t  h y p e rb a r i c  oxygen p r e s s u r e s .  Incubat ions  

c a r r i e d  o u t  a t  oxygen p r e s s u r e s  g r e a t e r  than  one atmosphere  were per form­

ed in t h e  s p e c i a l l y  c o n s t r u c t e d  s t a i n l e s s  s t e e l  chamber shown bn page 16.

I n j e c t i o n  o f  Animals w i th  Sodium Phénobarb i t a l  

In some exper iments  male r a t s  were g iven  d a i l y  i n j e c t i o n s  of  sodium 

phénobarb i ta l"  i n t r a p e r i t o n e a l  ly .  Doses o f  100 mg per  kg body weight  

were g iv e n  per  i n j e c t i o n  accord ing  t o  t h a t  used by O rren ius  (15)- The 

number o f  d a i l y  i n j e c t i o n s  v a r i e d  from exper im en t  t o  exper im en t .
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Large Incuba t ion  Systems f o r  L ip id  Analyses 

Large (10 to  300 ml) c o n t r o l  (w ithou t  TPNH) and exper im en ta l  (with 

TPNH) in c uba t ion  systems were used when l i p i d  a n a ly s e s  were c a r r i e d  o u t .  

(Lipid  phosphorus in 10 ml in c u b a t io n  systems ranged from 300 to  500 p g ) .  

P l a s t i c  cups 3 inches in d ia m e te r  were used when in c u b a t io n s  were c a r r i e d  

ou t  a t  5 atmospheres .  Not more than  40 ml was incuba ted  a t  one t ime in 

th e s e  v e s s e l s  in o r d e r  t o  in s u re  complete  e q u i l i b r a t i o n  o f  th e  gas phase 

with  the  l i q u i d  phase .  For ty  m i l l i l i t e r  enzyme systems were incuba ted 

s e p a r a t e l y  and pooled  f o r  e x t r a c t i o n  when very  l a rg e  amounts o f  l i p i d  

were r e q u i r e d .  When a i r  was used as th e  gas phase Erlenmeyer f l a s k s  

were used f o r  th e  l a r g e r  in c u b a t io n  volumes.

E x t r a c t i o n  o f  L ip id s  from Microsomal Systems 

The method o f  e x t r a c t i o n  used was t h a t  o f  Folch,  Lees,  and S loane-  

S ta n l e y  (41) .  A f t e r  the  enzyme in c u b a t io n  was completed ,  twenty volumes 

o f  ch lorofo rm-methanol  ( 2 :1 ,  V/V) was added to  each volume o f  t h e  micro­

somal incuba t ion  system. The r e s u l t i n g  mix tu re  was s i n g l e - p h a s e d  with  

r e s p e c t  to  th e  s o l v e n t s  and was p e rm i t t e d  t o  s tan d  a t  l e a s t  15 minutes 

w i th  o c c a s io n a l  shaking  to  in s u re  complete l i p i d  e x t r a c t i o n .  When 0.2 

volumes o f  aqueous sodium c h l o r i d e  s o l u t i o n  (0.5% W/V) was added and 

th e  mix tu re  was shaken,  two l i q u i d  phases r e s u l t e d ,  one o f  which was 

p r i m a r i l y  ch lo ro fo rm  ( r e f e r r e d  to  h e r e a f t e r  as  th e  c h lo ro fo rm  la y e r )  

and the o t h e r  was app rox im a te ly  60% methanol in w a te r  ( r e f e r r e d  to 

h e r e a f t e r  as  the  w ate r -m ethanol  l a y e r ) .  A f t e r  phase s e p a r a t i o n  the  

two la y e r s  were i s o l a t e d  and t r e a t e d  f u r t h e r  acco rd ing  t o  the  des ign  

o f  th e  exper im en t .  The c h lo ro fo rm  la y e r ,  which c o n t a in e d  the  l i p i d s ,  

was u s u a l l y  ev ap o ra ted  t o  d ryness  and the  l i p i d  r e s id u e  was r e d i s s o lv e d
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in a small bu t  known volume o f  ch lo ro fo rm  and s t o r e d  in t h e  r e f r i g e r a t o r

under n i t r o g e n  u n t i l  t h e  l i p i d  was ana lyzed .

Chemical Analyses o f  L ip id s

General  c o n s i d e r a t i o n s .  All chemical an a ly se s  were done in d u p l i ­

c a t e .  A p p ro p r ia te  s t a n d a r d s  w i th  known c o n c e n t r a t i o n s  were assayed  with  

each s e t  o f  samples.

D éte rm ina t ion  o f  l i p i d  phosphorus .  The ch lo ro fo rm  was removed in

vacuo from th e  l i p i d  samples c o n t a in in g  k t o  60 |j,g o f  l i p i d  phosphorus.

The sample was m i n e r a l i z e d  in s u l f u r i c  (1 .2  ml o f  5 N) and n i t r i c  a c id s  

(2 d r o p s ) .  The r e s u l t i n g  ino rgan ic  phosphate was then  de te rmined  by 

the method o f  F iske  and SubbaRow (42).

D ete rm ina t ion  o f  e s t e r  groups .  Lipid  e s t e r  groups  were determined 

by th e  method o f  S t e r n  and Shap i ro  (43) ,  as  m odi f ied  by Antonis  (44) .  

Chloroform was removed from th e  sample and th e  e s t e r  ( 0 .3  to  3*0 pmoles) 

was t r e a t e d  with  a l k a l i n e  hydroxy lamine.  The r e s u l t i n g  hydroxamic ac id  

was de term ined  as a f e r r i c  complex which absorbed  a t  520 mp. The i n t e n ­

s i t y  o f  th e  c o l o r  complex was compared with  t h a t  developed by s t a n d a rd  

t r i o l e i n .

D e te rm ina t ion  o f  l i p i d  amino n i t r o g e n .  The l i p i d  amino n i t r o g e n  

c o n t e n t  was measured by th e  method o f  Lea and Rhodes (45) .  Ninhydrin  

(200 mg) was d i s s o lv e d  in 5 ml o f  e th y l e n e g l y c o l  monomethyl e t h e r  (EGME) 

and s tannous  c h l o r i d e  (8 mg) was d i s s o lv e d  in 5 ml o f  c i t r a t e  b u f f e r  

( 0 .2  M, pH 5 . 0 ) .  Equal volumes o f  the  n in h y d r in  and s tannous  c h l o r i d e  

s o l u t i o n s  were mixed ( r e a g e n t  I ) .  The dry l i p i d  sample (1 .0  to  1.5 pg
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l i p i d  amino n i t r o g e n )  was d i s s o lv e d  in 0 .5  ml o f  EGME and 0.5  ml of  

re a g e n t  I was added.  Colo r  was developed by h e a t in g  th e  r e s u l t i n g  mix­

t u r e  in a b o i l i n g  w a te r  ba th  fo r  20 m inu tes .  The m ix tu re  was coo led ,

3 ml o f  EGME was added and th e  o p t i c a l  d e n s i t y  a t  570 mp was measured.  

The q u a n t i t y  o f  amino n i t r o g e n  was de termined  by comparison  with  known 

q u a n t i t i e s  o f  s t a n d a r d  e thano l  ami ne h y d r o c h lo r i d e .

D e te rm ina t ion  o f  Cü-tocopherol . Cü-Tocopherol was determined by the 

method o f  Emmerie and Engel (46) which is  based  on th e  r e d u c t io n  of  

f e r r i c  ion by toc ophe ro l  to  f e r r o u s  ion.  Fer rous  ion is then de termined  

as  t h e  red Q! ,a -d ipyr idy l  compiex.  An a l i q u o t  o f  t h e  t o t a l  l i p i d  e x t r a c t  

( ch lo ro fo rm  l a y e r )  was evapo ra ted  to  d ryness  in vacuo.  The r e s id u e  was 

taken  up in a c e to n e  and coo led  in a dry i c e - a l c o h o l  ba th  to  p r e c i p i t a t e  

t h e  p h o s p h o l ip i d s .  The co ld  ace tone  was s e p a r a t e d  from th e  p r e c i p i t a t e  

by a P a s te u r  p i p e t t e  and th e  p r e c i p i t a t e  was washed tw ice  with  co ld  

a ce tone  ( -4 0 °  C).  The ace tone  f r a c t i o n s  were combined,  evapora ted  to  

d ry n e s s ,  and ta k en  up in 1.2 ml o f  a b s o l u t e  e t h a n o l .  A ddit ion  o f  0.05 

ml o f  0.2% (W/V) f e r r i c  c h l o r i d e  s o l u t i o n  and 0 .05  ml o f  0.5% (W/V) 

0 ! , a -d ip y r id y l  s o l u t i o n  was fol lowed by c o l o r  development in the  dark  

f o r  10 m inu te s .  The c o l o r  i n t e n s i t y  a t  540 mp was de te rmined immed­

i a t e l y  and compared w i th  a s t a n d a rd  curve  p r e p a re d  with  a u t h e n t i c  

a - t o c o p h e r o l .

D e te rm ina t ion  o f  u n s a t u r a t i o n  in l i p i d s  by b rom ina t ion .  This  

method i s  based on the  q u a n t i t a t i v e  b rom ina t ion  o f  l i p i d  carbon to  

ca rbon  double  bonds acco rd ing  to  th e  method o f  Trappe (47) .  Samples 

c o n t a i n i n g  30 pg o f  l i p i d  phosphorus were d i s s o l v e d  in 1 ml of
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ch lo ro fo rm .  Two m i l l i l i t e r s  o f  0.01 N bromine s o l u t i o n  ( in  s a t u r a t e d  

NaBr) was added and the  mixtu re  was p laced  in the  dark  4 to 16 hours .

The excess  bromine was determined as f r e e  iodine  l i b e r a t e d  upon the  

a d d i t i o n  o f  1 ml o f  2% (W/V) aqueous potass ium iod ide .  The iodine 

was t i t r a t e d  w i th  0.005 N sodium t h i o s u l f a t e .  The d i f f e r e n c e  between

th e  iod ine  l i b e r a t e d  by the  bromine r eagen t  in th e  absence  and presence

o f  l i p i d  i s  a measurement o f  double bonds in the  l i p i d .  T r i o l e i n  was 

used as a s t a n d a rd  t o  check the  accuracy  o f  each s e t  o f  measurements.

D e te rm ina t ion  o f  u n s a t u r a t i o n  in l i p i d s  by c a t a l y t i c  hydrogena t ion .  

Reduced pal lad ium-charcoal  c a t a l y s t  was p repared  by inc uba t ion  o f  

p a l l a d iu m -c h a rc o a l  w i th  hydrogen gas in a Warburg vesse l  u n t i l  no more 

hydrogen was taken  up. A known q u a n t i t y  o f  l i p i d  (5 to  10 mg) d i s s o lv e d  

in methanol was p laced  in th e  s id e  arm of  a Warburg ves se l  and 25 mg o f  

th e  reduced c a t a l y s t  was suspended in  1.5 ml of  methanol and p laced  in 

th e  main compartment o f  the  v e s s e l .  The ves se l  was gassed w i th  hydro­

gen and e q u i l i b r a t e d  a t  37° C u n t i l  hydrogen uptake had ceased .  The

l i p i d  sample was then  t ipped  in to  t h e  c a t a l y s t  compartment and the  

hydrogen up take  was pe rm i t t ed  to go to  comple t ion .  The r a t i o  o f  pmoles 

o f  hydrogen up take  t o  pmoles l i p i d  phosphorus was used as  an index of  

l i p i d  u n s a t u r a t i o n .  The same method of  hydrogenat ion  was used t o  p r e ­

pa re  s a t u r a t e d  methyl e s t e r s  f o r  gas chromatographic  s t u d i e s  o f  methyl 

e s t e r s  d e r iv e d  from microsomal l i p i d s .

P r e p a r a t i o n  o f  2 ,4 -D in i t ropheny lhyd razones

The c h lo ro fo rm  la y e r  (15 ml) from the  Folch e x t r a c t  was t r e a t e d  

w i th  k mg o f  2 , 4 - d i n i t r o p h e n y l h y d r a z i n e .  A f t e r  s t a n d in g  1 hour a t  25° C
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the  ch lo ro fo rm  was removed J_n vacuo and the  r e s id u e  was taken  up with  

0.5  t o  1.0 ml o f  methanol-benzene  (1 :1 )  o r  methanol and chromatographed 

on BioRad AG50W-X4 or Sephadex GIO as d e s c r ib e d  p r e v io u s l y .  The hydra-  

zones o f  t h e  water-methanol  l a y e r  from the  Folch e x t r a c t  were p repared  

s i m i l a r l y .  The hydrazones were e x t r a c t e d  from the water -methanol  

s o l u t i o n  w i th  ch lo ro fo rm  ( u s u a l l y  fo u r  50 ml p o r t i o n s )  u n t i l  the  w a te r -  

methanol l a y e r  was c o l o r l e s s .  The ch lo ro fo rm  was then  evapora ted  and 

th e  hydrazones were d i s s o l v e d  in th e  a p p r o p r i a t e  s o lv e n t  and chromato­

graphed as above.

Trea tment  o f  Microsomal L ip id s  w i th  Snake Venoms 

Cobra and r a t t l e  snake venom were used as sources  o f  phospho l ipase  

A which hydro lyzes  the  P f a t t y  a c i d  o f  phospha t idy l  e thano l  ami ne and 

phospha t idy l  c h o l i n e  (48) r e s u l t i n g  in the  fo rm at ion  o f  ly sophospha t ides  

and f r e e  f a t t y  a c i d s .  One m i l l i g r a m  o f  l y o p h i l i z e d  venom was d i s s o lv e d  

in 1 ml o f  0 .005  M ca lc ium c h l o r i d e  s o l u t i o n .  Dry l i p i d  c o n t a in in g  

60 pg o f  phosphorus  was d i s s o lv e d  in 5 ml o f  perox ide  f r e e  e t h e r  and 

0.01 ml o f  venom s o l u t i o n  was added.  The ly s ophospha t ides  p r e c i p i t a t e d  

a t  room te m p e ra tu re  in 2 to 24 hours depending on the  l i p i d  source .

T h e . ly s o p h o s p h a t id e s  were s e p a r a t e d  from th e  e t h e r  s o l u b l e  f r e e  f a t t y  

a c i d s  e i t h e r  by means o f  a P a s t e u r  p i p e t t e  a f t e r  c e n t r i f u g a t i o n  o r  by 

f r a c t i o n a t i o n  o f  a ch lo ro fo rm  s o l u t i o n  o f  t h e  e n t i r e  m ix tu re  on a small 

s i l i c i c  a c i d  column. Completeness o f  t h e  venom a c t i o n  was moni tored by 

t h i n  l a y e r  chromatography .

Column Chromatography 

S i l i c i c  ac id  column chromatography.  S i l i c i c  a c i d  (49) was used to
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s e p a r a t e  n e u t r a l  l i p i d s  from p h o s p h o l ip id s  and a l s o  to  f r a c t i o n a t e  m ic ro ­

somal p h o s p h o l ip id s  d e r iv e d  from both  c o n t r o l  and ex p e r im en ta l  in c u b a t io n  

sys tems.  S i l i c i c  a c i d  was d r i e d  f o r  3 hours  a t  110° C p r i o r  to  i t s  use .  

Not more th a n  25 mg o f  l i p i d  p e r  g s i l i c i c  a c i d  was used.  A c t i v a t e d  

s i l i c i c  a c i d  was s l u r r i e d  in ch lo ro fo rm  and packed in a column o f  ap p ro ­

p r i a t e  s i z e .  (For example,  0 . 4  X 4 . 0  cm columns were used to  s e p a r a t e  

n e u t r a l  l i p i d s  from p h o s p h o l ip i d s  c o n t a in in g  0 .3  mg o f  l i p i d  phosphorus  

and 1.0 X 10.0 cm columns were used to  f r a c t i o n a t e  l i p i d  m ix tu res  con­

t a i n i n g  7*0 mg o f  l i p i d  phosphorus) .  Flow r a t e s  o f  1 to  2 ml pe r  minute  

were used .  A f t e r  t h e  l i p i d s  were p laced  on t h e  column in a small  volume 

(1 to  5 ml) o f  c h lo ro fo rm  the  n e u t r a l  l i p i d s  were e l u t e d  from th e  column 

w i th  ch lo ro fo rm  ( a t  l e a s t  10 column volumes) u n t i l  no l i p i d  m a t e r i a l  

cou ld  be d e t e c t e d  in s e v e r a l  s u c c e s s iv e  f r a c t i o n s  by c h a r r i n g  w i th  con­

c e n t r a t e d  s u l f u r i c  a c i d .  Pho sp h o l ip id s  were e l u t e d  w i th  s u c c e s s i v e l y  

in c r e a s in g  c o n c e n t r a t i o n s  o f  methanol in ch lo ro fo rm  as  shown in each  in ­

d iv id u a l  exper im en t .  P hospho l ip id  e l u t i o n  p a t t e r n s  were fo l lowed by de­

te rm in in g  l i p i d  phosphorus and l i p i d  amino n i t r o g e n  in  s u c c e s s i v e  f r a c ­

t i o n s  e l u t e d  from t h e  column. In c a s e s  where compar isons  of  e l u t i o n  

p a t t e r n s  o f  l i p i d s  d e r i v e d  from c o n t r o l  and expe r im en ta l  in c u b a t io n  

systems were conce rned ,  s i m i l a r  chromatograph ic  c o n d i t i o n s  such as 

amount o f  l i p i d  f r a c t i o n a t e d ,  column s i z e ,  e l u t i o n  s o lv e n t  c o n c e n t r a ­

t i o n s  and volumes, f low  r a t s  e t c . ,  were m a in ta in ed  as n e a r l y  as p o s s i b l e .  

R ecover ies  o f  l i p i d  phosphorus from columns ranged from 89 t o  96%.

Column chromatography  o f  2 . 4 - d i n i t r o p h e n y l h v d r a z i n e  d e r i v a t i v e s  o f  

l i p i d s  on BioRad AG50W-X4 c a t i o n  exchange r e s i n .  T h i s  c a t i o n  exchange 

r e s i n  i s  a Dowex 50W-X4 r e s i n  (200-400 mesh) which was t r e a t e d  by BioRad
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L a b o r a to r i e s  to  remove a l a rg e  p a r t  o f  t h e  c o l o r  and was used by 

Schwartz e t  a l .  (38) to  remove f r e e  2 , 4 - d l n l t r o p h e n y l h y d r a z l n e  (DNPH) 

from 2 , 4 - d l n l t r o p h e n y lh y d r a z o n e s .  A small  column ( 0 .4  X 6 . 0  cm) o f  

t h i s  r e s i n  w i l l  r e t a i n  a t  l e a s t  8 mg o f  DNPH ( f r e s h l y  r e c r y s t a l l i z e d  

from carbonyl f r e e  benzene) w hi le  the  2 ,4 -d ln l t r o p h e n y lh y d r a z o n e  o f  

s t e a r a l d e h y d e  Is  q u a n t i t a t i v e l y  recovered .  I f  th e  DNPH was not f r e s h l y  

r e c r y s t a l l i z e d ,  ye l low Im p u r i t i e s  were e l u t e d  from th e  column under th e  

c o n d i t i o n s  used.

A s l u r r y  o f  t h e  r e s i n  was prepared  In w a te r  and packed Into  the  

column. The packed r e s i n  was washed w i th  4 bed volumes o f  carbonyl 

f r e e  methanol and then w i th  2 bed volumes o f  benzene-methanol  (1 :1 ,

V/V), bo th  ca rbonyl f r e e .  The sample was a p p l i e d  In a mlnlmun volume 

o f  the  l a t t e r  s o lv e n t  m ix tu re  and th e  hydrazones  were e l u t e d  a t  a flow 

r a t e  o f  up t o  3 ml per  minute  In about  5 bed volumes o r  u n t i l  the  

e f f l u e n t  was c o l o r l e s s  (38 ) .  Some p h o s pho l ip id  bound hydrazones ,  how­

e v e r ,  d id  not  e l u t e  under  t h e s e  c o n d i t i o n s  and r e q u i r e d  t h e  a d d i t i o n  of  

a c i d  t o  t h e  e l u t i n g  s o l v e n t  m ix tu re .  I t  was found t h a t  e l u t i o n  o f  the  

column w i th  benzene-methanol  (1 :1 )  made 0 .6  N w i th  c o n c e n t r a te d  HCl 

e l u t e d  l l p l d  phosphorus q u a n t i t a t i v e l y .  An e s t i m a t i o n  o f  the  q u a n t i t y  

o f  d l n l t r o p h e n y l h y d ra z o n e s  e l u t e d  was o b ta in e d  by de te rm in ing  th e  u l t r a ­

v i o l e t  a b s o r p t i o n  a t  360 mfi and assuming a m l l l l m o l a r  e x t i n c t i o n  co­

e f f i c i e n t  o f  22 .0  (38).

ml s o ln  X ODqfn
pmoles d ln l t r o p h e n y lh y d ra z o n e s  = -----------------------

22 .0

Sephadex chromatography o f  2 . 4 - d l n l t r o p h e n v l h v d r a z l n e  d e r i v a t i v e s .  

The b a s i s  o f  s e p a r a t i o n s  on Sephadex, a p o ly d e x t r a n .  Is  t h a t  o f  m o lecu la r
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s i e v i n g .  Sephadex GIO o r  G15 was s l u r r i e d  in methanol and p e rm i t t e d  to  

swell  f o r  3 hours .  The Sephadex was poured in to  th e  column and packed 

under atmospher ic  p r e s s u r e  in t h e  p resence  o f  methanol .  We have found 

t h a t  f r e e  DNPH s e p a r a t e s  from th e  d in i t ro p h e n y lh y d ra z o n e s  o f  s t e a r ­

aldehyde and ace to n e .  The sample was a p p l i e d  t o  t h e  top  o f  t h e  column 

( 1 .0  X 15.0 cm) in  a minimum volume of  methanol (0 .5  to  1.0 ml) and 

f r a c t i o n s  were e l u t e d  with  methanol a t  a f low r a t e  o f  10 m l /hour .  The 

ye l low bands were c o l l e c t e d  and e s t i m a t i o n s  o f  the  q u a n t i t i e s  o f  hydra ­

zones were made as d e s c r ib e d  above.

Thin Layer Chromatography (TLC)

Thin la y e r  chromatography on s i l i c i c  ac id  was used t o  compare th e  

c h a r a c t e r i s t i c s  o f  l i p i d s  from c o n t ro l  and exper imenta l  in c u b a t io n  s y s ­

tems,  to  f o l l o w  f r a c t i o n a t i o n  procedures  and a l s o  to  d e t e c t  chemical 

and enzymic m o d i f i c a t i o n s  o f  microsomal l i p i d s .  In g e n e r a l ,  two kinds 

o f  s e p a r a t i o n s  were e f f e c t e d  in t h i s  s tudy by TLC, namely, n e u t ra l  l i p i d  

s e p a r a t i o n s  and phospho l ip id  s e p a r a t i o n s .  S i l i c a  gel  G was s l u r r i e d  in 

w ate r  (20 g /50  ml) sp read  over  g l a s s  p l a t e s  in a uni form th i c k n e s s  (250 

microns)  and a i r  d r i e d .  P la t e s  were a c t i v a t e d  30 minutes  a t  110° C 

p r i o r  to  use.  Microsomal l i p i d  c o n t a i n i n g  7 to  10 pg o f  l i p i d  phos­

phorus was s p o t t e d  in a compact spo t  (3 mm) f o r  p h o s p h o l ip id  p l a t e s  and 

l i p i d  c o n t a in in g  0 .6  to  1.0 pmoles o f  e s t e r  per  spo t  was used f o r  neu­

t r a l  l i p i d  p l a t e s .  Development o f  the  p l a t e s  was then c a r r i e d  out  in 

one o f  the  fo l low ing  s o lv e n t  systems:  chloroform-methanol-ammonia (75:

25:4)  was used f o r  phosp h o l ip id  a n a ly se s  (50) and pe t ro leum  e t h e r -  

d i e t h y l  e t h e r  (90;10) o r  (70:30)  was used f o r  n e u t r a l  l i p i d s  (51 ) .

A f t e r  the  s o l v e n t  f r o n t  had moved 10 cm the  p l a t e  was removed, a i r  d r i e d
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and sprayed  w i th  one o r  s ev e ra l  o f  t h e  spray  r e a g e n t s  l i s t e d  below, 

depending on th e  a n a l y s i s  of  I n t e r e s t .  L lp ld  s t a n d a r d s  were run on each 

p l a t e  f o r  p o s i t i v e  I d e n t i f i c a t i o n  o f  sample l i p i d s .

Spray Reagents  f o r  Thin Layer Chromatography

Rhodamln e -6 -G - r e a g e n t .  Rhodamlne-6-G (0.005%; W/V) In 95% ethanol  

was sp rayed  on n e u t r a l  l l p l d  p l a t e s  and observed  under u l t r a v i o l e t  l i g h t  

a f t e r  a i r  d ry ing  (52) .  Absorbing and f l u o r e s c i n g  sp o t s  were marked.

N inhydr in  r e a g e n t .  F i v e - t e n t h s  p e r c e n t  (W/V) n in h y d r in  In n -bu tan -  

ol was used t o  d e t e c t  amino c o n t a i n i n g  p h o sp h o l ip id s  and was u s u a l l y  the  

f i r s t  sp ray  used on phospho l ip id  p l a t e s .  A f t e r  sp ra y in g ,  the  c o l o r  was 

developed  In an oven a t  110° C f o r  5 to  10 minutes  and th e  pink amino 

c o n t a i n i n g  s p o t s  were marked.

Modified Zlnzadze  molybdenum re a g e n t .  Th is  r eagen t  (53) was p r e ­

pared  In the  f o l l o w in g  manner: S o lu t io n  I: 1 l i t e r  o f  25 N s u l f u r i c

a c id  and 40.1 g o f  molybdenum oxide  were b o i l e d  g e n t l y  u n t i l  the  

molybdenum ox ide  was d i s s o lv e d .  S o lu t i o n  11: 500 ml o f  s o l u t i o n  1 and

1.78 g o f  powdered molybdenum were b o i l e d  g e n t l y  f o r  15 minutes .  Equal 

volumes o f  s o l u t i o n s  1 and II were mixed and then  added to  two volumes 

o f  w a t e r .  T h is  r eagen t  g ives  an Immediate b lue  c o l o r  I f  phosphorus Is 

p r e s e n t .  The b lue  s p o t s  were marked and then  c h a r r i n g  o f  most o rg an ic  

compounds was accompli shed by h e a t in g  th e  p l a t e  a t  110° C f o r  10 t o  15 

m inu te s .  T h is  sp ray  reagen t  was used f o r  c h a r r i n g  n e u t r a l  l l p l d  and 

p h o s p h o l ip id  TLC p l a t e s .

P re p a ra t i o n  o f  Methyl E s t e r s  

Methyl e s t e r s  were prepared  by e i t h e r  t r a n s m e t h y l a t i o n  under mild
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a l k a l i n e  c o n d i t i o n s  (54) o r  by use o f  a boron t r i f l u o r i d e - m e t h a n o l  r e ­

agen t  ( 5 5 ) '  The t r a n s m e t h y l a t i o n  c o n s i s t e d  o f  d i s s o l v i n g  th e  dry l i p i d  

(300 p g o f  l i p i d  P) in 0 .5  ml o f  ch lo ro fo rm ,  a d d i t i o n  o f  0.5 ml o f  0.1 N 

m e thano l i c  sodium hydrox ide  and h e a t in g  20 minutes a t  37° C. Then one 

drop o f  e t h y l  fo rm a te  was added to  d e s t r o y  excess  a l k a l i .  A f t e r  the  

a d d i t i o n  o f  0 .5  ml o f  d i s t i l l e d  w a te r  the  e s t e r s  were e x t r a c t e d  from 

th e  m ix tu re  w i th  t h r e e  5 ml p o r t i o n s  o f  e t h e r .  Methyl e s t e r s  were a l s o  

p repared  by a d d i t i o n  o f  1 ml o f  b o r o n - t r i f l u o r i d e - m e t h a n o l  re a g e n t  to  

a dry  l i p i d  sample (300 pg o f  l i p i d  P) and h e a t in g  f o r  15 minu tes  in a 

b o i l i n g  w a te r  b a t h .  One m i l l i l i t e r  o f  w ate r  was added and th e  e s t e r s  

were e x t r a c t e d  w i th  two 2 ml p o r t i o n s  o f  n-hexane .

G as-L iqu id  Chromatographic A na ly s i s  o f  Methyl E s t e r s  

Methyl e s t e r s  d e r iv e d  from the  t o t a l  l i p i d  o r  f r a c t i o n a t e d  l i p i d  

from microsomes were ana lyzed  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  by g a s -  

l i q u i d  chromatography  (GLC). E s t e r  s e p a r a t i o n s  were e f f e c t e d  on packed 

p o l y e s t e r  columns such as b u ta n ed io l  s u c c i n a t e  o r  d i e th y l e n e g ly c o l  suc­

c i n a t e .  A s t a n d a r d  m ix tu re  o f  e s t e r s  w i th  known com posi t ion  was run 

p e r i o d i c a l l y  and under  in s t rum en t  c o n d i t i o n s  i d e n t i c a l  t o  th o s e  used 

f o r  sam ples .  E s t e r s  in t h e  sample were t e n t a t i v e l y  i d e n t i f i e d  by com­

p a r i s o n  o f  t h e i r  r e t e n t i o n  t im es  w i th  those  o f  th e  s t a n d a rd  e s t e r  mix­

t u r e .  F u r t h e r  c o n f i r m a t i o n  o f  th e  i d e n t i t y  o f  sample e s t e r s  was 

o b t a in e d  a f t e r  c a t a l y t i c  h yd rogena t ion  o f  the  sample.  Peaks o f  u n s a t ­

u r a t e d  e s t e r s  d i s a p p e a r e d  a f t e r  h yd rogena t ion  and t h e r e  were c o n c u r r e n t  

i n c r e a s e s  in  th e  c o r r e s p o n d in g  s a t u r a t e d  e s t e r s  w i th  th e  same ch a in  

l e n g th s .  S ince  t h e  com pos i t ion  o f  f a t t y  a c id s  in microsomal l i p i d s  Is 

s im ple ,  i d e n t i f i c a t i o n  o f  t h e  f a t t y  a c i d s  o f f e r e d  no d i f f i c u l t y .  Typica l



27

in s trum ent c o n d i t i o n s  were as fo l lo w s ;

Column: Butaned io l  s u c c i n a t e  po ly ­
e s t e r ,  8% l i q u i d  phase ,  6 
f t  packed column on Chrom- 
so rb  W.

D ie th y le n e g ly c o l  s u c c i n a t e  
p o l y e s t e r ,  13%, 6 f t  packed 
column on Gas Chrom P.

I n i t i a l  column tem para tu re  
F lash  h e a t e r  t e m p e ra tu re  
Flame i o n i z a t i o n  d e t e c t o r  
C a r r i e r  g a s ;

Tempera tu re  programming of  
column:

190° C 
275° C 
200° C
Helium a t  a c o n s t a n t  f low 
r a t e .  eg.  60 ml /minute .

Program from 190° C to  210° C 
a t  4°  per  minu te .  S tandards  
run under same programming 
condi  t i o n s .



CHAPTER II I  

RESULTS

C h a r a c t e r i s t i c s  o f  th e  Enzyme System 

The b a s ic  param eters  o f  th e  TBA chromogen-forming system were 

s t u d i e d  in an e f f o r t  t o  o b t a i n  maximum enzyme a c t i v i t y  and thus  enhance 

th e  o p p o r t u n i t y  f o r  f i n d i n g  l i p i d  changes in t h e  microsome. Microsomes 

(0.1 ml, e q u i v a l e n t  t o  100 mg l i v e r ,  wet weigh t )  were incubated  in t h e  

p re sence  o f  4 mM ADP-Fe^^ ( r a t i o  o f  ADP t o  Fe‘*"3 i s  333 t o  1) in a i r  a t  

37° C in th e  p resence  o f  va ry ing  c o n c e n t r a t i o n s  o f  TPNH. The r e a c t i o n  

was c a r r i e d  out  in a Dubnoff a p p a r a tu s .  I t  is  shown in Tab le  1 t h a t  

th e  c o n c e n t r a t i o n  a t  which TPNH had i t s  maximum e f f e c t  was dependent  

on whether a TPNH-regenerat ing system (g lu c o s e -6 -p h o s p h a te  dehydrogen­

ase ,  G-6 -PDH) was p r e s e n t  o r  no t .  Much lower l e v e l s  of  TPNH (12 pM) 

were r e q u i r e d  f o r  th e  maximum r a t e  o f  TBA chromogen p rod u c t io n  when th e  

TPNH-generat ing system was added.  This  e f f e c t  is  not s u r p r i s i n g  s i n c e  

TPNH was r a p i d l y  o x id i z e d  by microsomes under t h e s e  inc u b a t io n  c o n d i t i o n s .  

Wi th in  10 minutes  (F igure  1) a l l  TPNH was o x i d i z e d  in th e  absence o f  t h e  

TPNH-generat ing system and th e  chromogen fo rm a t io n  stopped  a b r u p t l y .

In t h e  p re sence  o f  th e  G-6-PDH system th e  TPN remained v i r t u a l l y  f u l l y  

reduced th roughout  th e  t ime cou rse  o f  th e  r e a c t i o n  and th e  chromogen 

fo rm a t io n  con t inued  u n t i l  i t  f i n a l l y  reached a p l a t e a u  even though TPNH 

was s t i l l  p r e s e n t .  A maximum va lu e  o f  chromogen formed was reached

28
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TABLE 1

EFFECT OF TPNH CONCENTRATION ON THE RATE OF 
TBA CHROMOGEN PRODUCTION

TPNH (nM) 00^32/5 minutes

With TPNH-gen. s y s t .  Without  TPNH-gen. s y s t .

0 .6 0 .54 - - - -

1.2 0.60 - - - -

3.0 0 .78 - - - -

6 .0 1.07 - - - -

12.0 1.58 - - - -

30.0 1.60 - - - -

60 .0 1.60 0.65

150.0 1.80 1.04

300.0 1.64

600.0 1.66
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F ig u re  1. The e f f e c t  o f  a TPNH-genera t ing  sys tem on th e  p r o d u c t i o n  o f  TBA-chromogen and on th e  
TPNH l e v e l s  o f  microsomal sys tems  in c u b a ted  in t h e  p r e s e n c e  o f  ADP-Fe^3. 0 - 0  0.1 ml microsomes incu­
b a t e d  in t h e  p r e s e n c e  o f  0 . 3  mM TPNH, 4 mM ADP-Fe'*’^ in t r i s  b u f f e r  (0.1 M, pH 7*5) t o  a t o t a l  incuba­
t i o n  volume o f  1 ml. Incuba ted  in a i r  a t  37° C; r e p r e s e n t s  th e  same i n c u b a t io n  sys tem bu t  w i th
6 mM g l u c o s e -6 -p h o s p h a te  and 0 . 5  u n i t s  o f  p u r i f i e d  g l u c o s e -6 -p h o s p h a te  dehydrogenase ;  dashed  l i n e  
r e p r e s e n t s  sys tems  in which TPNH was o m i t t e d .
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under  each s e t  o f  exper im en ta l  c o n d i t i o n s  t e s t e d .

The e f f e c t  o f  t h e  q u a n t i t y  o f  microsomes on th e  p roduc t ion  o f  TBA 

chromogen i s  shown In F igu re  2. The r a t e  o f  chromogen s y n t h e s i s  and th e  

maximum q u a n t i t y  o f  chromogen t h a t  can  be s y n th e s i z e d  a r e  p ro p o r t io n a l  

to  th e  q u a n t i t y  o f  microsomes used (1 to  3 mg p r o t e i n ) .

An i n c r e a s e  in t h e  oxygen p r e s s u r e  a p p l i e d  t o  the  enzyme system 

in c re a s e d  th e  r a t e  and maximum q u a n t i t y  o f  chromogen formed (Table 2) .

TABLE 2

THE EFFECT OF OXYGEN PRESSURE ON THE RATE 
OF TBA CHROMOGEN FORMATION

Oxygen
P re s s u re

(Atm)

Incub.
Time
(Min)

00^32/ttil . 1hcub.

Experimental Control

0 .2 7 0 .94 - - - -

0 .2 15 1.69 0.06

0 .2 30 2.22 0.08

5 . 0 7 2.16 - - - -

5 . 0 15 3.92 0.16

5 .0 30 5.53 0.53

A p p l i c a t i o n  o f  5 a tomospheres  oxygen p r e s s u r e  ( in  a s p e c i a l l y  c o n s t r u c t e d  

s t a i n l e s s  s t e e l  chamber p i c t u r e d  on page 16) doubled th e  t o t a l  amount o f  

chromogen formed by t h e  complete system. This  h ig h e r  oxygen p r e s s u re  

a l s o  i n c re a s e d  t h e  amount o f  chromogen formed in t h e  c o n t ro l  system 

(w i thou t  TPNH). However, t h e r e  was s t i l l  more tha n  a 10 fo ld  d i f f e r e n c e  

between t h e  c o n t r o l  and exper im en ta l  incuba t ion  sys tems .
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F igure  2. E f f e c t  o f  the  q u a n t i t y  o f  microsomes on the  r a t e  and the  
maximum amount of  TBA chromogen produced.  Incuba t ion  systems co n ta in e d  
microsomes, 4  mM ADP-Fe+3, 0 .3  mM TPNH, 6 mM G-6-P,  0 .5  u n i t s  G-6-PDH in 
a 1 ml in c u b a t io n  volume. In cu b a t io n  in a i r  a t  37° C . 0 ,0 .05  ml m icro ­
somes; □ ,  0.1 ml microsomes; A , 0 .15 ml microsomes.
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The enzyme system was found to  be very  e a s i l y  i n a c t i v a t e d  by hea t .  

When microsomes were h ea ted  f o r  30 seconds a t  65° C, t h e  chromogen- 

s y n t h e s i z i n g  and th e  TPNH o x id a se  a c t i v i t i e s  were co m p le te ly  l o s t  

(Table 3 ) .  S i g n i f i c a n t  d e c r e a s e s  o f  th e s e  a c t i v i t i e s  o c cu r red  with  only  

15 seconds h e a t in g  o f  th e  microsomes a t  65° C.

TABLE 3

HEAT INACTIVATION OF TPNH OXIDASE-LINKED 
TBA CHROMOGEN FORMATION

Microsome

P re t r e a tm e n t

In cu b a t io n

Time

TBA Chromogen (OD522) 

Control  Exper imenta l

TPNH Oxid. 

A ODji^o

None 0 0.03 - - - -

None 5 0 .04 1.62 0.26

None 10 0.05 2.35 0.31

Heat 15 s ec .  65° 0 0.07 - - - - - -  -  -

II 5 0 .09 0 .43 0.21

II 10 0 .06 1.97 0.12

Heat  30 s e c .  65° 0 0.05 -  -  -  - - - - -

II 5 0.07 0 .1 2 0.03

II 10 0.11 0.11 0.04

Heat 60 s e c .  65° 0 0.04 — — — -

II 5 0 .12 0 .1 3 0.01

II 10 0.15 0 .1 2 0.03

The e f f e c t  o f  v a ry in g  th e  incuba t ion  t e m p e r a t u r e  on TBA chromogen 

s y n t h e s i s  is shown in F ig u re  3» Even a t  0° C th e  chromogen was formed
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Figure  3* E f f e c t  o f  in c u b a t io n  tem pera tu re  on TBA chromogen syn­
t h e s i s .  Incuba t ion  medium same as F igure  1 w i th  TPNH-generat ing system 
p r e s e n t .
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a t  about  o n e - h a l f  th e  r a t e  a t  21° o r  37° C. The maximum q u a n t i t y  of  

chromogen formed was the  same f o r  a l l  t h r e e  t e m p e ra tu r e s .

Microsomal Lipid  Changes During the  Enzymic 
Oxidat ion  o f  TPNH

C o n d i t ions  t h a t  gave th e  maximum q u a n t i t y  o f  TBA chromogen were

s e l e c t e d  in o r d e r  t h a t  l i p i d  changes,  i f  they  o c cu r red ,  could  be d e t e c t -
f

ed .  The fo l l o w in g  incuba t ion  systems were used: C o n t ro l ;  0.1 ml micro­

somes p e r  ml in c uba t ion  system, 4 mM ADP-Fe'*’̂  in t r i s - H C l  b u f f e r  (0.1 M, 

pH 7*5) ;  Exper im en ta l :  same as c o n t ro l  but  w i th  0 .3  mM TPNH p r e s e n t .

In cu b a t io n s  were c a r r i e d  o u t  a t  5 atmospheres oxygen p r e s s u r e  (except  

where s p e c i f i e d  o th e rw i s e )  f o r  45 minutes  a t  25° C. Incuba t ion  systems 

ranged from 10 t o  300 ml depending on the  amount o f  l i p i d  needed f o r  

the  a n a l y s e s .  Ten m i l l i l i t e r  incuba t ion  systems u s u a l l y  c on ta ined  about 

300 lagrams o f  l i p i d  phosphorus.  A f t e r  incuba t ion  th e  l i p i d  was i s o ­

l a t e d  by the  Folch (4 l)  method. All a n a ly s e s  re p o r te d  in t h i s  s e c t i o n  

were done on the  l i p i d - c o n t a i n i n g  ch loroform  la y e r  o f  th e  Folch e x t r a c t .  

H e r e a f t e r  m a t e r i a l s  o r i g i n a l l y  de r ived  from c o n t ro l  o r  exper imenta l  in ­

c u b a t i o n  systems w i l l  be r e f e r r e d  to  as  such,  e . g .  c o n t ro l  l i p i d ,  conr 

t r o l  p h o s p h a t id y l  c h o l i n e ,  exper imenta l  l i p i d ,  e t c .

Thin  Layer Chromatographic A na lys is  

E q u iv a le n t  q u a n t i t i e s  of  l i p i d  phosphorus from th e  sample l i p i d s  

as wel l  as t h e  l i p i d  s t a n d a rd s  were a p p l i e d  on the  TLC p l a t e s .  A f te r  

development o f  t h e  phospho l ip id  p l a t e s  in CHCl^:MeOH:NH^OH (75 :25:4)  

t h e  am in o -c o n ta in in g  l i p i d  spo ts  were lo c a ted  by s p ray in g  w i th  ninhy­

d r i n  r eage n t  and then  a l l  pho s p h o ru s -c o n ta in in g  s p o t s  were loc a ted  by 

th e  Z inzadze r e a g e n t .  A t y p i c a l  a n a l y s i s  is given in F igure  4.  Marked
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F igure  4.  Thin  la y e r  chromatographic  behav ior  of  l i p i d  e x t r a c t e d  
from c o n t r o i  and exper im en ta l  in c u b a t io n  sys tems .  Control  (C); 1.0 ml 
microsomes, 4 mM ADP-Fe"^3 and t r i s  b u f f e r  (0.1 M, pH 7>5) to  a t o t a l  o f  
10 ml. In c u b a t io n  5 atmospheres  oxygen p r e s s u r e  45 minutes a t  25° C. 
Exper imental  (E): same as c o n t ro l  but  w i th  0 .3  mM TPNH. S o lven t  system: 
CHCls:MeOH:NHrOH(75:25:4). (PC) Phospha t idy l  c h o l in e ,  (PE) Phospha­
t i d y l  e thano l  amine,  (LL) m ix tu re  o f  l y s o p h o s p h o l ip id s .  Shaded spo ts  
were n in h y d r in  p o s i t i v e ,  s t i p p l e d  s p o t s  were f a i n t l y  n in h y d r in  p o s i t i v e .  
Only phosphorus  p o s i t i v e  s p o t s  a re  shown.
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l o s s e s  of  p h o s p h a t id y l  e th a n o l  ami ne o c c u r r e d  in the  exper im en ta l  l i p i d .  

There was a l s o  a slow-moving,  presumably p o l a r ,  m a t e r i a l  p r e s e n t  in t h e  

l i p i d  from ex per im en ta l  systems which was a b s e n t  in the  c o n t r o l  l i p i d .  

Some o f  t h e  slow-moving m a te r i a l  was f a i n t l y  n in h y d r in  p o s i t i v e  i n d i ­

c a t i n g  the  p re sen ce  o f  a l t e r e d  a m in o -co n ta in in g  p h o s p h o l ip id .

F unc t iona l  Group A n a ly s i s  

Lip id  from c o n t r o l  and exper im en ta l  in c u b a t io n  systems was analyzed  

f o r  v a r i o u s  f u n c t i o n a l  g roups .  D i f f e r e n c e s  between exper im en ta l  and 

c o n t r o l  l i p i d  in t h e  e s t e r / P ,  double  bond/P,  and amino N/P r a t i o s  were 

used as indexes  o f  t h e  change in th e  chemica l  n a t u r e  o f  exper imenta l  

l i p i d .  Although TLC showed g ro s s  changes  in the  chromatograph ic  behav­

i o r  of  the l i p i d  from exper im en ta l  i n c u b a t io n  systems as  compared to  

th e  c o n t r o l ,  t h e r e  was no s i g n i f i c a n t  lo s s  o f  e x t r a c t a b l e  l i p i d  phos­

phorus (Table k) . No l o s s e s  in e s t e r  groups were observed  a l though

TABLE 4

ANALYSES OF LIPIDS FROM CONTROL AND 
EXPERIMENTAL SYSTEMS

Lip id pg L ip id  P E s te r* Double Bonds/P* Amino N*
Analyzed ml microsomes P Brominat ion "2 P

Contro l 332 2 .12 3.66'" 3 . 44C 0.18

Exper imenta l 315 2 .02 2.58'" 2.48C 0.12

a R a t io s  o f  t o t a l  m ic ro e q u iv a l e n t s  in l i p i d  e x t r a c t s  of  incu­
b a t i o n  sys tem s ,  

b Determined by b rom ina t ion .  
c Determined by c a t a l y t i c  h y d ro g e n a t io n .
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about 30% o f  th e  double  bonds (de termined by both brominet  ion and c a t a ­

l y t i c  hydrogena t ion)  and about  30% o f  the  l i p i d  amino n i t r o g e n  was l o s t  

from th e  exper imenta l  l i p i d  (Table 4 ) .

F a t ty  Acid D i s t r i b u t i o n  

Methyi e s t e r s  were p repared  from the  t o t a l  microsomal l i p i d  o f  con­

t r o l  and exper imenta l  in c u b a t io n  systems and ana lyzed  by g a s - l i q u i d  

chromatography.  Table  5 shows t h a t  lo s s e s  o f  t h e  h ig h ly  u n s a tu r a t e d  

f a t t y  a c i d s ,  a r a c h id o n ic  and docosahexenoic a c i d s ,  amounted to  55 and 

75% r e s p e c t i v e l y .  C a t a l y t i c  hydrogenat ion  o f  th e  methyl e s t e r s  confirmed 

th e  i d e n t i t y  of  t h e  a r a c h i d o n i c  and docosahexenoic  a c i d s  s in c e  the  c o r r e s ­

ponding s a t u r a t e d  e s t e r s  w i th  the  same p e rc e n t  com posi t ion  appeared in 

chromatograms o f  t h e  hydrogena ted samples (Table  5)-

TABLE 5

FATTY ACID COMPOSITION OF TOTAL LIPIDS

Lipid Wt. Percen t  o f  To ta l  F a t t y  Acids

Analyzed 16:0 18:0 18:1 18:2 20:0 20:4 22:0 22:6

Control 19.7 27.9 11.4 16.6 - - - - 21.1 - - - - 3.3

Experimental 25.4 34.5 13.6 16.4 - - - - 9 .3 - - - - 0 .9

Hydrogenated Control 23.0 48.1 24.1 - - - - 4 . 4 -  -  - -

Hydrogenated Experimental 36.6 54.9 8 . 9 - - - - T race

E s t e r  t o  phosphorus r a t i o s  i n d i c a te d  l i t t l e  o r  no h y d r o l y t i c  a c t i o n  

by microsomes under  t h e s e  c o n d i t i o n s .  However, a small amount o f  s e l e c ­

t i v e  e s t e r  h y d r o l y s i s  could  account  f o r  th e  f a t t y  a c id  l o s s e s  observed .
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The soaps t h a t  would r e s u l t  from th e  h y d r o l y t i c  c leavage  o f  phospha t ide  

e s t e r  bonds a t  pH 7-5 might not  e x t r a c t  in to  ch loroform .  Acid ic  con­

d i t i o n s  would c o n v e r t  th e  soap t o  th e  f r e e  ac id  render ing  i t  ch loroform 

e x t r a c t a b l e .  Thus d u p l i c a t e  c o n t ro l  and exper imenta l  incuba t ion  systems 

were e x t r a c t e d  under n e u t ra l  (normal ly  used) c o n d i t i o n s  and a c i d i c  con­

d i t i o n s  (pH 0 . 8 ) .  Table 6 compares the  fu n c t i o n a l  group ana ly ses  and 

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

TABLE 6 '
C ,  ■

LIPID ANALYSES COMPARING ACIDIC AND NEUTRAL EXTRACTIONS 
OF CONTROL AND EXPERIMENTAL SYSTEMS

Analyses

Neutral1 E x t r a c t i o n Acid ic  E x t r a c t i o n

Control Experimental Control Experimental

To ta l  pg Lip id  P 392 422 354 356

Amino N/P 0.28 0.19 0.28 0.27

C=C/P 3.96 2.94 3.94 1.94

E s t e r / P 2.05 2.27 2.01 1.90

F a t ty  Acid Weight Percent '

16:0 25.6 13.9 24.2

18:0 32 .8 25.7 36.7

18:1 14.7 10.0 15.0

18:2 16.1 16.2 15.7

20:4 9 .4 24.2 7.5

22:6 2.1 9 .9 1.0
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The g ro s s  l i p i d  an a ly se s  showed s i m i l a r  r e s u l t s  between the  two e x t r a c ­

t i o n  pH's  w i th  th e  ex c e p t io n  t h a t  under a c i d i c  e x t r a c t i o n  c o n d i t i o n s  the  

c o n t r o l  and exper im en ta l  amino N/P r a t i o s  were the  same and t h e r e  was a 

g r e a t e r  lo s s  o f  double bonds from exper im en ta l  l i p i d .  The f a t t y  ac id  

com pos i t ion  o f  t h e  exper imenta l  l i p i d  was about  the  same f o r  both e x t r a c ­

t i o n  c o n d i t i o n s .  The c o n t ro l  n e u t ra l  e x t r a c t  was l o s t  by a c c id e n t ,  how­

e v e r ,  i t  was a p p a r e n t  t h a t  C20;4 and C22:6 were not  d e s t ro y ed  under 

a c i d i c  e x t r a c t i o n  c o n d i t i o n s .  A rachidonic  ac id  was a r a t h e r  c o n s t a n t  

f r a c t i o n  (app rox im ate ly  20%) of  the  t o t a l  f a t t y  a c id s  d i s t r i b u t e d  in 

l i v e r  microsomes from an imals  fed th e  commercial p e l l e t  d i e t .  On the 

o t h e r  hand, docosahexenoic ac id  was not as c o n s t a n t  and v a r i e d  from 3 

to  9%.

S i l i c i c  Acid Column Chromatography 

Large in c u b a t io n  systems (300 ml) were e x t r a c t e d  in o r d e r  t o  o b t a in  

enough l i p i d  t o  f r a c t i o n a t e  by column chromatography.  Th is  experiment 

was des igned  t o  de te rmine  whether c e r t a i n  c l a s s e s  o f  p h o spho l ip id s  were 

s e l e c t i v e l y  a l t e r e d  in t h i s  enzyme system. P hospho l ip ids  were e l u t e d  

from th e  columns w i th  s u c c e s s iv e l y  in c r e a s in g  c o n c e n t r a t i o n s  o f  methan­

ol in c h lo ro fo rm  ( see  Methods).  The f r a c t i o n a t i o n  p a t t e r n  of  co n t ro l  

l i p i d  (F ig u re  5) and exper imen tal  l i p i d  (F igu re  6) showed some d i f f e r ­

e n c e s .  In the  exper imenta l  l i p i d ,  t h e r e  was a lo s s  o f  PE (about  50%, 

T ab le  7) and th e  appearance  o f  l a r g e r  q u a n t i t i e s  o f  m a t e r i a l s  which 

e l u t e d  w i th  h ig h e r  c o n c e n t r a t i o n s  o f  methanol .  These r e s u l t s  agreed 

w i th  t h e  TLC d a t a .  Yellow-colored  m a te r i a l  remained a t  t h e  top  o f  

th e  expe r im en ta l  column and could not  be e l u t e d  w i th  methanol ,  hot  meth­

an o l ,  m e t h a n o l - a c e t i c  ac id ,  g l a c i a l  a c e t i c  a c id ,  t e t r a h y d r o f u r a n  o r
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F ig u re  5- Column chromatography on s i l i c i c  a c id  o f  l i p i d  from 
c o n t r o l  i n c u b a t i o n  sys tems .  S o l id  l i n e  r e p r e s e n t s  th e  l i p i d  phosphorus 
p r o f i l e  and dashed l i n e  r e p r e s e n t s  p e r c e n t  methanol in ch loroform in 
e l u t i o n  s o l v e n t .  Incuba t ion  system: 30 ml microsomes,  4 mM ADP-Fe"*")
in t r i s  b u f f e r  (0.1 M, pH 7-5) in a t o t a l  o f  300 ml. Incubated a t  5 
a tmospheres  oxygen p r e s s u r e ,  45 minutes  a t  25° C.



42

Experimenta l  L ip id
200

P o la r
180

o
160u

ID

Ü. 140 I—
V)3
1.
oj:a.in
0JC

CL
100 _J

-D
a
_i

I—

F r a c t i o n  Number (10 ml)

00

90
E

80 o
*4-

2
0

70 .c(_)

60
c

"0
50 c

ID.c

40 1
•pc

30 0)Ü
oÛ.

20

10

F ig u re  6. Column chromatography on s i l i c i c  ac id  o f  l i p i d  from 
exper imenta l  i n c u b a t io n  system. S o l id  l i n e  r e p r e s e n t s  th e  l i p i d  phos­
phorus p r o f i l e  and dashed l i n e  r e p r e s e n t s  p e r c e n t  methanol in ch loroform 
in e l u t i o n  s o l v e n t .  Incuba t ion  system and c o n d i t i o n s  same as g iven  in 
F igure  5 excep t  0 .3  mM TPNH was added.



TABLE 7

ANALYSES OF LIPIDS FROM CONTROL AND EXPERIMENTAL SYSTEMS AFTER FRACTIONATION ON SILICIC ACID

O r ig in a l L ip id P. E. P. c . Highly P o la r M a t e r i a l s
C on t ro l Exptl C on tro l Exptl Contro l Exptl Contro l Expt l

T o ta l  L ip id  P (ng) 226 226 5 3 .8 2 7 .4 149.2 104.6 15.3 6 4 .5

% P Recovered “ —— — —— 23.8 12.1 6 6 .2 4 6 . 4 6 .7 28 .5

% o f  T o ta l  P Recovered 96 .7 8 7 . 0 — — — — - - - - — — — — — — — — — — — — — — — — — —

C=C/P 3 .7 2 .5 3.1 2 . 9 3 . 0 2 .3 3 .3 2.1

F a t t y  Acid Weight P e rc e n t

16:0 20.1 25 .0 20 .8 21.1 20 .9 25 .0 36 .4 30 .6

18:0 2 4 .9 30 .9 36 .9 4 2 . 4 27.6 3 2 .9 37.1 4 1 . 8

18:1 10.5 14.5 12 .4 12.5 11.5 13.8 12.8 13 .0

18:2 20.3 19.5 13.9 15.1 21 .6 21 .0 12.2 11.5

20 :4 20 .2 9 . 4 13.2 7 . 9 16.4 . 6 . 9 1 .4 2 .7

22 :6 3 . 9 0 .8 2 .6 1.0 1-9 0 .5 T race 0 .3

U)
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dimethyl  formamide.  The lo s s  o f  t h i s  m a te r i a l  was r e f l e c t e d  by a lower 

recovery  o f  l i p i d  phosphorus from the  exper imenta l  column (Table 7)* 

F r a c t i o n s  from the  columns were pooled ta k in g  in to  account  t h e  l i p i d  

phosphorus p r o f i l e  and the TLC an a ly se s  o f  th e  in d iv id u a l  f r a c t i o n s .

Tab le  7 shows th e  an a ly se s  o f  th e  poo ls ,  the  sum o f  which r e p r e s e n t s  a l l  

l i p i d  phosphorus e l u t e d  from th e  columns.  Phosphol ip id  components p r e s ­

en t  in r e l a t i v e l y  small  amounts were pooled w i th  the  a p p r o p r i a t e  major 

component a d j a c e n t  t o  them as shown in F igures  5 and 6. The d i s t r i b u t i o n  

o f  l i p i d  phosphorus conf irmed  q u a n t i t a t i v e l y  t h a t  which TLC had shown 

q u a l i t a t i v e l y  (compare Table  7 w i th  F igure  4 ) .  Analyses  o f  methyl e s ­

t e r s  d e r iv e d  from th e  phospha t ide  c l a s s e s ,  however, showed t h a t  lo s s e s  

o f  h i g h l y - u n s a t u r a t e d  f a t t y  ac id s  o ccu r red  t o  about  the  same e x t e n t  in 

t h e  PE and PC f r a c t i o n s .  Thus the  s e l e c t i v i t y  o f  th e  enzyme-ca ta lyzed  

a l t e r a t i o n  o f  microsomal l i p i d  was toward th e  u n s a t u r a t e d  f a t t y  ac id s  

and not  toward a p a r t i c u l a r  phospha t ide  c l a s s .

E f f e c t  of  V a r i a t i o n  o f  Incuba t ion  
Parameters  on Lip id  Changes

I t  was o f  i n t e r e s t  t o  de te rmine  i f  marked l i p i d  changes occu r red  a t  

oxygen p r e s s u r e s  in t h e  p h y s io lo g i c a l  range.  Contro l  and exper imenta l  

systems were incubated  in a i r  a t  37° C and a t  5 atmospheres  oxygen 

p r e s s u r e  a t  25° C. The l i p i d  from each o f  t h e s e  systems was i s o l a t e d ,  

ana lyzed  and compared (Table 8 ) .  The t o t a l  changes in exper im en ta l  

l i p i d  from systems incubated  in a i r  a t  37° C were a t  l e a s t  as  g r e a t  as 

and sometimes g r e a t e r  than th o s e  o c c u r r i n g  a t  5 atmospheres .

I t  can  be seen  from Table 9 t h a t  th e  lo s s e s  o f  a r a c h id o n ic  and 

docosahexenoic  a c id s  o c c u r r i n g  a t  0° C were s i m i l a r  t o  th o s e  o c c u r r i n g
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TABLE 8

COMPARISON OF LIPID CHANGES OCCURRING IN SYSTEMS INCUBATED 
UNDER AIR AND UNDER 5 ATMOSPHERES OXYGEN PRESSURE

Analyses
Air 5 Atmospheres Oxygen

Contro l Experimenta l Contro l Experimental

T o ta l  P (|ig) 449 405 447 440

Amino N/P . 0 .29 0 .15 0.28 0.18

C=C/P 4 .65 2.91 4 .5 0 3.20

E s t e r / P 2.10 1.89 2.08 2.12

0Dg22/m 1 inc . 0.15 2 .66 1.13 3.81

F a t t y  Acid Weight Percen t

20:4 20.8 10.0 21.3 9 .8

22:6 3 .3 0 . 9 3 .4 1.3



TABLE 9

VARIATIONS OF INCUBATION PARAMETERS AND THEIR EFFECTS ON FATTY ACID ALTERATIONS

Exp. In c u b a t io n  System Temp.
(° c)

Weight P e rc e n t

16:0 18:0 18:1 18:2 20:4 22:6

1 Basa l* 0 20 .0 24.5 8 . 9 16.8 23 .0 6 . 8

Basal +  300 jiM TPNH +  GS'^' 0 26 .8 33 .9 13.2 15.4 9 . 9 0 .7

Basal 37 18.4 25 .9 9 . 4 17.2 22 .3 6 . 8

Basal +  6 pM TPNH +  GS 37 25.7 33 .9 13 .3 16.7 9 . 2 1.1

2 Basal 37 20 .8 23 .4 11.7 I6 . 9 19.8 7 .5

Basal -  A D P - F e + 3  + 30O pM TPN +  GS 37 23.1 26 .0 14.4 18.4 14.8 3 .3

Basal  +  300 pM TPNH +  GS 37 29.1 30 .4 18.5 17.0 4 . 8 0 . 2

*  B a s a i :  I n c u b a t io n  sys tem  p e r  ml : 0.1 ml microsomes,  4  pmoles ADP-Fe"^^, 
10 pmoles n i c o t in a m id e  and 0 . 9  ml t r i s  b u f f e r  (0.1 M, pH 7 . 5 ) .

GS: TPNH-genera t ing  sys tem:  0 .5  u n i t s / m l  i n c u b a t io n  o f  g1ucose-6~
p hospha te  dehydrogenase  and 6 mM g lu c o s e - 6 - p h o s p h a t e .
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a t  37° C. The f a t t y  ac id  lo s s e s  a l s o  o c c u r r e d  a t  low TPNH l e v e l s  (6 jiM)

In th e  p resence  o f  a TPNH-generat ing system.  In exper imen t 2 i t  appeared  

t h a t  ADP-Fe+3 was not  r e q u i re d  f o r  t h e  f a t t y  ac id  l o s s e s .  This  r e s u l t  

i s  regarded  as p r e l i m i n a ry ,  however, and should  be conf irmed .

Lip id  Analyses a f t e r  Trea tment w i th  Snake Venom 

I t  was o f  i n t e r e s t  to  s tudy  th e  l o c a t i o n  o f  th e  l i p i d  change in the  

p h o s p h o l ip id  molecule .  Snake venom t r e a t m e n t  o f f e r e d  a good method f o r  

p o s i t i o n a l  s tudy  w i th  r e s p e c t  t o  th e  l i p i d  changes observed (see  Methods).  

Tab le  10 compares th e  o r i g i n a l  l i p i d  from c o n t ro l  and exper imenta l  incu­

b a t i o n  systems and t h e i r  h y d r o l y t i c  p ro d u c t s  a f t e r  venom t r e a tm e n t .

Both exper im en ts  showed an e s t e r / P  r a t i o  g r e a t e r  than  1 f o r  the  ly s o -  

p h o s p h a t id es  o f  th e  exper imenta l  l i p i d .  The s l i g h t l y  g r e a t e r  double 

bond/p r a t i o  o f  t h e  exper imenta l  ly s o p h o s p h a t id e s  may o r  may not  be s i g ­

n i f i c a n t .  U nsa tu ra ted  compounds in t h e  e t h e r  s o l u b l e  f r a c t i o n  ( f a t t y  

a c id s  from th e  p carbon o f  th e  p h o s p h o l ip id  which were hydrolyzed by 

venom) r e f l e c t e d  th e  u n s a t u r a t i o n  found in  th e  o r i g i n a l  samples.  The 

t o t a l  u n s a t u r a t i o n  o f  both th e  o r i g i n a l  c o n t r o l  and exper im en ta l  l i p i d  

samples was accounted f o r  q u a n t i t a t i v e l y  by summing th e  u n s a t u r a t i o n  

in t h e i r  ly sophospha t ide  f r a c t i o n  and e t h e r  s o l u b l e  f r a c t i o n  (97% r e ­

covery  f o r  c o n t ro l  and 89% f o r  e x p e r i m e n t a l ) .  Tab le 11 compares 

the  f a t t y  ac id  d i s t r i b u t i o n  o f  th e  a '  p o s i t i o n  (from ly sophospha t ide  

a n a l y s i s )  and th e  p p o s i t i o n  ( f a t t y  a c i d s  from e t h e r  s o lu b l e  f r a c t i o n s )  

o f  phospha t ides  from u n t r e a t e d  microsomes,  c o n t r o l  and exper imenta l  in ­

c u b a t i o n s .  Comparison o f  l i p i d  from u n t r e a t e d  microsomes and the  con­

t r o l  system showed t h a t  inc u b a t io n  o f  t h e  microsomes d id  not  s i g n i f i ­

c a n t l y  a l t e r  the  f a t t y  a c id  com posi t ion  o f  e i t h e r  a '  o r  p p o s i t i o n s  of



TABLE 10

LIPID ANALYSES OF CONTROL AND EXPERIMENTAL INCUBATION 
SYSTEMS BEFORE AND AFTER VENOM TREATMENT

Expt . O r i g i n a l  L ip id Lysophosphat  i des E t h e r  S o lu b le
No. Analyses Contro l Exper imenta l Contro l Exper imenta l Contro l Exper imenta l

1 E s t e r / P 2 .12 2 .02 0 .9 4 1.28 - - - - - - - -

C=C/P 3 .66 2 .58 0 .47 1.28 3.28® 2.01®

Amino N/P 0 .18 0 .12 0 .2 4 0 .17 — — —— - - - -

2 E s t e r / P — — — — ---- 1.05 1.25 — — —— — — ——

C=C/P 4 .5 5 2 .36 0 .83 0 .9 0 — — — — — — — —

C=C/Tota lb 35 .8 2 3 .0 8 . 0 7 .8 26 .8 12.7

P e rcen t^  
Recovery C=C

---- — — — — — — — — -  -  -  - —— ——

a Values  were c a l c u l a t e d  based  on t h e  o r i g i n a l  phosphorus  and r e p r e s e n t  t h e  t o t a l  ^ e q u i v a l e n t s  
C=C in t h e  e t h e r  l a y e r  p e r  pmole P in t h e  t o t a l  venom t r e a t e d  sample.  TLC showed th e  venom 
h y d r o ly s e s  were com ple te ,  

b R e p r e s e n t s  ^ e q u i v a l e n t s  o f  C=C in t h e  t o t a l  sample.  All v a l u e s  a r e  d i r e c t l y  comparable .

c P e r c e n t  r e c o v e ry  C=C = (Lyso C—C +  E t h e r  s o l u b l e  C—C) 100
T o ta l  C=C in  O r ig in a l  L ip id  

Recovery;  C on t ro l  = 97*2%; E xper im en ta l  = 89*1%
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t h e  p h o s p h a t id e s .  Almost a l l  o f  th e  f a t t y  ac id  in th e  3 p o s i t i o n  was 

u n s a t u r a t e d .  O le ic  ac id  appeared  t o  be p r e s e n t  in both th e  a '  and 3 

p o s i t i o n s .  Almost a l l  o f  th e  l i n o l e i c  and more h ig h ly  u n s a tu r a t e d  f a t t y  

a c i d s  were in th e  3 p o s i t i o n  o f  th e  p h o s p h a t id e s .  F a t ty  a c id  composi­

t i o n  changes in  exper im en ta l  l i p i d s  were almost  e n t i r e l y  in the  3 

p o s i t i o n  of  t h e  p h o s p h a t id e s .  The pe rce n tag e  lo s s e s  o f  C20:4 and C22:6 

were s i m i l a r  t o  t h o s e  observed f o r  the  t o t a l  l i p i d  (compare Table 11 

w i th  Table  5)•

TABLE 11

FATTY ACID DISTRIBUTION ON «'AND 3 POSITIONS OF PHOSPHO­
LIPIDS OF UNTREATED MICROSOMES AND CONTROL 

AND EXPERIMENTAL INCUBATION SYSTEMS

Phosphol ip id Weight P ercen t
L ip id  Source Pos i t  ion 16:0 18:0 18:1 18:2 20:4 22:6

U n t r e a t e d  Mic. a ' 36.5 42 .8 12.3 3.0 5.3 - - - -

C on tro l  Incub. a ' 30 .6 50.5 10.0 3.7 4 .4 0.7

Experimenta l  Inc. a ' 33.7 53 .6 8 .8 2.7 1.2 - - - -

U n t rea ted  Micr. P 7 .8 5 .3 11.4 25.2 41.7 8 .5

Contro l  Incub. P 8 .2 6 . 2 10.0 25.2 41.7 9 .4

Experimental  Inc. P 15.0 14.5 15.2 30.0 22.3 3.1

D i f f e r e n c e  Spectrum o f  Contro l  and Exper imental  L ip ids  

The u l t r a v i o l e t  s p e c t a  o f  the  Folch ch lo ro fo rm  f r a c t i o n s  from con­

t r o l  and exper im en ta l  in c u b a t io n  systems were reco rded  u s ing  a Cary 

Model 14 Recording S pec t ropho tom ete r .  Both samples showed ab s o rp t io n  

maxima a t  227 mp and 270 mp, however, both peaks were h ig h e r  in the
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exper imenta l  l i p i d .  The c o n t ro l  sample was p laced  in the  r e f e r e n c e  beam 

of  t h e  s p e c t ro p h o to m e te r  and th e  exper imenta l  sample was p laced  in the  

sample beam and th e  d i f f e r e n c e  spectrum was recorded  as shown in F igure  

7 . The d i f f e r e n c e  spectrum a l s o  showed a b s o r p t i o n  maxima a t  227 mp and 

270 mp.

S o lven t  D i s t r i b u t i o n  o f  Lipid  Decomposit ion Produc ts  

The p o s s i b i l i t y  t h a t  l i p i d  breakdown p roduc ts  would d i s t r i b u t e  

d i f f e r e n t l y  between th e  ch loroform and the  water-methanol  l a y e r s  was 

i n v e s t i g a t e d .  The TBA chromogen, b e l i e v e d  by some i n v e s t i g a t o r s  t o  be 

malonaldehyde,  was found to  d i s t r i b u t e  e q u a l ly  between th e s e  two s o lv e n t  

phases  a f t e r  in c u b a t io n s  were c a r r i e d  ou t  a t  5 atmospheres oxygen p r e s ­

su re  f o r  45 minutes  (Table 12). (This d i s t r i b u t i o n  can be a l t e r e d  by 

va ry ing  th e  in c u b a t io n  te m p e ra tu r e ) .  More chromogen could  not  be

TABLE 12

DISTRIBUTION OF TBA CHROMOGEN BETWEEN 
CHLOROFORM AND WATER-METHANOL

F r a c t i o n  Analyzed* ODggg/nl incub.

T o ta l  In cu b a t io n  System 6.12

Chloroform 1.90

Chloroform, R e -e x t r a c te d 2.05

Water-Methanol 3.62

Water-Methanol ,  R e -e x t r a c te d 3.34

7f
All f r a c t i o n s  from exper imenta l  in c uba t ion  systems.
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F igu re  7» D i f fe re n c e  a b s o r p t i o n  spec trum of l i p i d  from exper imen­
t a l  system.  A bsorp t ion  of  l i p i d  from c o n t r o l  system was s u b t r a c t e d  from 
t h a t  o f  t h e  exper im en ta l  system in Cary Spec t ropho tom eter .
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e x t r a c t e d  from e i t h e r  phase by r e - e x t r a c t i o n  w i th  a f r e s h  s o lv e n t  w i th  

t h e  com pos i t ion  o f  t h e  o p p o s i t e  phase.  From t ime to  time i t  was noted 

t h a t  t h e  amino N/P r a t i o  o f  the  expe r im en ta l  l i p i d  approached t h a t  o f  

th e  c o n t ro l  v a l u e .  Thus th e  e f f e c t  t h a t  ag ing  o f  l i p i d  from th e  c h l o r o ­

form la y e r  had on th e  amino N/P r a t i o  and on t h e  TBA chromogen was s t u d ­

ied.  F igure  8 shows t h a t  i f  th e  amino N/P r a t i o  was determined immed­

i a t e l y  a f t e r  i s o l a t i o n  o f  th e  c h lo ro fo rm  l a y e r ,  t h e  va lue  o b ta ined  was 

th e  same as t h e  c o n t ro l  va lue .  However, a f t e r  24 hours aging,  the  amino 

N/P r a t i o  d e c re a s e d  by about  50% in th e  ex p e r im en ta l  l i p i d  but remained 

c o n s t a n t  in t h e  c o n t r o l  l i p i d .  I t  w i l l  be noted  t h a t  th e  chromogen 

p r e s e n t  in th e  expe r im en ta l  ch lo ro fo rm  l a y e r  a l s o  dec reased  by about 60% 

a f t e r  24 hours ag ing  w h i l e  the  w a t e r - s o l u b l e  chromogen was s t a b l e  f o r  

a t  l e a s t  120 hours .

T h is  d i s t r i b u t i o n  o f  th e  TBA chromogen cou ld  be exp la ined  by ch a in  

s c i s s i o n  o f  t h e  u n s a t u r a t e d  f a t t y  a c id s  in th e  p p o s i t i o n  o f  the  m ic ro ­

somal p h o s p h o l ip id s  r e s u l t i n g  in the  fo rm a t io n  o f  p roduc ts  which would 

be dominated by t h e i r  p h o s p h o l ip id  c h a r a c t e r  (ch lo ro fo rm  s o lu b le )  and 

t h o s e  which would e x t r a c t  in to  t h e  w ate r -m ethano l  l a y e r  (60% m e thano l ) .  

I t  was o f  i n t e r e s t  t o  see  i f  t h e  chromogen d i s t r i b u t i o n  was c o n s t a n t  

th roughou t  th e  t ime c o u r s e  o f  t h e  enzyme r e a c t i o n  o r  no t .  One m i l l i ­

l i t e r  expe r im en ta l  in c u b a t io n s  were c a r r i e d  o u t  a t  5 atmospheres oxygen 

p r e s s u r e  and 25° C f o r  va ry ing  l e n g th s  o f  t im e .  The t o t a l  TBA chromogen 

and th e  s o l v e n t  d i s t r i b u t i o n  o f  chromogen from a l i q u o t s  o f  the  same 

sample were de te rm ined  (F igure  9 ) .  The d i s t r i b u t i o n  o f  th e  chromogen 

was 50% in each s o l v e n t  l a y e r  th roughou t  t h e  t ime  co u r se  o f  t h e  enzyme 

r e a c t i o n .  At each t ime p o in t  t h e  sum o f  t h e  v a l u e s  of  chromogen in the
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Figure  8. E f f e c t  o f  aging l i p i d  from c o n t r o l  and experimenta l  
i n c u b a t io n  systems on amino N/P r a t i o  and TBA chromogens (Chrom.).
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Figure  9* D i s t r i b u t i o n  o f  TBA chromogen between ch loroform and 
water-methanol  as a f u n c t i o n  o f  incuba t ion  t ime.  O ;  t o t a l  TBA chromo­
gen; TBA chromogen in water-methanol  l a y e r ;  A , TBA chromogen in 
ch loroform l a y e r .
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ch lo ro fo rm  and water-methanol  f r a c t i o n s  was equal  t o  t h a t  o f  th e  t o t a l .

Carbonyl compounds were d e t e c t e d  in both s o lv e n t  f r a c t i o n s  o f  t h e  

exp e r im en ta l  l i p i d  as 2 ,4 -d i n i t r o p h e n y lh y d r a z o n e s .  The carbonyl n a tu re  

o f  th e  TBA chromogen was f u r t h e r  s uppor ted  by th e  f a c t  t h a t  when e x p e r i ­

mental  systems were t r e a t e d  w i th  s em ica rb az id e ,  dimethyl  h y d raz ine  o r  

2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  (DNPH) they  f a i l e d  t o  g iv e  a TBA t e s t .

The ch lo ro fo rm  and water-methanol  l a y e r s  o f  u n t r e a t e d  microsomes,  

c o n t r o l  and exper im en ta l  systems (10 ml) were immediately t r e a t e d  with  

4  mg o f  r e c r y s t a l l i z e d  DNPH (see  Methods f o r  d e t a i l s ) .  A f t e r  th e  hydra-  

zones  were i s o l a t e d  t h e  f r e e  DNPH was removed by BioRad AG50W-X4 c a t i o n  

exchange r e s i n  chromatography (see  Methods).  The a b s o r p t i o n  o f  the  

r e s u l t i n g  hydrazones  was de termined  a t  360 mp. Blank a b s o r p t i o n  due to  

u n t r e a t e d  microsomes and r eage n ts  was s u b t r a c t e d  from a l l  v a l u e s  r e ­

p o r t e d  (Table 13).  There was a larger amount of  carbonyl compounds in 

t h e  exper im en ta l  ch lo ro fo rm  la y e r  than  in t h e  water -methanol  l a y e r  in 

bo th  e x p e r im e n t s .  However, t h i s  method would not  d e t e c t  malonaldehyde 

s i n c e  i t s  d e r i v a t i v e  has d i f f e r e n t  a b s o r p t i o n  c h a r a c t e r i s t i c s .  The 

ca rbonyl  v a lu e s  o f  the  co n t ro l  systems were lower than th o s e  o f  the 

e x p e r im en ta l  sys tems .  The r a t i o  o f  c o n t ro l  hydrazones to  exper imenta l  

hydrazones  was about  t h e  same as c o n t r o l  chromogen to  exper imenta l  

chromogen.

S tu d ie s  U t i l i z i n g  Microsomes from Oi-Tocopherol 
D e f i c i e n t  and Supplemented Rats

E f f e c t  o f  V a r i a t i o n  o f  D ie t a ry  Cü-Tocopherol 
on TBA Chromogen Produc tion

Male r a t s  (200 g) were p laced  on d i e t s  c o n t a i n i n g  0, 10, 20, and
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TABLE 13

SOLVENT DISTRIBUTION OF CARBONYL COMPOUNDS FORMED IN
MICROSOMES DURING TPNH OXIDATION BY MICROSOMES

Experiment
No.

In c u b a t io n
System®

Solven t
Layer

TBA
Chromogen® DNPHC

1 Contro l Water-Methanol
0 .6 5

0.27

1 Contro l Chloroform 0 .1 0

1 Exper imenta l Water-Methanol
7.10

0 .6 5

1 Exper imenta l Chloroform 1 .8 5

2 Contro l Water-Methanol
0.96

0.07

2 Contro l Chloroform 0 . 1 2

2 Exper imen tal Water-Methanol
6 . 2 0

0 .1 8

2 Exper imenta l Chloroform 1 .6 3

In cu b a t io n  sys tem:  C o n t ro l :  2 . 0  ml microsomes, 4 mM
A D P -F e + 3 ; Exper imenta l  same as c o n t r o l  bu t  w i th  0 . 3  mM 
TPNH in t o t a l  i n c u b a t io n  volume o f  10 ml. Systems 
incuba ted  a t  5 atm. oxygen p r e s s u r e  45  min. a t  2 5 °  C.
TBA r e a c t i o n ,  00^22 P®*" °^  i n c u b a t io n  system.
Tota l  pmoles o f  2 , 4 - d i n i t r o p h e n y lh y d r a z o n e s  assuming a mM 
e x t i n c t i o n  o f  22 .0  a t  360 mp (See Methods).  Experiment 1: 
hydrazones  formed dur ing  1 hour in c u b a t io n  a t  25° C. 
Experiment 2: hydrazones  formed du r in g  1 hour in c u b a t io n
a t  65°  C. Hydrazone v a lu es  from u n t r e a t e d  microsomes were 
s u b t r a c t e d  from a l l  v a lu es  r e p o r t e d .
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30 mg o f  a - tocophero1  pe r  100 g o f  d i e t  (-E,  +E1, +E2 and +E3, r e s p e c ­

t i v e l y )  f o r  5 days.  They were s a c r i f i c e d  th e  s i x t h  day and microsomes 

were i s o l a t e d  as  d e s c r ib e d  in Methods. The r a t e  o f  chromogen p roduc t ion  

was s t u d i e d  a t  5 a tmospheres  oxygen p r e s s u r e  a t  25° C as  d e s c r ib e d  above.  

Microsomes from an imals  on th e  c u - to c o p h e r o l - d e f i c i e n t  (-E) d i e t  showed 

no lag p e r io d  in t h e  chromogen p ro d u c t io n  cu rve  (F igu re  10). However, 

microsomes from an imals  fed  d i e t s  +E1 and +E2 e x h i b i t e d  a lag per iod  

in the  chromogen fo rm a t io n  cu rve  w hi le  t h o s e  from an imals  fed d i e t  +E3 

f a i l e d  t o  produce chromogen in s i g n i f i c a n t  q u a n t i t i e s .  I t  was found 

l a t e r  t h a t  microsomes from animals  fed d i e t  +E3 f a i l e d  to  produce TBA 

chromogen because th e  TPNH was f u l l y  o x id i z e d  b e f o r e  t h e  chromogen p r o ­

d u c t io n  was i n i t i a t e d .

Time Course o f  L ip id  Changes in Microsomes 
from Animals Fed Diet  +E2

I t  was o f  i n t e r e s t  to  de te rm ine  whether  o r  not t h e  same l i p i d  

changes  occu r red  in microsomes from an imals  supplemented with  a - t o c o -  

phero l  and, i f  so, t o  de te rm ine  the  q u a n t i t a t i v e  r e l a t i o n s h i p  between 

enzyme in c u b a t io n  t ime and t o t a l  l i p i d  changes .  Microsomes from a n i ­

mals fed d i e t  +E2 f o r  5 days were incubated  in 20 ml c o n t ro l  and 

exper im en ta l  in c u b a t io n  sys tems.  Three exp e r im en ta l  systems were in ­

c u b a ted  5, 20, and 60 minutes  r e s p e c t i v e l y  and one c o n t r o l  was incu­

ba ted  60 minu tes  a t  5 atmospheres  oxygen p r e s s u r e  a t  25° C. Lipid 

from th e  ch lo ro fo rm  f r a c t i o n  was ana lyzed  as shown in Tab le  14. The 

d a t a  were  p l o t t e d  in F ig u re  11 as p e r c e n t  maximum l i p i d  change ve rsus  

t im e .  There was a lag p e r io d  in t h e  fo rm a t io n  o f  TBA chromogen but 

t h e r e  appeared t o  be no lag p e r io d  in t h e  l o s s  o f  doub le  bonds o r  t h e
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Figure  10. E f f e c t  o f  in c re a s in g  d i e t a r y  l e v e l s  o f  a - to c o p h e r o l  
on the  r a t e  o f  TBA chromogen formed by microsomes a t  5 a tmospheres .  
System: 0.1 ml microsomes, 4 mM ADP-Fe^3, 0.3  mM TPNH, in t r i s  b u f f e r
(0.1 M, pH 7*5) to  a t o t a l  in c u b a t io n  volume o f  1 ml. Incubated  a t
25° C. Microsomes: # ,  - E ; 0 ,  +E1; A ,  +E2; A, +E3.
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TABLE 14

TIME COURSE OF LIPID CHANGES OCCURRING IN MICROSOMES FROM 
ANIMALS SUPPLEMENTED WITH a-TOCOPHEROL (DIET +E2)

Lip id  Analyses

Incuba t ion  Time (Min.)
Control Experimental

60 5 20 ■ 60

0Dj32/ml incub. 0.10 0 .29 2.73 5.82

Total  L ip id  P (pg) 278 300 303 274

Amino N/P 0.37 0 .32 0 .30 0.25

E s t e r / P 2.00 1.91 1.88 1.90

C=C/P 4 .3 6 4 .1 8 3.64 3.01

F a t t y  Acid R e l a t i v e P ercen t

16:0 100 100 100 100

16:1 21 .6 2 1 .9 23.8 31.1

18:0 82.5 8 0 .8 8 0 .4 79.5

18:1 64 .2 6 3 .4 64 .8 65.6

18:2 27.2 26 .2 26.1 23.8

20:4 57.0 52 .7 4 5 .2 35.7

20:5 24.6 21 .7 17.5 13.6

22:6 4 4 .0 38 .5 28.1 21.3
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F igu re  11. Comparison o f  the  e x t e n t  o f  v a r io u s  l i p i d  changes with  
i n c u b a t io n  t im es  o f  +E2 microsomes. System; 10 ml inc uba t ions  fo r  
each t ime p o i n t .  1 ml microsomes, 4 mM ADP-Fe'*'3 and 0 . 3  mM TPNH in t r i s  
b u f f e r  ( 0 .1  M, pH 7-5)•  Incubated a t  5 atmospheres  oxygen p r e s s u r e  a t  
2 5 °  C. Analyses  on CHCl, f r a c t i o n  of  Folch e x t r a c t .  O rd ina te :  Percent  
o f  maximum change o f ;  O ,  TBA chromogen; A ,  double  bonds/P;  #  , 0 2 0 : 4 ;  
A ,  0 2 0 : 5 ;  □  ,  0 2 2 ; 6 .  A bsc is sa :  enzyme in c u b a t io n  t ime.
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u n s a t u r a t e d  f a t t y  a c id s  (C20;4, C20:5 and C22;6) .  The r a t e  of  lo ss  o f  

th e  u n s a t u r a t e d  f a t t y  a c id  was h ighe r  f o r  the  more h igh ly  u n s a tu r a t e d  

f a t t y  a c i d s  and fo l low ed  t h e  o r d e r  C22:6 >  C20;5 >  C20;4. Caut ion  

should  be e x e r c i s e d  in u s in g  in form at ion  from t h e  5 minute incuba t ions  

s i n c e  the  changes a r e  r e l a t i v e l y  small and th e  d a t a  r e p o r te d  was ob­

t a i n e d  from a d i f f e r e n c e  between two r e l a t i v e l y  l a rg e  numbers.

E f f e c t  o f  C o n c e n t r a t i o n  o f  ADP-Fe"*"  ̂ on 
TBA Chromogen P roduc t ion

The lag p e r io d  noted above could  p o s s i b l y  be e x p la in ed  by the  de­

s t r u c t i o n  o f  a - t o c o p h e r o l .  S ince  Fe"*"3 o x i d i z e s  a - to c o p h e r o l  i f  p r e s e n t  

as  t h e  f r e e  ion,  t h e  p o s s i b i l i t y  t h a t  t h e  c o n c e n t r a t i o n  of  ADP-Fe+3 

might  have an e f f e c t  on t h e  lag pe r io d s  observed  was i n v e s t i g a t e d .  F ig ­

u re  12 shows t h e  e f f e c t  o f  1, 2, and 4 mM ADP-Fe+3 on microsomes from 

animals  fed  d i e t  +E2. The t o t a l  chromogen formed was approxim ate ly  

p r o p o r t i o n a l  t o  th e  amount of  ADP-Fe"*'3 p r e s e n t  ( lower g r a p h ) .  When the  

d a t a  were ex p res sed  as p e r c e n t  maximum chromogen so t h a t  the  shape o f  

t h e  cu rv es  cou ld  be compared,  i t  cou ld  be seen  t h a t  the  c o n c e n t r a t i o n  

o f  ADP-Fe"*"  ̂ ( in  t h i s  c o n c e n t r a t i o n  range) had no e f f e c t  on the  lag 

p e r io d .

V a r i a t i o n s  in th e  shape of  the  cu rves  were con s id e re d  to  be w i th in  

expe r im en ta l  e r r o r .  F ig u re  13 shows s i m i l a r  in fo rm at ion  f o r  microsomes 

from animals  on d i e t s  -E and +E1. Again th e  shapes  o f  the  curves  were 

v i r t u a l l y  the  same in t h e  p resence  o f  2 and 4 mM ADP-Fef^ when th e  d a t a  

were p l o t t e d  as p e r c e n t  o f  maximum chromogen formed ve rsus  t ime.  No lag 

p e r io d  in th e  p r o d u c t i o n  o f  t h e  chromogen was observed  with  microsomes 

from animals  f ed  -E d i e t .
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F igu re  12. E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  ADP-Fe ^ on t h e  lag  
pe r iod  in TBA chromogen p ro d u c t io n  by +E2 microsomes. System: 0.1 ml
microsomes, 0 .3  mM TPNH, 0 , 1 mM o r  A, 2 mM o r # ,  4 mM ADP-Fe"*" .̂ In­
cu b a t io n :  1 ml systems a t  5 atmospheres oxygen p r e s s u r e ,  25° C. A
( low er ) :  Tota l  chromogen pe r  ml in c u b a t io n  system. B (u p p e r ) :  Same
d a t a  ex p res sed  as p e rc e n t  t o t a l  chromogen formed.
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F ig u re  13* E f f e c t  o f  the  c o n c e n t r a t i o n  o f  ADP-Fe ^ on the r a t e
Incuba t ion  system and 
2 mM ADP-Fe.

o f  chromogen formed by +E1 and -E microsomes. 
c o n d i t i o n s  same as F igure  12. 4 mM and O,
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R e l a t i o n s h i p  Between TPNH C o n c e n t r a t i o n  
and TBA Chromogen Produc tion

Animals p laced  on a - to c o p h e ro l - s u p p le m e n te d  d i e t s  but  w i th  5 d a i l y  

i n j e c t i o n s  o f  p h é n o b a rb i t a l  were a l s o  found t o  produce l i v e r  microsomes 

which e x h i b i t e d  a lag p e r io d  in TBA chromogen fo rm a t io n .  A somewhat 

s h o r t e r  lag p e r io d  was observed  when t h e s e  microsomes were used than 

when th o s e  o b t a in e d  from an imals  on th e  same d i e t  but  w i th o u t  i n j e c t i o n s  

were used.

F igu re  14 shows th e  e f f e c t  o f  the  TPNH leve l  on TBA chromogen p ro ­

d u c t io n  by microsomes from an imals  on d i e t  +E3 w i th o u t  (+E3) and with 

(+E3PB) p h é n o b a rb i t a l  i n j e c t i o n s .  In th e  absence  o f  a TPNH-generating 

system, +E3 microsomes r a p i d l y  o x id i z e d  th e  TPNH and produced l i t t l e  or  

no chromogen.  The same e f f e c t  was observed with  +E3PB microsomes. In 

t h e  p re sence  o f  the  TPNH-generat ing system, however, both s e t s  o f  micro­

somes produced chromogen a f t e r  a lag pe r iod  and the  TPNH was a l s o  main­

t a i n e d  a t  a h ig h e r  l e v e l .  These r e s u l t s  i n d i c a t e d  t h a t  TPNH was requ i red  

th roughou t  t h e  t ime cou rse  o f  chromogen p ro d u c t i o n .  Th is  f a c t  was sub­

s t a n t i a t e d  by s tu d y in g  th e  e f f e c t  o f  adding more TPNH a f t e r  the  i n i t i a l l y  

added TPNH had been o x id i z e d  (F igure  15).  In t h e  p resence  o f  TPNH w i th ­

o u t  a g e n e r a t i n g  system, microsomes r a p id l y  o x id i z e d  th e  TPNH (upper 

g raph) and th e  TBA chromogen s y n t h e s i s  s topped .  A dd i t ion  o f  more TPNH 

a t  th e  end o f  10 o r  25 minutes  r e s u l t e d  in the  resumed s y n t h e s i s  of  

chromogen bu t  aga in  i t  reached a maximum va lue  when th e  TPNH was com­

p l e t e l y  o x i d i z e d .  A dd i t ion  o f  t h e  TPNH-generat ing system a f t e r  10 min­

u t e s  i n i t i a t e d  rap id  s y n t h e s i s  o f  chromogen to  t h e  leve l  o b ta in ed  by 

+E3PB microsomes p r e v io u s l y  (compare F igu res  14 and 15).
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F igure  14. E f f e c t  o f  th e  p resence  and absence  o f  a TPNH-generating 
system on TBA chromogen formed by l i v e r  microsomes from Cü-tocopherol-  
supplemented r a t s  w i th o u t  (+E3) and w i th  (+E3PB) phén o b a rb i ta l  i n j e c ­
t i o n s .  A ( lo w e r ) :  TBA chromogen; B (upper)  TPNH l e v e l s .  See Figure 15
f o r  r e a c t i o n  m ix tu re  and incuba t ion  c o n d i t i o n s .
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F igu re  15» E f f e c t  o f  us ing  l i m i t i n g  amounts TPNH on th e  fo rm at ion  
o f  TBA chromogen by +E3PB microsomes. System; 0.1 ml microsomes, 4 mM 
ADP-Fe ’ and 0 .3  mM TPNH. One ml systems incubated  in a i r  a t  37° C. 
A d d i t i o n a l  TPNH (0 .3 mM) added a t  10 o r  25 minutes ,  o r  TPNH-generating 
system a t  10 minu tes .  A ( lo w e r ) :  TBA chromogen formed. B (u p p e r ) :
Cor responding  TPNH c o n c e n t r a t i o n s .
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p-Hydroxymercur ibenzoate (PHMB) I n h i b i t i o n  
o f  TBA Chromogen P roduc t ion

The changes observed  in the  exper im en ta l  l i p i d s  appea r  to  be con­

s i s t e n t  w ith  a c l a s s i c a l  p e r o x i d a t i v e  mechanism. T h e r e f o re ,  the  r e l a ­

t i o n s h i p  between th e  enzyme r e a c t i o n  and th e  l i p i d  changes  is  an impor t­

an t  problem.  Thus the  e f f e c t  of  th e  a d d i t i o n  o f  PHMB to  a system t h a t  

was r a p i d l y  producing  TBA chromogen was s t u d i e d .  Th i s  exper iment  was 

an a t t e m p t  t o  f u r t h e r  con f i rm  t h a t  t h e  s y n t h e s i s  o f  th e  chromogen r e ­

q u i r e d  a c t i v e  enzymic o x i d a t i o n  of  TPNH a t  a l l  t im e s .  F igu re  16 shows 

t h a t  PHMB added a t  t ime z e ro  p reven ted  th e  fo rm a t io n  o f  chromogen and 

th e  TPN was p redom inan t ly  in th e  reduced form. A d d i t i o n  o f  PHMB a f t e r  

11 minutes  i n c u b a t io n  a b r u p t l y  stopped f u r t h e r  chromogen s y n t h e s i s .

Comparison o f  th e  E f f e c t  o f  I n c r e a s in g  D ie t a ry  a -Tocophero l  
Levels  on Microsomes from Animals w i th  and w i th o u t  

P hénoba rb i t a l  I n j e c t i o n s

E f f e c t  on TBA chromoqen fo rm at ion .  Animals were p la ced  on d i e t s  

c o n t a i n i n g  10, 30, 60, 90 and 150 mg of  a - t o c o p h e r o l  per  100 g o f  d i e t  

f o r  5 days .  Some re c e iv e d  d a i l y  i n j e c t i o n s  o f  p h é n o b a r b i t a l  (100 mg/kg 

body w eigh t )  (animal d e s i g n a t i o n s :  +E1PB, +E3PB, +E6PB, +E9PB and +E15

PB) and o t h e r s  r e c e iv e d  no i n j e c t i o n s  (animal d e s i g n a t i o n s :  +E1, +E3,

+E6, +E9 and +E15)« F igu re  17 shows th e  chromogen p r o d u c t io n  cu rve  in 

th e  p r e s e n c e  o f  +E1, +E3> +E6 and +E9 microsomes.  F igure  18 shows the  

same d a t a  f o r  +E1PB, +E3PB, +E6PB, +E9PB and +E15PB microsomes.  In­

c r e a s i n g  l e v e l s  o f  a - t o c o p h e r o l  in the  d i e t  le n g th en ed  t h e  lag p e r io d  

f o r  TBA chromogen p ro d u c t io n  by microsomes from t h e  n o n - i n j e c t e d  an imals  

and chromogen s y n t h e s i s  was almost  com ple te ly  e l i m i n a t e d  in +E9 micro­

somes. Attempts  t o  m a in t a i n  th e  TPNH l e v e l s  in th e  p re s e n c e  o f  t h e s e
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F igure  16. E f f e c t  o f  a d d i t i o n  o f  PHMB to  exper imenta l  systems 
r a p id l y  forming TBA chromogen. In cu b a t io n :  0.1 ml +E3PB microsomes,
4 mM ADP-Fe^S, 0.3  mM TPNH, 6 mM G-6-P and 0 .5  u n i t s  G-6-PDH in 1 ml 
in c u b a t io n  volume. # ,  no PHMB added;  O,  PHMB added a t  11 m inu tes ;  A , 
PHMB added a t  ze ro  t ime.  A ( low er ) ;  TBA chromogen formed; B (u p p e r ) :  
TPNH o x i d a t i o n .
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F igu re  17* E f f e c t  of  inc reased  d i e t a r y  l e v e l s  o f  a - to c o p h e ro l  on 
th e  a b i l i t y  o f  microsomes to  form TBA chromogen in the  p resence  of  a 
TPNH-generat ing system. System: 0.1 ml microsomes, 4 mM ADP-FefS,
0 .3  mM TPNH, 6 mM G-6-P and 0.5  u n i t s  G-6-PDH in 1 ml incuba t ion  volume. 
Incuba ted in a i r  a t  37° C. Microsomes: # ,  +E i ;  O , +E3; ^ , +E6; A ,

+E9* A ( low er) :  To ta l  chromogen formed.  B (upper ) :
ex p re s sed  as p e rce n t  o f  maximum chromogen formed.

Same d a t a
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F ig u re  18. 
of  p h é n o b a rb i t a l  
chromogen in the

E f f e c t  o f  inc reased  d i e t a r y  l e v e l s  o f  a - to c o p h e r o l  and 
i n j e c t i o n s  on the a b i l i t y  o f  microsomes to  form TBA 
p re sen ce  o f  a TPNH-generat ing system. Incubat ion  con­

d i t i o n s  same as F igu re  1%. Microsomes: +E1PB;
A , +E9PB; □ ,  +E15PB. Phénobarb it a l  i n j e c t i o n s :  
100 mg/kg body w e igh t .

O, +E3PB; A ,  +E6PB; 
5 d a i l y  i n j e c t i o n s :
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microsomes have f a i l e d  thus  f a r ,  however,  and t h i s  may account f o r  th e  

l a c k  o f  chromogen p ro d u c t i o n .  Somewhat s h o r t e r  lag p e r io d s  were ob­

se rved  w i th  microsomes from p h é n o b a r b i t a l - i n j e c t e d  an imals  (Figure  18), 

and microsomes from i n j e c t e d  an imals  on d i e t  w i th  a - to c o p h e r o l  co n te n t  

as  high as  d i e t  +E15 s t i l l  produced chromogen w h i le  microsomes from th e  

c o n t r o l  an imals  (w i thou t  i n j e c t i o n s )  produced no chromogen. The TPNH 

l e v e l s  cou ld  be m a in ta ined  f o r  long p e r i o d s  o f  t ime in systems u t i l i z ­

ing microsomes from p h é n o b a r b i t a l - i n j e c t e d  an im a ls .  The maximum chromo­

gen leve l  was d e p re s s e d  in +E15PB and t h i s  d e p re s s io n  was not  r e l a t e d  

t o  th e  q u a n t i t y  o f  microsomes p r e s e n t  ( see  p r o t e i n  an a ly se s  in Table 15)* 

The e f f e c t  o f  p h é n o b a rb i t a l  i n j e c t i o n  on t h e  lag  pe r iod  o f  chromogen 

p ro d u c t io n  is shown in F igure  19. In each c a s e  the  lag p e r io d  was 

s h o r t e r  in th e  p r e s e n c e  o f  microsomes from p h é n o b a r b i t a l - i n j e c t e d  a n i ­

mals .  The t o t a l  chromogen formed was a l s o  h ig h e r  but t h i s  was because 

t h e  microsomes from p h é n o b a r b i t a l - i n j e c t e d  an im als  c o n ta in ed  more p ro ­

t e i n  and l i p i d  per  g o f  l i v e r  ( see  T ab le  15)*

E f f e c t  o f  a -Tocophero l  and o f  P h é n o b a rb i t a l  I n j e c t i o n  
on th e  Composit ion o f  L ive r  Microsomes

The microsomes from animals  m a in ta in ed  under the  d i e t a r y  and i n j e c ­

t i o n  c o n d i t i o n s  s t a t e d  above were ana lyzed  f o r  p r o t e i n ,  l i p i d  phosphorus,  

Cü-t o c o p h e r o l ,  and f a t t y  a c id  com pos i t ion .  F ig u re  20 shows th e  e f f e c t  

o f  the  d i e t a r y  le v e l  o f  a - to c o p h e r o l  on th e  microsomal p r o t e i n  and l i p i d  

c o n t e n t  pe r  g o f  l i v e r  wet w e igh t .  Microsomes from th e  c o n t ro l  s e t  (not 

i n j e c t e d )  showed no e f f e c t  on th e  p r o t e i n / g  l i v e r  o r  l i p i d  P/g l i v e r ,  

however,  t h e s e  r a t i o s  appeared  t o  reach  a maximum va lu e  in microsomes 

from animals  r e c e i v i n g  p h é n o b a rb i t a l  i n j e c t i o n s .  The p r o t e i n  and l i p i d



TABLE 15

ANALYSES OF RAT LIVER MICROSOMES FROM ANIMALS SUPPLEMENTED WITH VARYING AMOUNTS 
OF VITAMIN E WITH AND WITHOUT PHENOBARBITAL INJECTIONS

Microsome® L iver^ uq V i t  E pg L ip id P mq P r o t e i n F a t t y  Acid D i s t r i b u t i o n  (Weight P e rcen t )
Source Weight g 1 i v e r g l i v e r g 1 i v e r 16:0 16:1 18:0 18:1 18:2 20:4 20:5 22:6

E3 11/16 ------ 24 .8 207 15.1 27 .6 5 . 7 19.2 14.5 6 . 4 12.5 6 .5 7 .6

E3 11/23 4 .2 2 6 . 0 215 14.7 24.5 6.1 18.9 15.6 7-1 14.1 5 . 6 8 . 0

E3PB 11/16 — — — — 4 . 8 236 20 .5 2 2 .4 4 . 2 22 .5 12.3 6 . 7 15.3 6 . 2 8 . 2

E3PB 11/23 4 . 7 2 13.6 341 19 .6 23.9 3 .2 27 .7 15.3 7 .5 11.6 5 . 6 5 .2

E6 12/2 4 . 6 8 4 0 . 0 209 14.6 24 .7 6 . 6 20.1 17.5 7 .5 12.5 4 . 8 6 . 2

E6 12/7 4 .8 5 9 . 6 222 17.2 32 .4 4 . 0 28 .0 12.4 6 . 4 6 . 0 8 . 7 2.1

E6PB 12/2 4 . 9 8 5 . 2 480 2 8 .4 24 .6 4.1 25 .2 15.9 8 . 8 11.8 5 . 8 3 .8

E6PB 12/7 5 .2 7 13.2 434 32.1 29.1 4 . 5 24 .6 15.1 8 . 8 11.5 3 .5 2 .4

E9PB 12/14 — — — “ 21 .2 375 29.1 23 .9 4 . 4 28.1 15.7 7 .6 11.3 5 . 0 3 .9

E15 12/21 3 .93 117.6 231 20.1 27.1 5 .5 2 3 .4 15.4 8 . 2 12.4 3 .9 4 . 2

EI5PB 12/21 5.01 77 .2 358 26.1 26.0 5 .2 27 .6 12.8 6 . 4 13.2 4 . 3 4 . 5

Pel l e t — —--- ------ 332 ------ 19.7 — — — 2 7 .9 11.4 16.6 21.1 — — — 3.3

r o

b Average wet  w e igh t  o f  l i v e r  p e r  100 g body w e ig h t .  Three  an im als  were used in most g roups .
g iv e n .
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F igure  19* Comparison o f  lag p e r io d s  in chromogen fo rmat ion  by 
microsomes from a - to c o p h e ro l - s u p p le m e n te d  r a t s  w i th  and w i th o u t  phéno­
b a r b i t a l  i n j e c t i o n s .  Incubat ion  c o n d i t i o n s  same as F igure  17* Diet  
g iven  is  shown in each diagram. # ,  an imals  not  i n j e c t e d ;  O, an imals 
i n j e c t e d  w i th  phén o b a rb i ta l  (5 d a i l y  i n j e c t i o n s ,  100 mg/kg body weight )  
D ie ta ry  d e s i g n a t i o n s  given in upper l e f t  c o rn e r  o f  each graph .  PB 
denotes  p h én o b a rb i ta l  i n j e c t i o n s .
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F ig u re  20. E f f e c t  o f  d i e t a r y  l e v e l s  o f  a - t o c o p h e r o l  on th e  amount o f  p h o s p h o l ip i d  ( l e f t )  and 
p r o t e i n  ( r i g h t )  in l i v e r  microsomes from r a t s  w i th  and w i th o u t  p h é n o b a r b i t a l  i n j e c t i o n s .  O ,  an imals
r e c e iv e d  5 d a i l y  i n j e c t i o n s  o f  p h é n o b a r b i t a l  (100 mg/kg body w e i g h t ) ; no i n j e c t i o n s .
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phosphorus  was app rox im ate ly  doubled in the  i n j e c t e d  an im als .  Table 15 

shows t h e  f a t t y  a c id  d i s t r i b u t i o n  and e f f e c t  on l i v e r  weight  per  100 g 

body w eigh t  and a - t o c o p h e r o l  a n a l y s e s .  S l i g h t  but  c o n s i s t e n t l y  h igher  

l i v e r  w e igh t s  pe r  100 g body weight  were observed  in p h é n o b a rb i t a l  in ­

j e c t e d  a n im a ls .  The f a t t y  ac id  composi t ion  o f  microsomes from animals 

fed  th e  l a b o ra t o r y  d i e t s  was q u i t e  d i f f e r e n t  from t h a t  o f  microsomes 

from an im als  fed  t h e  commercial p e l l e t  r a t i o n .  Animals m a in ta ined  on 

l a b o r a t o r y  d i e t s  c o n ta in e d  much l e s s  Cl8 :2  and C20;4 but  somewhat more 

020:5  and 022 :6  tha n  t h e  p e l l e t  an imals .  On the  whole th e  an imals  on 

l a b o r a t o r y  d i e t s  produced microsomes with  l e s s e r  p e r c e n ta g e s  o f  u n s a t ­

u r a t e d  f a t t y  a c i d s  than  th e  p e l l e t  an imals .  In c rea s in g  l e v e l s  o f  

a - t o c o p h e r o l  in th e  d i e t  appeared  t o  d e c re a se  t h e  amount o f  022:6  

p r e s e n t .  C o n s i s t e n t  p h é n o b a rb i t a l  e f f e c t s  on th e  f a t t y  a c id  composi­

t i o n  o f  microsomes were not  observed .

E f f e c t  on TBA Chromogen Product ion o f  P lac ing  a -T o c o p h e ro l -  
Supplemented Animals on a - T o c o p h e r o l - D e f i c i e n t  Die t

Animals were p la c e d  on d i e t  +E6 fo r  5 days and then  p la ced  on an 

a - t o c o p h e r o l - d e f i c i e n t  d i e t .  As shown in F ig u re  21 t h e  a - to c o p h e r o l  

e f f e c t  on chromogen p ro d u c t io n  was l o s t  w i t h i n  48 hours  a f t e r  a - t o c o -  

pherol  su p p le m e n ta t io n  was te rm in a t e d  i n d i c a t i n g  t h a t  th e  e f f e c t  is 

e a s i l y  and q u ic k ly  r e v e r s i b l e .
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F ig u re  21. In v ivo  r e v e r s a i  o f  a - t o c o p h e r o l - induced  lag p e r io d  in 
TBA chromogen p r o d u c t i o n .  o> Animals were supplemented with  d i e t  +E6 
f o r  5 days ;  Animals p laced  on d i e t  -E a f t e r  p rev ious  supp lem en ta t ion  
w i th  d i e t  +E6 f o r  5 days .  Incuba t ion  system and c o n d i t i o n s  same as 
F ig u re  ly.



CHAPTER IV 

DISCUSSION

R e l a t i o n s h i p  Between Microsomal E l e c t r o n  T ra n s p o r t  
and Lip id  A l t e r a t i o n s

I t  is  probab le  t h a t  t h e r e  are two e l e c t r o n  t r a n s p o r t  systems p r e s ­

en t  in the  microsome ( 1 , 3 , 1 9 , 2 0 ) .  Evidence from E r n s t e r ' s  l a b o ra to ry  

(14,19) i n d i c a t e s  t h a t  th e  cha in  involved in drug metabo lism i s  involved 

in l i p i d  p e r o x i d a t i o n .  However, r e c e n t l y  B e lo f f -C h a in  e t  a i .  (56) p r e ­

sen ted  ev idence  f o r  th e  involvement o f  cytochrome bg in t h i s  process  

and cytochrome bg i s  no t  thought to  be a component o f  d ru g -m e ta b o l i z in g  

systems.  Orren ius  e t  a i .  (14) showed t h a t  t h e  a d d i t i o n  o f  drugs such 

as aminopyrine o r  code ine  i n h i b i t e d  l i p i d  p e r o x i d a t i o n .  They a l s o  

rep o r te d  t h a t  t h e  d ru g -m e ta b o l i z in g  enzyme(s)  l o s t  a c t i v i t y  by aging 

more r a p id l y  than  the  r e l a t i v e l y  s t a b l e  l l p i d - p e r o x i d i z i n g  a c t i v i t y ,  

and t h a t  once t h e  d r u g -h y d ro x y la t in g  a c t i v i t y  was l o s t ,  th e  i n h i b i t o r y  

a c t i o n  o f  the  drugs on l i p i d  p e r o x id a t io n  was a l s o  l o s t .  I t  was a l s o  

r ep o r te d  t h a t  ca rbon  monoxide, which i n h i b i t s  drug h y d ro x y la t io n ,  had 

no e f f e c t  on e i t h e r  l i p i d  p e r o x i d a t i o n  (14 ,17)  o r  1uminol-dependent  

luminescence c a t a l y z e d  by microsomes ( 5 7 ) « E r n s t e r  and Orren ius  (19) 

have r e c e n t l y  p r e s e n te d  ev idence  t h a t  the  fo l l o w i n g  enzyme a c t i v i t i e s  

a r e  c o m p e t i t i v e l y  i n h i b i t e d  by TPN and t h a t  they  have about  t h e  same 

i n h i b i t o r  c o n s t a n t  f o r  TPN; a) aminopyr ine dem ethy la se ;  b) l i p i d

77
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p e r o x i d a t i o n ;  c) T PN H-neo te t razo l i urn r e d u c t a s e ;  d) TPNH-DCPIP reduc­

t a s e  and e) TPNH-cytochrome c r e d u c t a s e .  The f o r  TPNH from our  d a t a  

i s  approx im ate ly  3 X 10“^ M fo r  l i p i d  p e r o x i d a t i o n  in the  p resence  o f  a 

TPNH-generat ing system, and they r e p o r t  a f o r  TPNH o f  2 .5  X 10"^ M 

f o r  th e  drug hydroxylase  system. These v a l u e s  a r e  c o n s i s t e n t  fo r  a 

mechanism r e q u i r i n g  e l e c t r o n s  f o r  p e r o x id a t io n  to  come from an e l e c t r o n  

c a r r i e r  p r i o r  t o  t h e  hydroxy lase .  ( Q u a l i t a t i v e l y  one would expec t  h a l f -  

maximal r a t e s  t o  occur  a t  lower TPNH l e v e l s  a t  c a r r i e r s  c l o s e r  t o  th e  

TPNH dehydrogenase) .  Thus, a l l  d a t a  c o n s id e r e d ,  i t  would appear t h a t  

th e  e l e c t r o n  t r a n s p o r t  c h a in  involved in drug metaboli sm is  o p e r a t i v e  

in l i p i d  p e r o x i d a t i o n  and t h a t  cytochrome may a l s o  be involved.

The TBA chromogen-forming system worked ve ry  e f f i c i e n t l y  even when 

ex t rem ely  low TPNH c o n c e n t r a t i o n s  (6 pM) were used and th e  f a t t y  ac id  

changes a l s o  occu r red  under t h e s e  c o n d i t i o n s .  Somewhat s u r p r i s i n g  was 

t h e  f i n d i n g  t h a t  t h e s e  r e a c t i o n s  proceeded r a p i d l y  even a t  0° C. The 

requ irement f o r  enzymic f u n c t i o n  a t  a l l  t imes was e s t a b l i s h e d  when i t  

was shown t h a t  t h e  fo rm a t ion  o f  chromogen a b r u p t l y  ceased  a f t e r  the 

TPNH was t o t a l l y  o x id i z e d  and f u r t h e r  t h a t  t h i s  chromogen-producing 

a c t i v i t y  could  be r e s t o r e d  by th e  a d d i t i o n  o f  e i t h e r  more TPNH o r  a 

TPNH-generat ing system. The very  rap id  i n h i b i t i o n  o f  chromogen f o r ­

mation by p-hydroxymercur ibenzoa te  (PHMB), ( a l s o  see ,  19) even when 

the  chromogen was being  r a p id ly  formed, conf irmed  t h e  requ irement f o r  

an enzyme f u n c t i o n  a t  a l l  t im es .  This  rap id  i n h i b i t i o n  by PHMB a l s o  

p re c lu d e s  a r o l e  f o r  s u b s t r a t e  q u a n t i t i e s  of  enzyme-formed Fe having 

a ro l e  in t h e  p e r o x i d a t i o n  mechanism, i t  must be s a i d ,  however, t h a t  

added Fe*^3 cou ld  be reduced enzym ica l ly  in c a t a l y t i c  q u a n t i t i e s  and thus
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s t i l l  be in accord  w i th  the  proposal  o f  B e lo f f -C ha in  e t  al « (56) t h a t  

TPNH reduces  Fe‘*"3 t o  Fe"*"̂  enzym ica l ly  and t h a t  Fe"^^ is r e s p o n s ib le  f o r  

l i p i d  p e r o x i d a t i o n .  An a l t e r n a t i v e  should  be kept  in mind, however, and 

t h a t  is th e  p o s s i b i l i t y  t h a t  added iron  i s  s imply r e s t o r i n g  iron l o s t  

from a microsomal component dur ing  i s o l a t i o n .  Bodanska e t  a l . (58) have 

shown marked in f l u e n c e s  o f  the  ion ic  c o n s t i t u e n t s  o f  th e  i s o l a t i o n  

medium on the  r a t e  o f  o x i d a t i o n  o f  TPNH by microsomes. These changes 

were i n t e r p r e t e d  in terms o f  s t r u c t u r a l  changes induced in the  micro- 

some by ions ,  e s p e c i a l l y  Mg"̂  ̂ and Ca'*’^. These r e s u l t s  would lead one 

t o  wonder i f  microsomal components may not  be l o s t  du r ing  i s o l a t i o n .

I t  should  a l s o  be p o in t e d  ou t  t h a t  B e lo f f -C ha in  e t  a l . (56) used 100 

t imes  more Fe^^ (1 mM) than we have used o f  Fe^^ in t h i s  s tudy  to  o b t a i n  

about  t h e  same r a t e  o f  chromogen fo rm a t io n .  Also H ochs te in  (59) us ing 

12 pM Fe^^ ( t h e  same molar  c o n c e n t r a t i o n  as t h a t  o f  Fe"*"̂  used in t h i s  

s tudy )  in the  absence  o f  ADP found on ly  small  in c r e a s e s  in oxygen uptake 

by TPNH o x i d a t i o n .  I t  i s  hoped t h a t  more about  th e  r o l e  o f  Iron in t h i s  

mechanism w i l l  be le a rn ed ,  but t h i s  is  a p a r t  o f  an o th e r  t h e s i s  (60).  

P r e l i m in a ry  d a t a  have been o b ta in ed  which i n d i c a t e  t h a t  microsomes in 

t h e  p re s en ce  o f  TPN, n ico t inam ide  and a TPNH-generat ing system can 

c a t a l y z e  l i p i d  changes inc lud ing  chromogen fo rm at ion  in th e  absence o f  

added ADP-Fe’’’^. Thus,  added iron  may no t  be r e q u i r e d  a t  a l l .

A c o n s i d e r a b l e  amount of  ev idence  e x i s t s  i n d i c a t i n g  t h e  involvement 

in l i p i d  p e r o x i d a t i o n  o f  a f r e e  r a d i c a l  g e n e ra ted  by a component o f  the  

microsomal e l e c t r o n  t r a n s p o r t  c h a i n .  As c i t e d  above microsomal p e r o x i ­

d a t i o n  is  p reven ted  by a n t i o x i d a n t s  (23) .  In t h e  p resence  o f  TPNH, 

microsomes a r e  known (61) to  c a t a l y z e  t h e  o x i d a t i o n  o f  s u l f i t e  which is
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a f r e e  r a d i c a l  t r a p p i n g  agen t .  We have found t h a t  s u l f i t e  p r e s e n t  in 

low c o n c e n t r a t i o n s  i n s u f f i c i e n t  to  t r a p  f r e e  r a d i c a l s  has no e f f e c t  on 

chromogen fo rm a t io n ,  but  when p re s e n t  in q u a n t i t i e s  s u f f i c i e n t  f o r  

e f f i c i e n t  f r e e  r a d i c a l  t r a p p in g ,  p e r o x id a t io n  is  almost  t o t a l l y  in­

h i b i t e d .  N i l s s o n  e t  aj_. (57) have a l s o  shown r e c e n t l y  t h a t  microsomes 

in th e  p re sence  o f  TPNH c a t a l y z e  luminescence by luminol and t h i s  

luminescence i s  i n c re a s e d  by the  a d d i t i o n  of  a pyrophosphate  of  Fe"*"̂  

o r  Fe"*" .̂ Th is  r e a c t i o n  was a l s o  found t o  in c re a s e  in l i v e r  microsomes 

from an imals  i n j e c t e d  w i th  phénobarb i ta l  (drug hydroxy 1 a t i n g  enzymes 

a re  induced under t h e s e  c o n d i t i o n s )  and th e  r e a c t i o n  was not  a f f e c t e d  

by CO bu t  was i n h i b i t e d  by aminopyrine.  These d a t a  make i t  appear 

t h a t  a f r e e  r a d i c a l  mechanism is  o p e r a t i v e .

There a r e  t h r e e  l o g i c a l  c a n d id a te s  p r e s e n t  in th e  microsome as a 

source  o f  f r e e  r a d i c a l s  f o r  p a r t i c i p a t i o n  in l i p i d  p e r o x i d a t i o n .  Masters  

e t  a l .  ( 1 2 , 13) have concluded t h a t  a f l a v i n  semiquinone (a f r e e  r a d i c a l )  

is  involved  in the  c a t a l y t i c  mechanism o f  p u r i f i e d  TPNH-cytochrome c 

r e d u c t a s e  from microsomes.  i t  would be o f  i n t e r e s t  to  see i f  t h i s  i so ­

l a t e d  enzyme cou ld  c a t a l y z e  the luminescence o f  luminol o r  the  o x ida ­

t i o n  o f  s u l f i t e  o r  the  p e ro x id a t io n  o f  added l i p i d .  Tam (62) has shown 

t h a t  t h e  1 i p i d - p e r o x i d i z i n g  a c t i v i t y  o f  microsomes can be " s o l u b i l i z e d "  

by sodium c h o l a t e  and t h a t  the s o lu b le  p r e p a r a t i o n  when f r a c t i o n a t e d  

by ammonium s u l f a t e  can c a t a l y z e  changes in added l i p i d .  E r n s t e r ' s  

f i n d i n g  (19) t h a t  TPNH-cytochrome c re d u c t a s e  in th e  i n t a c t  microsome 

is not  i n h i b i t e d  by PCMB whi le  l i p i d  p e r o x i d a t i o n  i s ,  would make i t  

appear t h a t  t h e  f l a v i n  semiquinone is  no t  the source  o f  f r e e  r a d i c a l s  

in q u e s t i o n .  S tu d ie s  on the  e f f e c t  o f  cytochrome c,  menadione,  DCPIP,
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and n é o t é t r a z o l iu m  (NT) on l i p i d  p e r o x i d a t i o n  should  be done in o r d e r  

t o  de te rmine  t h e  r e l a t i o n s h i p  between the  microsomal f l a v o p r o t e i n s  and 

l i p i d  p e r o x i d a t i o n .  A c o n s i d e r a t i o n  o f  p o s s i b l e  a n t i o x i d a n t  e f f e c t s  by 

such e l e c t r o n  a c c e p t o r s  would be r eq u i r e d ,  however. A second p o s s i b i l ­

i t y  as a source  of  f r e e  r a d i c a l s  from th e  e l e c t r o n  t r a n s p o r t  cha in  is  

t h e  iron  a s s o c i a t e d  with  cytochrome This  i ron  component can in

th e  p resence  o f  TPNH g iv e  r i s e  to  a s igna l  d e t e c t a b l e  by e l e c t r o n  p a r a ­

magne tic  resonance  c h a r a c t e r i s t i c  o f  unpa i red  e l e c t r o n s  (1) .  This  p ig ­

ment has been shown t o  be involved in drug h y d ro x y la t io n s  (20,21) and 

has been shown to  combine with  CO. Carbon monoxide i n h i b i t s  drug hy­

d r o x y l a t i o n  and has no e f f e c t  on l i p i d  p e r o x i d a t i o n  and thus  i t  would 

appea r  t h a t  cytochrome P̂ ^^q is u n l i k e l y  as a sou rce  o f  f r e e  r a d i c a l s  

f o r  l i p i d  p e r o x i d a t i o n  u n l e s s  as in the  c a s e  o f  cytochrome a + a^ (63) 

and x a n th in e  o x id a s e  (64) i t  is  a p r o t e i n  w i th  more than one f u n c t i o n a l l y  

a c t i v e  s i t e .  A t h i r d  p o s s i b i l i t y  as a so u rce  o f  f r e e  r a d i c a l s  and p e r ­

haps the  most l i k e l y ,  by e l i m i n a t i o n ,  i s  a component whose p r o p e r t i e s  

a r e  not  known bu t  may be a non-heme i ron  p r o t e i n  (NHl). Omura e t  a l .

(20) have succeeded  in t h e  r e c o n s t i t u t i o n  o f  adrena l  m i tochondr ia l  

s t e r o i d  1ip -h y d ro x y la se  by the  recom bina t ion  o f  p u r i f i e d  TPNH-DCPIP 

re d u c t a s e ,  NHl and cytochrome P^^^, r e s p e c t i v e l y .  Schemes t h a t  have 

been w r i t t e n  f o r  the  pathway from TPNH to  drug h y d ro x y la t io n  in l i v e r  

microsomes in c lu d e  a component(s)  o f  unknown n a t u r e  ( 3 , 1 9 ) '  Non-heme 

i ron  i s  a l so  a known component o f  l i v e r  microsomes (1 ) .  The i d e n t i t y  

o f  the  f u n c t i o n a l  s i t e ( s )  in l i v e r  microsomes involved  in l i p i d  p e r o x i ­

d a t i o n  w i l l  need to  a w a i t  f u r t h e r  work on the  n a tu re  and i d e n t i t y  o f  

a l l  components o f  th e  microsomal e l e c t r o n  t r a n s p o r t  c h a in s .
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Lip id  Changes A ss o c i a te d  w i th  Microsomal O x ida t ion  o f  TPNH

Gross Analyses  o f  L ip id  Changes 

L ip id  p e r o x id a t io n  is  a s s o c i a t e d  with  the  microsomal enzyme L-gulono- 

l a c to n e  o x id a s e  o f  a - t o c o p h e r o l  d e f i c i e n t  r a t s  (33,34)  bu t  i t  has  been 

d i f f i c u l t  t o  show s i g n i f i c a n t  l i p i d  changes in microsomes dur ing  i t s  

a c t i v i t y  (35)- Kitabchi  e t  a l . (65) have r e c e n t l y  shown t h a t  microsomes 

from bee f  adrena l  c o r t e x  in cuba ted  in th e  p re sence  o f  a s c o r b i c  ac id  show 

lo s s e s  o f  p o l y u n s a t u r a t e d  f a t t y  ac id s  (PUFA).

The l i p i d  changes which o c c u r  dur ing  th e  a c t i o n  of  microsomal TPNH 

ox id a se  from l i v e r  in t h e  p re s en ce  o f  ADP-Fe’*’^ a re  s t r i k i n g  and r e p r e s e n t  

the  only  ca se  known t o  t h e  a u t h o r  in which enzyme c a t a l y z e d  changes o f  

t h i s  ty p e  have been d e m o n s t r a te d .  S taud inge r  and Zubrzycki  (66) have 

r e p o r te d  t h a t  l i v e r  microsomes hydrogenate  u n s a t u r a t e d  f a t t y  a c i d s  in 

the  p resence  o f  TPNH.

Comparison o f  th e  amount o f  l i p i d  phosphorus e x t r a c t e d  from micro- 

somes incuba ted  w i th  AOP-Fe in the  p resence  ( e x p e r im e n ta l )  and absence 

( c o n t r o l )  o f  TPNH showed no l o s s e s  o f  e x t r a c t a b l e  l i p i d  phosphorus in 

th e  exper imenta l  l i p i d .  This  i n d i c a t e d  t h a t  e x t e n s i v e  1 i p i d - p r o t e i n  

po ly m e r iz a t io n  r e a c t i o n s  o f  the  type r epo r te d  by Tappel (67) had not 

oc c u r re d .  Thin l a y e r  ch rom atograph ic  a n a ly se s  showed marked l o s s e s  (50%)

o f  phospha t idy l  e thano l  amine and some lo s s e s  o f  ph o s p h a t id y l  c h o l i n e  in

th e  exper imenta l  l i p i d  and a concom itan t  appearance  o f  slow-moving m a te r ­

i a l s ,  some of which were f a i n t l y  n inhyd r in  p o s i t i v e .  Losses  in  double 

bonds and th e  PUFA ( a r a c h i d o n ic  and docosahexenoic a c i d s )  w i th o u t  lo s s  

o f  e s t e r  groups i n d i c a t e d  c h a in  s c i s s i o n  o f  th e  PUFA p r e s e n t  in t h e

ph o s p h o l ip id s .  The p o s s i b i l i t y  t h a t  th e  lo s s  o f  a r a c h i d o n i c  and
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docosahexenoic a c i d s  was due t o  a h y d r o l y t i c  r e a c t i o n  was e l im i n a t e d  by 

a l a c k  o f  lo s s  o f  e s t e r  groups and by th e  f a c t  t h a t  th e se  ac ids  were 

s t i l l  l o s t  when th e  Folch e x t r a c t i o n  was c a r r i e d  o u t  in an a c i d i c  medium. 

Under t h e s e  c o n d i t i o n s  f r e e  f a t t y  a c i d s  would e x t r a c t  i n t o  ch lo ro fo rm  

and t h e r e f o r e  would be d e t e c t e d  in t h e  g a s - l i q u i d  chromatographic  a n a ly ­

s i s  o f  methyl e s t e r s  de r ive d  from sample l i p i d s .  The o b s e r v a t i o n  t h a t  

l i p i d  amino groups d i s ap p ea red  upon aging  o f  the  i s o l a t e d  exper imenta l  

l i p i d  and p a r a l l e l e d  a d e c re a s e  in the  l ip id -b o u n d  t h i o b a r b i t u r i c  a c i d -  

r e a c t i n g  chromogen, sugges ted  a p o s s i b l e  ca rbonyl -amino  co n d en sa t io n  

t o  form a p roduc t  such as a S c h i f f  base .  This  type  r e a c t i o n  was sug­

g e s t e d  by Lea (68) f o r  a l t e r e d  p h o s p h a t id e s .  Added p o l a r i t y  in phos-  

p h a t i d e s  is  known to  slow t h e i r  movement on s i l i c i c  ac id  TLC p l a t e s .

For example,  ly s o p h o s p h a t id es  move more slowly  than  the  c o r re spond ing  

i n t a c t  phospha t ide  by th e  methods used in t h i s  s tudy .  Carbonyl groups 

a s s o c i a t e d  w i th  th e  p hospha t ides  were d e t e c t e d  and one would expec t  a 

ca rbonyl  compound o f  th e  type  shown below to  cause  the  ph o sp h a t id e  to  

move more s low ly .  Lea and N en doer f fe r  (69) r e c e n t l y  r e p o r t e d ,  however.

V %
H-C-O-C-R

0 0
II II

H -C-0-C--- - - - -C-H
0
I I

H-C-O-P-O-base'

t h a t  p e ro x id i z e d  p h o s p h o l ip id s ,  when chromatographed on s i l i c i c  ac id  

TLC, behaved in a way s i m i l a r  t o  t h a t  o f  th e  u n a l t e r e d  compounds. A 

po lymer ized  p roduc t  is a n o th e r  p o s s i b i l i t y  and is  perhaps  more l i k e l y  t o
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be th e  slow-moving m a te r i a l  noted on TLC and column chromatography.  A 

condensa t ion  product  between an aldehyde o f  one phospho l ip id  molecule 

and the  l i p i d  amino group o f  ano the r  would g iv e  a compound which would 

probably  move w i th  d i f f i c u l t y  on TLC p l a t e s .  Other ev idence  t h a t  was

CH2-O-C-R
0 0
II H

(1) CH-0-C-----CH +

C H g - O - C - R
I 0
I II

C H - O - C - R '

CHL-OPO,-base HLN-CH.-CH.-O-P-O-CH'2

C H g - O - C - R
I 0I II
CH-O-C-R'

„  I H  I  \
CH-0-C-----C=N-CH.-CH_-0-P-0-CH. (h) "hH 0
I :  :  6_ :
CH2- 0P03-base

CH-O-C-R
I 0 HI II I

C H n - O - C - R
0 0
II II

( 2 )  C H - 0 - C - - - - - - C H

CH^-OPOj-CH^-CH^-NH^

CH,-0-C-R 
^ 0

CH-O-C

CH2-OPO3-CH2-CH2-N

CH +  HgO

o b ta in ed  which is  c o n s i s t e n t  with  t h i s  type r e a c t i o n  is :  a) S i l i c i c

ac id  column chromatography of  exper imenta l  l i p i d  r e s u l t e d  in the  r e t e n ­

t i o n  of  a ye l low m a te r i a l  a t  the  top o f  the  column which cou ld  not  be 

e l u t e d  excep t  by m é th y la t io n  with  BF^-methanol . b) The lysophospha­

t i d e s  from phospho l ipase  A t r e a t e d  exper imenta l  l i p i d s  had an e s t e r / P  

r a t i o  of  1.25 w hi le  t h a t  of  the  c o n t ro l  l i p i d  was 1 .0 .  Assuming t h a t  

bond (h) in r e a c t i o n  (1) above was hydrolyzed by the  phospho l ipase ,  the
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l i b e r a t e d  hydroxy group may render  the  d im er ic  compound i n s o lu b l e  in the 

phospho l ipase  A r e a c t i o n  medium ( e t h e r )  and thus  remove th e  p e s t e r  l i n k ­

age o f  th e  second phosphoglycer ide  from c o n t a c t  w i th  the  enzyme. Such 

c leav ag e  would r e s u l t  in an e s t e r / P  r a t i o  obse rved  in exper imenta l  ly s o ­

p h o s p h a t id e s .  c) Such condensa t ion  r e a c t i o n s  would a l s o  account  f o r  

th e  f a c t  t h a t  on ly  small amounts o f  new compounds d e t e c t e d  by GLC were 

found even though l o s s e s  o f  PUFA were q u i t e  l a r g e .  The t r a n s e s t é r i f i ­

c a t i o n  p rocedu re  would me thy la te  a l l  e s t e r  l i n k a g e s ,  but any fragment 

a t t a c h e d  to  t h e  amino group o f  a n o th e r  p h o s p h a t id e  o r ,  a l t e r n a t i v e l y ,  

an i n t r a m o l e c u l a r  c ondensa t ion  p roduc t ,  see  r e a c t i o n  (2 ) ,  would r e ­

main a t t a c h e d  t o  th e  phosphory lg lyce ro l  moiety a f t e r  m é th y la t io n  and 

would not  e x t r a c t  in to  hexane with  th e  methyl e s t e r s .  Another reason 

f o r  l o s s  o f  o x i d a t i o n  f ragments may be t h a t  f ragments  undergo r e a c t i o n s  

o f  unknown n a t u r e  d u r ing  the  m é th y la t io n  p rocedu re  s in c e  dark  co lo re d  

p ro d u c ts  a r e  formed d u r ing  m é th y la t io n .  The use o f  r e a g e n t s  t h a t  would 

be expec ted  t o  b lock  a condensa t ion  between carbonyl  and amino groups 

have f a i l e d  th u s  f a r  t o  y i e l d  usefu l  in fo rm a t io n .

The lo s s  o f  such l a rg e  amounts o f  a r a c h i d o n i c  and docosahexenoic 

a c id s  (50 to  90%) from the  p h o s pho l ip id  f r a c t i o n  is  very  s t r i k i n g  and 

the  p o s s i b l e  s i g n i f i c a n c e  w i l l  be d i s c u s s e d  l a t e r .

Column chromatography on s i l i c i c  a c i d  showed t h a t  th e  p h o spha t ide s .  

In g e n e r a l ,  l o s t  PUFA from the  expe r im en ta l  l i p i d .  No appa re n t  s p e c i f i c ­

i t y  f o r  a p h o s p h a t id e  c l a s s  was observed  w i th  regard  to  lo s s e s  of  PUFA. 

These r e s u l t s  confi rmed  q u a n t i t a t i v e l y  what TLC showed q u a l i t a t i v e l y ,  

namely l o s s e s  o f  PE and PC and the  appea rance  o f  more p o l a r  m a t e r i a l s  

which cou ld  on ly  be removed from th e  column by methyl a t i n g  p rocedu res .
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E f f e c t  o f  Incuba t ion  Parameters  on L ip id  Changes

Although i n i t i a l l y  5 atmospheres  oxygen p r e s s u r e  was used f o r  the  

microsomal i n c u b a t io n  sys tem in o r d e r  to  in c r e a s e  th e  p o s s i b i l i t y  o f  

f i n d i n g  l i p i d  changes ,  i t  was l a t e r  found t h a t  th e  same l i p i d  changes 

o c c u r re d  when th e  enzyme system was incuba ted  in a i r .  Very mild incu­

b a t io n  c o n d i t i o n s  were found to  be e q u a l ly  e f f e c t i v e  in produc ing l i p i d  

a l t e r a t i o n s .  For example ,  in c u b a t io n s  c a r r i e d  o u t  in a i r  a t  0° C showed 

l i p i d  a l t e r a t i o n s  s i m i l a r  to  th o s e  o c c u r r i n g  a t  3 7 °  C, but  the  r e a c t i o n  

r a t e s  were lower a t  0° C. The enzyme system a l s o  e f f i c i e n t l y  c a t a ly z e d  

l i p i d  a l t e r a t i o n s  in th e  p re s e n c e  of  6 X 10"^ M TPNH and a TPNH-gener­

a t i n g  enzyme sys tem.  P r e l i m in a ry  d a t a  i n d i c a t e s  t h a t  t h e  ADP-Fe'*‘ 3 

complex may not  be r e q u i r e d  under  c o n d i t i o n s  in which TPN is  ma in ta ined  

in the  f u l l y  reduced form. Oxidized TPN is a c o m p e t i t i v e  i n h i b i t o r  of  

l i p i d  p e r o x i d a t i o n  (19 ) .  These d a t a  taken  as a whole make i t  encourag­

ing to  look f o r  s i m i l a r  changes  under in v ivo  c o n d i t i o n s .

The g ro s s  l i p i d  changes  observed  o c c u r r e d  p a r a l l e l  to  the  t ime 

course  o f  t h e  TBA chromogen s y n t h e s i s  c u rv e .  Under a l l  exper imenta l  

c o n d i t i o n s  t e s t e d  t o  d a t e  the  deg ree  o f  l i p i d  changes  was r e f l e c t e d  by 

the  TBA chromogen produced i n d i c a t i n g  t h a t  the  two e f f e c t s  a re  l i k e l y  

a p a r t  o f  t h e  same g e n e ra l  p r o c e s s .  The more h i g h l y - u n s a t u r a t e d  f a t t y  

a c id s  were o x i d i z e d  a t  a f a s t e r  r a t e  and th e  deg ree  of  u n s a t u r a t i o n  

appea rs  to  govern  t h e  r a t e  o f  a l t e r a t i o n  o f  th e  f a t t y  a c i d s .  The r a t e s  

o f  o x i d a t i o n  were in t h e  o r d e r ;  C22:6 >  C20:5 >  C20;4 »  C l8 :2 .  Ease 

o f  p e r o x i d i z a b i 1i t y  o f  PUFA fo l lo w s  th e  same o r d e r .
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The S i t e  of  L ip id  Change 

This  s tudy  shows t h a t  the  g ly c e ro p h o s p h a t id e s  a r e  major components 

a l t e r e d  by microsomal TPNH ox id a se .  The f a t t y  ac id  d i s t r i b u t i o n  o f  the 

P p o s i t i o n  o f  t h e s e  phospha t ides  was such t h a t  almost  a l l  PUFA was lo ­

c a t ed  t h e r e .  U t i l i z i n g  phospho l ipa se  A t o  c l e a v e  s e l e c t i v e l y  the p 

f a t t y  a c i d s ,  i t  was demonst ra ted  t h a t  40% o f  th e  t o t a l  f a t t y  ac id  in 

t h i s  p o s i t i o n  was a r a c h id o n ic  ac id  and 50% o r  more o f  t h i s  t o t a l  was 

l o s t  from th e  ex per im en ta l  l i p i d .  F u r th e r ,  d in i t r o p h e n y l h y d ra z o n e s  

p repared  from t h e  p h o sp h o l ip id s  of  ex per im en ta l  in c u b a t io n  systems 

were r e l e a s e d  from t h e  phospha t ides  a f t e r  t r e a tm e n t  w i th  phospho l ipa se  

A, i n d i c a t i n g  t h e  p re s e n c e  o f  ca rbonyl groups  in t h e  p f a t t y  ac id  

moie ty .  These d a t a  i n d i c a t e  t h a t  th e  p h o s p h o l ip id  i s  c e r t a i n l y  a l t e r e d  

under th e  exp e r im en ta l  c o n d i t i o n s  d e s c r ib e d  and,  f u r t h e r ,  t h a t  the  p r i ­

mary p o in t  o f  a t t a c k  i s  th e  u n s a tu r a t e d  f a t t y  ac id  in the  p p o s i t i o n  of  

the  g l y c e r o p h o s p h a t id e s .

The Nature of  t h e  L ip id  Produc ts  

The s p e c t r a l  p r o p e r t i e s  o f  th e  l i p i d  from the  exper im en ta l  c h l o r o ­

form f r a c t i o n  were s i m i l a r  to  those  g iven  by Saslaw e t  a l . (70).  They 

found t h a t  t h e  w a te r  e x t r a c t s  of  u l t r a v i o l e t  i r r a d i a t e d  l i n o l e n i c  ac id  

co n ta in e d  m a t e r i a l s  w i th  an a b s o r p t i o n  maximum a t  225 mp and a broad 

s h o u ld e r  a t  abou t  275 mju. U nsa tu ra te d  ca rbony l  compounds with  c o n j u ­

ga ted  d ie n es  g iv e  a spec trum s i m i l a r  t o  t h i s  (70) .  The d i s t r i b u t i o n  

o f  ca rbonyl compounds between the  Folch s o l v e n t  phases  is  i n t e r e s t i n g  

but  t h e  d a t a  a r e  i n s u f f i c i e n t  to  draw more th a n  t e n t a t i v e  c o n c lu s io n s ,  

i f  an average  o f  t h e  molar  e x t i n c t i o n  c o e f f i c i e n t s  f o r  d i n i t r o p h e n y l ­

hydrazones r e p o r t e d  by Schwartz (38) is assumed (30,000) t h e r e  was about
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40% as much carbonyl p r e s e n t  in the  ch lorofo rm f r a c t i o n  as t h e r e  was 

lo s s  o f  a ra c h id o n ic  a c id .  The breakdown of  l i p i d  hyd roperox ides  in 

model systems is  very  complex (26) but  cha in  s c i s s i o n  can occur  in such 

a way t h a t  an aldehyde and a hydroxy compound (26) i s  produced with  each 

cha in  s c i s s i o n .  I f  such a f a t t y  ac id  cha in  s p l i t t i n g  mechanism were 

o p e r a t i v e  in the  microsomai system and i f  th e  p ro ces s  were random, one 

would expec t  about  h a l f  o f  the  aldehydes formed to  be phospho l ip id  bound. 

From t h i s  i t  can be concluded  t e n t a t i v e l y  t h a t  ca rbonyl compounds p r e s ­

e n t  in th e  l i p i d - c o n t a i n i n g  ch loroform f r a c t i o n  c o n s t i t u t e  a major  p o r ­

t i o n  o f  the  p roduc ts  formed from the  microsomal PUFA.

The TBA chromogen was a l s o  d i s t r i b u t e d  between s o l v e n t  l a y e r s  of  

the  Folch e x t r a c t  and t h i s  d i s t r i b u t i o n  was the  same th roughout  the  t ime 

course  o f  the  enzyme r e a c t i o n .  Recent exper iments  have shown t h a t  the  

r a t i o  o f  th e  chromogen found in the  Folch ch lo ro fo rm  f r a c t i o n  t o  t h a t  

in the  water -methanol  f r a c t i o n  can be changed by v a ry in g  th e  enzyme 

inc uba t ion  te m pera tu re .  At low te m pera tu res  (0° C) 50% of  the  chromo­

gen was in each s o lv e n t  l a y e r  bu t  a t  37° C i t  was mostly  in th e  w a te r -  

methanol l a y e r .  The reason  f o r  t h i s  is unknown but  i t  would appear  

t h a t  h ig h e r  t e m p era tu re s  f a c i l i t a t e d  r e l e a s e  o f  l i p id -b o u n d  chromogen(s)  

to  a water -m ethanol  s o l u b l e  form. The i d e n t i t y  o f  t h e  chromogen(s)  i s  

the  s u b j e c t  o f  a n o th e r  t h e s i s  (60) .  However, i t s  ca rbonyl n a tu re  was 

s t r o n g l y  implied when i t  was found t h a t  th e  TBA t e s t  was n e g a t iv e  i f  

the  r e a c t i o n  m ix tu re  was f i r s t  hea ted  in the  p re sen ce  o f  sem ica rbaz ide  

o r  dimethyl  hydraz ine  p r i o r  t o  t h e  a d d i t i o n  of  TBA. A ttempts  t o  f in d  

o th e r  l i k e l y  p roduc ts  such as hydroxy compounds and hydroperox ides  have 

not  been under ta ken  as y e t .
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The E f f e c t s  o f  Qi-Tocopherol

The TBA chromogen fo rm at ion  curve e x h i b i t e d  a lag  p e r io d  when micro­

somes from an imals  supplemented w i th  a - to c o p h e ro l  were used .  By i n c r e a s ­

ing th e  amount o f  a - to c o p h e r o l  in th e  d i e t  the  lag pe r iod  could be 

le ng thened  to  a p o in t  t h a t  th e  p e r o x id a t io n  r e a c t i o n  was e n t i r e l y  e l i m i n ­

a t e d .  In v i t r o  a d d i t i o n  o f  a - to c o p h e r o l  a l s o  p reven ted  l i p i d  p e ro x id a ­

t i o n .  An i n t e r p r e t a t i o n  o f  th e  lag per iod  cou ld  be t h a t  i t  i s  th e  leng th  

o f  t ime r e q u i r e d  t o  d e s t r o y  a - to c o p h e r o l  by f r e e  r a d i c a l s  formed by th e  

microsomal e l e c t r o n  t r a n s p o r t  c h a i n .  A l t e r n a t i v e l y  th e  ADP-Fef3 could 

be d e s t r o y i n g  th e  a - t o c o p h e r o l .  The l a t t e r  appears  t o  be l e s s  l i k e l y  

in view o f  the  f a c t  t h a t  lower l e v e l s  o f  ADP-Fe"^^ reduced th e  r a t e  o f  

chromogen fo rm a t io n  bu t  had no a p p r e c i a b l e  e f f e c t  on th e  lag  p e r io d .  

Animals p la ced  on d i e t s  w i th  l e v e l s  o f  a - to c o p h e r o l  high enough to  p ro ­

duce long lag p e r io d s  o r  com ple te ly  e l i m i n a t e  chromogen p ro d u c t io n ,  

r a p i d l y  l o s t  t h i s  a - t o c o p h e r o l  e f f e c t  when p la ced  on an a - t o c o p h e r o l - 

d e f i c i e n t  d i e t .  With in  48 hours a f t e r  p l a c in g  t h e s e  an imals  on d i e t s  

d e f i c i e n t  in a - t o c o p h e r o l ,  t h e  lag per iod  in the  chromogen s y n t h e s i s  

was v i r t u a l l y  l o s t .  T h is  probab ly  r e p r e s e n t s  a r a t h e r  r ap id  t u rn o v e r  

o f  a - to c o p h e r o l  in th e  l i v e r  microsome. C a r p e n t e r  (71) has found t h a t  

L -g u lo n o la c to n e  o x id a se  from l i v e r  microsomes does not  respond w i th i n  

48 hours  t o  t h e  removal o f  d i e t a r y  a - to c o p h e r o l  as  d e s c r ib e d  above.

The i n t r a p e r i t o n e a l  i n j e c t i o n  o f  p h é n o b a rb i t a l  in t o  r a t s  has been 

shown to  induce s y n t h e s i s  o f  the  microsomal enzyme system a s s o c i a t e d  

w i th  drug h y d r o x y la t i o n s  (1 5 ,7 2 , 7 3 ) .  Our d a t a  a r e  in agreement w i th  

t h e s e  r e p o r t s  in t h a t  in c re a s e d  amounts o f  microsomal l i p i d  and p r o t e i n  

p e r  g o f  l i v e r  wet w eigh t  were observed .  I n j e c t i o n  o f  an imals  with
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p h é n o b a rb i t a l  d id  not  produce an e f f e c t  on e i t h e r  the  r a t e  of  chromogen 

fo rm at ion  o r  on t h e  t o t a l  amount o f  chromogen formed when the  d a t a  were 

ex p re s s e d  per  mg p r o t e i n ,  however, both r a t e s  and t o t a l s  were 50 to  100% 

h ighe r  when th e  d a t a  were based on l i v e r  wet w e igh t .  Microsomes from 

animals  fed  a - t o c o p h e r o l  supplemented d i e t s  and, in a d d i t i o n ,  i n j e c t e d  

with  p h é n o b a r b i t a l  showed c o n s id e r a b ly  s h o r t e r  lag p e r io d s  in TBA chromo­

gen p ro d u c t i o n  than  microsomes from co r respond ing  an imals  ( co n t ro l  s e t )  

fed  t h e  same d i e t  but  not  i n j e c t e d .  a -Tocopherol  a n a ly se s  of  microsomes 

from an imals  f ed  t h e  v a r i o u s  d i e t s  w ith  o r  w i thou t  p h é n o b a rb i t a l  i n j e c ­

t i o n s  showed r a t h e r  l a r g e  v a r i a t i o n  from one s e t  o f  an imals  to  the  next 

which were s u b j e c t e d  t o  the  same c o n d i t i o n s .  I t  i s  not  c e r t a i n  whether 

o r  no t  the  v a l u e s  r e p o r t e d  f o r  a - to c o p h e r o l  a n a ly se s  r e p r e s e n t  only  

a - t o c o p h e r o l  and t h e r e f o r e  c o n c lu s io n s  about  microsomal a - to c o p h e r o l  

l e v e l s  a re  not  p o s s i b l e .  I f  i t  i s  assumed t h a t  i n j e c t i o n  o f  phéno­

b a r b i t a l  has no e f f e c t  on t h e  a b s o r p t i o n  of  a - to c o p h e r o l  by th e  i n t e s ­

t i n a l  t r a c t  o r  on th e  s t o r a g e  o f  the  v i t a m in  in l i v e r  microsomes, some 

i n t e r e s t i n g  s p e c u l a t i o n s  can be made in con n ec t io n  with  th e  lag per iod  

obse rved .  One c a s e  in vo lves  the  assumpt ion t h a t  th e  a - to c o p h e r o l  con­

t e n t  of  microsomes,  as  i s o l a t e d ,  depends on the  d i e t a r y  a - to c o p h e r o l  

le ve l  under  which th e  animals  were fed  and t h a t  p h é n o b a rb i t a l  i n j e c t i o n s  

have l i t t l e  o r  no e f f e c t  on t h i s  l e v e l .  Thus, t h e  microsomal e l e c t r o n  

t r a n s p o r t  c h a i n  in p h é n o b a rb i t a l  t r e a t e d  animals  would be induced and 

the  amount o f  a - t o c o p h e r o l  per  u n i t  o f  enzyme system would be lower 

than  t h a t  in  t h e  c o n t r o l  an im a ls .  This  lower r a t i o  o f  a - to c o p h e r o l  

to  enzyme would r e s u l t  in a d i l u t i o n  e f f e c t  on a - t o c o p h e r o l  and would 

p robab ly  r e s u l t  in a d im in ished  lag p e r io d .  A more a t t r a c t i v e  case  would
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be th e  assumpt ion t h a t  a b s o r p t i o n  and s t o r a g e  o f  a - to c o p h e ro l  a re  un­

a f f e c t e d  by th e  p h é n o b a rb i t a l  i n j e c t i o n s  and t h a t  the  a - to c o p h e ro l  con­

t e n t  o f  microsomes is lower in th e  i n j e c t e d  an im als .  In t h i s  case the  

in v i t r o  i n t e r p r e t a t i o n s  would be s i m i l a r  but  t h e r e  may be more j j i  vivo 

i m p l i c a t i o n s .  Lower a - t o c o p h e r o l  c o n t e n t  under  th e se  assumptions would 

i n d i c a t e  a f a s t e r  t u r n o v e r  o f  a - t o c o p h e r o l  in th e  i n j e c t e d  an imals .

T h is  would be th e  expec ted  r e s u l t  i f  a - t o c o p h e r o l  were a c t i n g  as an a n t i ­

o x id a n t  o r  r e g u l a t o r  by some o t h e r  means in v ivo  and were r e g u la t in g  an 

i n c re a s e d  number o f  f r e e  r a d i c a l s  produced by th e  induced microsomal 

e l e c t r o n  t r a n s p o r t  cha in  a s s o c i a t e d  w i th  drug metabolism.  Experiments 

d e s igned  to  t e s t  t h i s  p o s s i b l e  i n t e r p r e t a t i o n  should  be dev ised .

L ip id  a l t e r a t i o n s  in microsomes from animals  on a - t o c o p h e r o l - s u p p l e ­

mented d i e t s  were e s s e n t i a l l y  s i m i l a r  t o  t h o s e  o c c u r r i n g  in microsomes 

from an imals  fed  a commercial p e l l e t  d i e t .  L ip id  changes were r e f l e c t e d  

by the  TBA chromogen produced.

I n t e r p r e t a t i o n s  and Exper imenta l  Approaches

P re s e n t  d a t a  i n d i c a t e  t h a t  d u r in g  t h e  enzymic o x i d a t io n  of  TPNH 

r a t  l i v e r  microsomes a l s o  c a t a l y z e  l i p i d  a l t e r a t i o n s  t h a t  a re  c h a r a c t e r ­

i s t i c  o f  l i p i d  p e r o x i d a t i o n .  There i s  a requ irement f o r  con t inuous  

enzymic a c t i v i t y  in  o r d e r  f o r  l i p i d  changes  t o  occur  c o n t in u o u s ly .  The 

n a t u r e  o f  t h e  l i n k  between the  enzymic o x i d a t i o n  o f  TPNH and the  l i p i d  

changes  is  y e t  unknown. I t  is p o s s i b l e  t h a t  a f r e e  r a d ic a l  a s s o c i a t e d  

w i th  a component such as non-heme i ron  might  be involved .  The f a c t  t h a t  

enzymic a c t i v i t y  i s  r e q u i r e d  a t  a l l  t imes  i s  in i t s e l f  i n c o n s i s t e n t  with 

l i p i d  p e r o x i d a t i o n  in model sys tems.  In model systems l i p i d  p e ro x id a ­

t i o n  i s  a s e l f - p e r p e t u a t i n g  r e a c t i o n  once s t a r t e d  u n le ss  oxygen is
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removed. For example,  a - t o c o p h e r o l  when added t o  a model system under­

going r ap id  l i p i d  p e r o x i d a t i o n  has l i t t l e  i n h i b i t o r y  e f f e c t  on th e  p ro ­

ce s s  (74) .  I t  would appea r  t h a t  in the  microsome e i t h e r  t h e r e  a r e  l a rg e  

q u a n t i t i e s  o f  f r e e  r a d i c a l  " c h a in  b reak e rs "  o r  t h a t  something p e c u l i a r  

t o  the  s t r u c t u r e  o f  the  microsomal membrane p r e v e n t s  e f f i c i e n t  c h a in  

p ro p ag a t io n  r e a c t i o n s .  S t i l l  a n o th e r  p o s s i b i l i t y ,  which is more a t t r a c ­

t i v e ,  i s  t h a t  t h e r e  is  a fundamental d i f f e r e n c e  between th e  l i p i d  perox­

id a t i o n  in model systems and the  changes c a t a l y z e d  by microsomes. Exper­

imental c o n d i t i o n s  have not  y e t  been found under  which th e  TBA chromogen 

in th e  l i p i d  f r a c t i o n  was g r e a t e r  than 50%. Poyer (60) has found t h a t  

the  TBA chromogen(s)  o f  a i r - o x i d i z e d  methyl a r a c h id o n a te  is  predominan tly  

e x t r a c t a b l e  in to  ch lo ro fo rm .  These da t a  imply t h a t  the  microsomal 

enzyme system may be invo lved  in th e  c l eav ag e  o f  th e  carbon to  carbon  

bond o f  th e  p p o ly u n s a t u r a t e d  f a t t y  ac id  o f  the  g ly c e ro p h o s p h a t id e s  o r ,  

a l t e r n a t i v e l y ,  a nonenzymic ch a in  s c i s s i o n  o ccu r s  which is f a s t e r  than  

th e  enzymic r e a c t i o n .

There is  not  enough in fo rm at ion  a v a i l a b l e  t o  propose  a d e t a i l e d  

mechanism f o r  t h e s e  r e a c t i o n s .  The fo l lo w in g  p o i n t s  would need t o  be 

co n s id e re d  in any mechanism t h a t  was c o n s id e re d  s e r i o u s l y ;  a) f r e e  

r a d i c a l  p a r t i c i p a t i o n  in th e  i n i t i a t i o n  p rocess  but  some means o f  keep­

ing th e  o v e r a l l  r e a c t i o n  under enzyme c o n t r o l ;  b) r e a c t i o n s  t h a t  lead 

u l t i m a t e l y  to  c h a in  s c i s s i o n  o f  PUFA p r e s e n t  in t h e  microsome; c) 

p o s s i b l e  bu t  no t  c e r t a i n  involvement of  added i r o n  and d) involvement 

of  a - t o c o p h e r o l  in th e  c o n t ro l  o f  the  mechanism.

In c o n s i d e r a t i o n  o f  th e  p o s s i b l e  exper im en ta l  approaches  t o  m ic ro ­

somal p e r o x i d a t i o n  o f  l i p i d s  i t  is  conven ien t  t o  r e f e r  t o  t h e  i n t e r -
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r e l a t i o n s h i p s  shown in t h e  fo l lowing  diagram:

PCMB CO

TPNH F  h ----------- X  5 ^ C y t  P^^^
RCHg + Og

DCPIP NT 
Cyt c ' -------

Menadione (®)

P r e c u r s o r s _______^  Phospho-

(Fe)
a-Tocopherol  (b)

Primary _____ . Secondary
(1^0) ^  l i p i d s  ^  ^  P roduc ts  ^  Products

' « 0 ,  (c )

In V i t ro  Experiments 

The f i n a l  i d e n t i t y  o f  the  l i n k ( s ) ,  ( a ) ,  o f  t h e  microsomal e l e c ­

t r o n  t r a n s p o r t  cha in  invo lved  in the  l i p i d  changes observed  w i l l  need 

t o  awai t  th e  i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  a l l  components o f  the  

c h a i n .  P re s e n t  in fo rm a t ion ,  however, i n d i c a t e  t h e  s i t e ( s )  l i e s  between 

t h e  TPNH-oxidizing f l a v o p r o t e i n  and cytochrome P^^Q. F u r t h e r  informa­

t i o n  could be o b ta in e d  by a study  o f  t h e  i n t e r r e l a t i o n s h i p s  o f  the  

v a r io u s  e l e c t r o n  a c c e p to r s  such as DCPIP, cytochrome c ,  menadione,  NT 

and drugs  on the  one hand, and i n h i b i t o r s  such as PCMB, s u l f i t e  and 

o t h e r  p o s s i b l e  i n h i b i t o r s  on the  o t h e r  and t h e i r  e f f e c t s  on th e  p e r o x i ­

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

d ip h e n y l p i c r y l h y d r a z y l ,  and luminol shou ld  a l s o  be i n v e s t i g a t e d .  The 

" s o l u b l e "  system of Tam (62) may make p o s s i b l e  t h e  use  o f  competing 

s u b s t r a t e s  in th e  e l u c i d a t i o n  of  the  s i t e  of th e  e l e c t r o n  t r a n s p o r t  

c h a in  involved  in i i p i d  p e r o x i d a t i o n .  Of p a r t i c u l a r  i n t e r e s t  would 

be the  i n t e r r e l a t i o n s h i p  between TPNH-NT r e d u c t a s e  and l i p i d  p e r o x id a t io n
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both  o f  which a re  PCMB s e n s i t i v e  (19)-  The r e d u c t a s e  is  a l s o  s e n s i t i v e  

t o  l i p a s e  ^12) and we have found t h a t  the  p e r o x id a t io n  a c t i v i t y  is  s e n s ­

i t i v e  t o  snake  venom (presumably phospho l ipase  A). I t  would be o f  i n t e r ­

e s t  t o  see  i f  NT and l i p i d  compete f o r  t h e  same s i t e .  Brush and May (75) 

have r e p o r t e d  the  use o f  com p e t i t iv e  s u b s t r a t e s  in a s tudy of  the  mech­

anism o f  a c t i o n  o f  L-gu lono lac tone  o x id a se  in l i v e r  microsomes and con­

c luded  t h a t  oxygen and DCPIP r e a c t  a t  d i f f e r e n t  s i t e s .  The use of  

k i n e t i c s  in such s t u d i e s  could prove f r u i t f u l  but  as po in ted  ou t  by 

Webb (76),  i n t e r p r e t a t i o n  o f  k i n e t i c  d a t a  o f  complex enzyme systems is  

d i f f i c u l t .

In fo rm at ion  on th e  r o l e  of  a - t o c o p h e r o l ,  (b ) ,  in the in v i t r o  s y s ­

tem could  be o b t a in e d  by an a n a l y t i c a l  s tudy  o f  t h e  a - to c o p h e ro l  leve l  

in c o n t ro l  and exper imenta l  l i p i d s  u t i l i z i n g  microsomes from animals 

supplemented with  high l e v e l s  o f  d i e t a r y  a - t o c o p h e r o l .  (Experiments 

o f  t h i s  type  a re  a l r e a d y  in p r o g r e s s ) .  The use o f  ^^C o r  a - t o c o p h ­

e r o l  would f a c i l i t a t e  f in d i n g  a - to c o p h e r o l  d e r iv e d  p roduc ts  i f  they a re  

formed by th e  system. Also c a r e f u l  s t u d i e s  o f  l i p i d s  from microsomes 

e x t r a c t e d  p r i o r  t o  t h e  end of  th e  lag p e r io d  o f  TBA chromogen fo rmat ion  

should  be done.  I f  i t  should happen t h a t  l i p i d  changes ,  inc lud ing  con­

j u g a t e d  d ie ne  fo rm at ion  (determined by u l t r a v i o l e t  a b s o r p t i o n ) ,  do not  

occu r  du r ing  the  lag pe r iod  one would conc lude  t h a t  the  ro l e  o f  a - t o c o p h ­

e r o l  was t o  p rev en t  t h e  i n i t i a l  r e a c t i o n  o f  t h e  sequence.  If on the  

o t h e r  hand,  a - t o c o p h e r o l  ac ted  as a l i p i d  f r e e  r a d ic a l  t r a p  i t  would 

seem a lmos t  c e r t a i n  t h a t  c o n j u g a t io n  o f  l i p i d  double bonds would occur  

d u r in g  th e  lag  p e r io d  and t h i s  cou ld  be d e t e c t e d  s p e c t r o p h o t o m e t r i c a l l y .  

I f  f a t t y  a c i d s  w i th  con juga ted  double bonds were formed under th e se
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c i rc u m s ta n c e s  they  would probably  not  be d e t e c t e d  by GLC an a ly se s .

Many o f  t h e  r e a c t i o n s  t h a t  occur  in th e  l i p i d  a re  not  known except  

by im p l i c a t i o n .  F a i l u r e  t o  f in d  phospho l ip id  bound f a t t y  ac id  d e r i v ­

a t i v e s  t h a t  can be methyla ted  and chromatographed by GLC has been d i s ­

t u r b i n g .  The use o f  microsomes labe led  with  a ra c h id o n ic  ac id  would 

perhaps  g iv e  a g r e a t  deal  o f  in form ation  conce rn ing  the  d i s t r i b u t i o n  of  

th e  fragments  d u r in g  i s o l a t i o n  o f  the  l i p i d s  and u l t i m a t e l y  lead to  a 

b e t t e r  u n d e r s t a n d in g  o f  th e  n a tu re  o f  such p ro d u c t s .  Useful in formation  

in t h e  s tudy  o f  the  s to ic h io m e t ry  of  t h e  r e a c t i o n  cou ld  a l s o  be ob ta ined  

from such e x p e r im e n t s .  That the  c a rbony l - fo rm ing  r e a c t i o n s  d es c r ib e d  

c o n s t i t u t e  a major pathway in the  d e s t r u c t i o n  o f  a ra c h id o n ic  and doco- 

sahexenoic  a c i d s  seems e v i d e n t ,  however, the  s to i c h io m e t ry  between oxy­

gen up take ,  f a t t y  a c id s  l o s t ,  c a rbony ls  formed and TPNH o x id ized  should 

be de te rm ine d .  The r e l a t i o n s h i p  between oxygen uptake and TPNH ox id ized  

may not be n e c e s s a r i l y  meaningful s i n c e  t h i s  r e l a t i o n s h i p  can be a l t e r e d
1 Q

by th e  exper im en ta l  c o n d i t i o n s  used (77)* The use o f  0^ as the  gas 

phase would be u se fu l  in de te rmin ing  th e  r a t i o  o f  carbonyl  oxygen formed 

and oxygen in c o rp o ra te d  in to  o t h e r  f u n c t i o n a l  groups formed.  The amount 

o f  r e l e a s e d  to  w a te r  by the  i n t e r a c t i o n  o f  c a rbony l s  and DNPH would 

r e p r e s e n t  th e  amount o f  carbonyl compounds formed. Comparison o f  t h i s  

v a lu e  w i th  the  t o t a l  ^®0-contain i ng o rg a n ic  compounds, c o r r e c t e d  of  

c o u r s e  f o r  t h a t  which was p r e s e n t  in t h e  c o n t ro l  inc uba t ion  system, and 

the  o v e r a l l  oxygen uptake ,  determined m anom etr ica l ly ,  would g ive  q u a n t i ­

t a t i v e  in fo rm a t ion  conce rn ing  the  r e l a t i v e  importance o f  the  r e a c t io n s  

invo lved .  (This  s tudy  would be e a s i e r  o r  perhaps  may r e q u i r e  the  use 

o f  ^ \ - l a b e l e d  PUFA-containing microsomes) .  Once the  r e l a t i v e  q u a n t i t i e s
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o f  the  v a r io u s  f u n c t i o n a l  groups were known, i n t e l l i g e n t  use o f  v a r io u s  

r e a c t i o n s  o f  o rg a n ic  chem is t ry  should lead  t o  a somewhat d e t a i l e d  a n a l y ­

s i s  of  th e  p roduc ts  o f  t h e  r e a c t i o n .  Knowledge o f  th e  p roduc ts  formed 

in v i t r o  would be v a l u a b l e  in a t tem p t ing  to  f i n d  the  same o r  s i m i l a r  

p roduc ts  formed v iv o .

A p a r t i c u l a r l y  i n t e r e s t i n g  tool  is  now a v a i l a b l e  and should prove 

very  u se fu l  in s t u d i e s  o f  the  type l i s t e d  above,  and t h a t  is  the  use 

o f  th e  mass s p e c t ro m e t ry  in c o n ju n c t io n  w i th  g a s - l i q u i d  chromatography.  

Both t e c h n iq u e s  a re  ex t rem ely  s e n s i t i v e ,  g iv e  complementary in form ation  

and can be a r ranged  so t h a t  most o f  th e  sample can be recovered and used 

f o r  f u r t h e r  s tu d y .  Ryhage (78) has used the  mass s p e c t ro m e te r  in l i p i d  

a n a l y s i s .  The te c h n iq u e  has the  advantage  t h a t  m olecu la r  w eigh ts  a re

g iven  d i r e c t l y  from th e  f ragment p a t t e r n  in many c a s e s  (79)» Incorpor-

] 8a t i o n  o f  0^ in t o  o r g a n ic  compounds cou ld  be s t u d i e d ,  f o r  example,  by

comparing f ragment p a t t e r n s  o f  compounds formed in an '^0^  atmosphere

18w i th  t h o s e  formed in an atmosphere r i c h  in 0^. Compounds c o n t a in in g  

th e  h e a v i e r  i s o to p e  would d i s p l a y  a f ragment p a t t e r n  in which fragment 

weigh ts  were s h i f t e d  by two atomic w eigh t  u n i t s  pe r  oxygen atom in the  

fragment.

In Vivo Experiments 

I t  cannot  be s a i d  t h a t  the  r e a c t i o n s  d e s c r i b e d  in t h i s  s tudy have 

any s i g n i f i c a n c e  _m v ivo  s in c e  th e  expe r im en ta l  des ign  was such t h a t  

in v ivo  in fo rm a t ion  was not  o b t a in e d .  That  t h e s e  r e a c t i o n s  appear  to  

be enzyme c o n t r o l l e d  a t  a l l  t imes  s u g g e s t s  t h a t  th e  same type  r e a c t i o n s  

may occu r  in v i v o . I t  would be e s p e c i a l l y  encourag ing  i f  f u r t h e r  work 

on th e  iron  requ i rem en t  should  prove t h a t  i t s  a d d i t i o n  i s  no t  r e q u i r e d .
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Even I f  an i ron  r equ i rem en t  remains v a l i d  i t  canno t  be s a i d  t h a t  pyro­

phosphate bound i ron  does not  e x i s t  in t h e  c e l l .  The r e a c t i o n s  occur  

under p h y s io lo g i c  TPNH c o n c e n t r a t i o n s  (6 pM) and t e m p e ra t u re  c o n d i t i o n s .  

G i l l i a m  (80) has p r e l i m i n a r y  ev idence  t h a t  t h e  r a t i o  of  ^ ^ C -ace ta te  

i n c o rp o ra te d  i n t o  PUFA t o  t h a t  in c o rp o ra ted  i n t o  s a t u r a t e d  f a t t y  ac ids  

is h ig h e r  in th e  l i v e r  o f  c h i c k s  which a r e  d e f i c i e n t  In a - to c o p h e r o l  

than  in t h e  c o n t r o l  an im a l s .  These r e s u l t s  imply a r o l e  f o r  a - t o c o p h ­

e ro l  in t h e  metaboli sm o f  PUFA. If  th e  r e a c t i o n s  we have d e s c r ib e d  

occu r  in v ivo  one would p r e d i c t  an in c re a s ed  t u r n o v e r  o f  PUFA under 

exper im en ta l  c o n d i t i o n s  t h a t  would f a v o r  the  p r o c e s s ,  such as a - t o c o ­

phero l  d e f i c i e n c y .  I t  would seem j u s t i f i a b l e  th e n  t o  d e v i s e  e x p e r i ­

ments to  t e s t  t h e  h y p o t h e s i s  t h a t  a p ro ces s  resembl ing  l i p i d  p e r o x i ­

d a t i o n  c a t a l y z e d  by components o f  the  endoplasmic  r e t i c u lu m  occu rs  

in v ivo  and t h a t  a - t o c o p h e r o l  is involved in i t s  c o n t r o l .  In t h e  

a u t h o r ' s  o p in io n  i t  should  not  be dec ided  in advance t h a t  such a 

p ro c e s s ,  i f  i t  o ccu r s  in v ivo ,  has s t r i c t l y  p a t h o l o g i c  consequences ,  

i t  is  known t h a t  t h e  components o f  th e  endoplasmic  r e t i c u lu m ,  inc lud ­

ing l i p i d ,  t u r n o v e r  r a t h e r  r a p i d l y  (1 6 ,1 8 ) .  One could imagine t h a t  con­

t r o l l e d  r e a c t i o n s  s i m i l a r  t o  l i p i d  p e r o x i d a t i o n  c o u ld  be invo lved  in 

such r e a c t i o n s  as t h o s e  t h a t  i n i t i a t e  t h e  breakdown of  th e  endoplasmic 

r e t i c u lu m .  Other  p r o c e s s e s  t h a t  would be rega rded  as p h y s i o l o g i c  could 

a l s o  be v i s u a l i z e d  as in v o lv in g  r e a c t i o n s  o f  t h i s  ty p e .

I f  p e r o x i d a t i o n  o f  l i p i d s  occurs  in v ivo  s e v e r a l  p o i n t s  a r e  e v id en t :  

a) p e r o x i d a t i o n  p ro d u c t s  a r e  formed w hether  they  have been d e t e c t e d  o r  

not  ( i t em (c)  in t h e  scheme above) ;  b) s u b s t r a t e s  a r e  used;  c)  expe r ­

imental  c o n d i t i o n s  which promote a c c e l e r a t i o n  o f  t h e  p ro c e s s  w i l l  r e s u l t
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in a t  l e a s t  an in c reased  tu rn o v e r  r a t e  o f  t h e  i i p i d s  involved  and poss ­

ib ly  a d e c re ase d  c o n t e n t  of  the  l i p i d  s u b s t r a t e s  (PUFA) undergoing perox­

i d a t i o n  in th e  t i s s u e s  (depending on th e  r e l a t i v e  r a t e  of  i i p i d  s y n t h e s i s  

and breakdown).  Based on th e s e  p o i n t s ,  exper im en ts  can be sugges ted  to  

i n v e s t i g a t e ;  a) p o s s i b l e  p roduc ts  formed; b) f a c t o r s  t h a t  w i l l  in ­

f lu e n c e  the  l i p i d  s u b s t r a t e  fo rm a t ion  a n d /o r  breakdown; c) f a c t o r s  

t h a t  a l t e r  th e  amount o f  b i o l o g i c a l  c a t a l y s t s  p r e s e n t ;  d) combinations  

o f  t h e s e  f a c t o r s .

E f f o r t s  t o  f i n d  p roduc ts  de r iv e d  from l i p i d  pe ro x id i z e d  in v ivo 

under c a r e f u l l y  c o n t r o l l e d  exper imenta l  c o n d i t i o n s  have been l a r g e ly  

u n s u cces s fu l  even when the  exper imenta l  animal was put  in a s i t u a t i o n  

o f  s t r e s s  which should r e s u l t  in in c re as ed  p e r o x i d a t i o n  o f  l i p i d ,  such 

as a - t o c o p h e r o l  d e f i c i e n c y  (29) .  As s t a t e d  be fo re  t h i s  could  be l a r g e l y  

a m a t t e r  o f  f u r t h e r  metabolism o f  th e  pr imary p ro d u c t s  t o  un recogn iz ­

a b l e  secondary  p roduc ts  a t  r a t e s  too  r ap id  f o r  accumula t ion  o f  such 

r e c o g n i z a b le  p ro d u c t s .  P lac e r  (81) has su g g es ted  the  use o f  c e r t a i n  

i n h i b i t o r s  o f  th e  metabolism of  f u n c t i o n a l  groups  such as aldehydes  

which a r e  p o t e n t i a l  p roducts  of  l i p i d  p e r o x i d a t i o n .  Experiments o f  

t h i s  type  a r e  worthy of  c o n s i d e r a t i o n .  Use of  r a d i o a c t i v e  p r e c u r s o r s  

o f  PUFA t h a t  would y i e l d  a maximum o f  s p e c i f i c  in c o rp o r a t io n  in to  l i p i d s  

w i th  a minimum amount of  in c o rp o r a t i o n  o f  r a d i o a c t i v i t y  in to  pathways 

u n r e l a t e d  t o  l i p i d  metabolism is  d e s i r a b l e  and should make th e  t a s k  o f  

f i n d i n g  p roduc ts  o f  l i p i d  p e r o x id a t io n  much e a s i e r .

An experiment t h a t  may be d i f f i c u l t  to  c a r r y  ou t  t h a t  should y i e l d  

i n t e r e s t i n g  in fo rm at ion  is as  f o l l o w s :  I n j e c t  an animal w ith  l ^ C - l i n o -

l e i c  o r  a r a c h id o n ic  ac id  and a f t e r  th e  maximum i n c o rp o r a t io n  of  in to
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l i p i d  has o c cu r red  p la c e  th e  animal in an atmosphere r i c h  in

A f t e r  th e  oxygen exposure i s  completed a l l  from the  o rgans  could  be

i s o l a t e d  and s e p a r a t e d  a f t e r  a Folch e x t r a c t i o n  in t o  conven ien t  pools ,

such as l i p i d ,  w a te r  s o l u b l e ,  p r o t e i n  bound e t c .  The amount, i f  any,

18o f  0 inc o rpo ra ted  in to  c a rb o n -c o n ta in in g  compounds could  be determined 

and the r a t i o  o f  to  should g ive  in form at ion  about  the  p o s s i b i l ­

i t y  t h a t  p e r o x id a t io n  had o cc u r r e d .  I f  t h e  r a t i o  were encourag ing ,  

a t t em p ts  could  be made t o  f r a c t i o n a t e  and c h a r a c t e r i z e  compounds 

and note changes in t o  r a t i o s .  Only one pathway o f  f a t t y  ac id  

c a t a b o l i s m  has been d e s c r ib e d  t h a t  would in c o rp o ra te  m o lecu la r  oxygen 

in to  l i p i d  and t h a t  is omega o x i d a t i o n ,  in which c a s e  d i c a r b o x y l i c  

a c id s  a re  formed.  The predominant  pathway in l i p i d  breakdown is  

a p p a re n t ly  p - o x i d a t io n  and t h i s  pathway in c o rp o ra te s  oxygen from wate r  

in to  l i p i d  p ro d u c t s .  Thus,  the  primary pathway o f  m o lecu la r  oxygen in 

t h e  o x id a t io n  o f  l i p i d s  would be the  m i tochondr ia l  e l e c t r o n  t r a n s p o r t  

c h a in  in which case  wate r  i s  formed.  If  l i p i d  p e r o x i d a t i o n  occurs  

in vivo ,  exper im en ts  o f  t h i s  type would y i e l d  '® 0 - c o n t a i n i ng compounds 

t h a t  f r a c t i o n a t e  w ith  t h e  compounds de r iv e d  from l i p i d  p e ro x id a t io n .  

As was mentioned above th e  co r respond ing  in v i t r o  exper iment  would a l s o  

be o f  i n t e r e s t  and probab ly  should be done f i r s t .  Again i t  would appear 

t h a t  good use o f  mass s p ec t ro m e t ry  could be ap p l i e d  t o  a s tudy  of  t h i s  

type .

A second obvious  f a c t  i f  l i p i d  p e ro x id a t io n  o ccu r s  in v ivo  i s  t h a t  

l i p i d  s u b s t r a t e s  a r e  used .  The h i g h l y - u n s a t u r a t e d  f a t t y  a c i d s  a re  

l i k e l y  to  be th e  s u b s t r a t e s  and one would expec t  a d e c r e a s e  in the  amount 

o f  PUFA when the  animal is  s u b j e c t e d  to  c o n d i t i o n s  des igned  to  inc rease
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l i p i d  p e r o x i d a t i o n .  L i t e r a t u r e  r e p o r t s  on t h i s  p o in t  a re  in c o n f l i c t  

in t h a t  r e p o r t s  have been made t h a t  PUFA in c re a s e  (82),  do no t  change 

(83) and a re  dec reased  (84) in a - to c o p h e r o l  d e f i c i e n c y .  R esu l t s  by 

S h i r e s  (85) i n d i c a t e  t h a t  t h e r e  i s  no d i f f e r e n c e  in th e  f a t t y  ac id  com­

p o s i t i o n  o f  t i s s u e s  from c h ick s  t h a t  a r e  s u f f i c i e n t  o r  d e f i c i e n t  in 

a - t o c o p h e r o l .  Again t h i s  may be ex p la in e d  on th e  b a s i s  t h a t  the PUFA 

a r e  r e s y n t h e s i z e d  s u f f i c i e n t l y  f a s t  t h a t  d i f f e r e n c e s  cannot  be d e t e c t e d .  

E f f o r t s  t o  f i n d  lo s s e s  o f  PUFA due t o  l i p i d  p e r o x id a t io n  can be d i r e c t e d  

in t h e  fo l l o w in g  ways: a) r e d u c t io n  in t h e  r a t e  o f  s y n t h e s i s  o f  PUFA

by l i m i t i n g  th e  amount of  p r e c u r s o r s  a v a i l a b l e  o r  i n h i b i t i o n  o f  enzymes 

on th e  l i p i d  b i o s y n t h e t i c  pathway in a - t o c o p h e r o l - s u f f i c i e n t  and 

- d e f i c i e n t  an im a ls ;  b) supp ly ing  exper im en ta l  c o n d i t i o n s  t h a t  shou ld  

in c re a s e  the  p e r o x id a t io n  r a t e s ;  c) a combination  o f  t h e s e  c o n d i t i o n s .  

Perhaps i t  would be p o s s i b l e  to  reduce t h e  r a t e  o f  PUFA s y n t h e s i s  thus  

making th e  p e r o x i d a t i o n  r e a c t i o n s  f a s t e r  than  th e  s y n t h e t i c  r e a c t i o n s  

by reducing  f o r  a r e l a t i v e l y  s h o r t  pe r iod  o f  t ime the  amount of  d i e t a r y  

l i n o l e i c  a c i d .  Care would need to  be taken  not  to  l i m i t  l i n o l e i c  ac id  

long enough t o  produce e s s e n t i a l  f a t t y  a c i d - d e f i c i e n c y  c o m p l ic a t io n s .

This  should  be no problem s in ce  f a t t y  a c id  t u r n o v e r  i s  r a t h e r  rap id .  

F a s t in g  may produce th e  same r e s u l t  on PUFA s y n t h e s i s  i f  i t  were f o r  a 

r e l a t i v e l y  s h o r t  t ime.  Comparison o f  l i p i d  from an imals  on a - t o c o p h e r o l - 

s u f f i c i e n t  and - d e f i c i e n t  d i e t s  under t h e s e  c i rc u m s tan c es  might show 

d i f f e r e n c e s  in PUFA composi t ion .  Another  approach,  i f  p o s s i b l e ,  would 

be to  i n h i b i t  c h a in  e l o n g a t io n  and /o r  th e  d e s a t u r a t i o n  r e a c t io n s  

involved in the  s y n th e s i s  o f  a r a c h id o n ic  and docosahexenoic  a c i d s .  An 

added sou rce  o f  s t r e s s  may be the  in d u c t io n  by drug a d m i n i s t r a t i o n  o f
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the  microsomal hyd roxy lases  f o r  the  purpose  o f  supp ly ing  the  l i v e r  with  

a p r o p o r t i o n a l l y  g r e a t e r  source  o f  f r e e  r a d i c a l s  t o  c a r ry  ou t  p e ro x id a ­

t i o n .  Comparisons o f  th e  f a t t y  ac id  c o n t e n t  o f  microsomes from animals 

i n j e c t e d  w i th  p h é n o b a rb i t a l  and on a - to c o p h e ro l - s u p p le m e n te d  and - d e f i ­

c i e n t  d i e t s  w i th  t h e  c o r re spond ing  c o n t ro l  s e t s  w i thou t  i n j e c t i o n  would 

be i n t e r e s t i n g .  The same exper imen t us ing  low l i n o l e i c  ac id  l e v e l s  in 

the  d i e t  f o r  s h o r t  p e r io d s  o f  t ime would a l s o  be i n t e r e s t i n g .

In v iew o f  t h e  f a c t  t h a t  PUFA d i s t r i b u t i o n  appears  not  to  change 

in a - t o c o p h e r o l  d e f i c i e n c y ,  a h ig h e r  t u r n o v e r  o f  PUFA would s t i l l  be 

expec ted  in t i s s u e s  from a - t o c o p h e r o l - d e f i c i e n t  animals i f  l i p i d  p e r ­

o x i d a t i o n  i s  s i g n i f i c a n t  in v i v o . As s t a t e d  above,  G i l l i am  (80) has 

p r e l i m i n a r y  ev idence  t h a t  th e  i n c o r p o r a t i o n  o f  ^ \ - a c e t a t e  in t o  PUFA 

is more rap id  in th e  l i v e r  o f  a - t o c o p h e r o l - d e f i c i e n t  ch icks  than 

an imals  supp lemented w i th  a - t o c o p h e r o l .  An e x t e n s i o n  o f  t h e s e  r e s u l t s  

to  in c lu d e  t h e  t u r n o v e r  r a t e s  o f  th e  v a r i o u s  f a t t y  ac ids  shou ld  give 

v a l u a b le  in fo rm a t io n  in s uppo r t  o r  a g a i n s t  in v ivo  l i p i d  p e r o x i d a t i o n .  

S ince  v a r i a t i o n  o f  f a c t o r s  t h a t  w i l l  change t h e  r a t e s  o f  l i p i d  p e r o x i ­

d a t io n  should  as a minimum requ irement g iv e  co r respond ing  changes in 

tu r n o v e r  r a t e s  o f  l i p i d s ,  t u rn o v e r  s t u d i e s  a r e  th e  most lo g i c a l  p r e ­

l im in a ry  s t u d i e s  in s e a rc h  f o r  in v ivo  l i p i d  p e r o x id a t io n .  I f  t u r n ­

over  r a t e s  do not  change i t  would be d i f f i c u l t  t o  leave th e  q u e s t i o n  

of  in v ivo  l i p i d  p e r o x id a t io n  open.  On t h e  o t h e r  hand, t u rn o v e r  s t u d i e s  

or  any o f  t h e  e xpe r im en t s  sugges ted  he re  w i l l  on ly  g ive  r e s u l t s  t h a t  

i n d i r e c t l y  su p p o r t  o r  a r e  a g a i n s t  l i p i d  p e r o x i d a t i o n  in v ivo  excep t  

t h o s e  e xpe r im en t s  t h a t  show d i r e c t l y  t h e  fo rm a t io n  o f  p roduc ts  compat­

i b l e  w i th  l i p i d  p e r o x i d a t i o n ,  d e r iv e d  from l i p i d s ,  under c o n d i t i o n s  t h a t
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a re  c e r t a i n  to  o c c u r  in v iv o .

In c o n c lu s io n ,  i t  would seem t h a t  th e  r e s u l t s  from t h i s  s tudy  and 

th o se  o f  o t h e r s  a r e  s u g g e s t iv e  enough t o  s t i m u l a t e  a s e a rc h  f o r  s i m i l a r  

r e a c t i o n s  in v ivo .



CHAPTER V 

SUMMARY

Lip id  a l t e r a t i o n s  o c c u r r in g  dur ing  th e  microsomal o x i d a t i o n  o f  TPNH 

have been s t u d i e d .  This  enzyme system c a t a l y z e d  r a t h e r  e x t e n s i v e  changes 

in microsomal l i p i d s  e s p e c i a l l y  in th e  g ly c e ro p h o s p h a t id e s .  The l i p i d  

changes c o n s i s t e d  o f  e x t e n s i v e  lo s s e s  (50 to  90%) o f  a r a c h id o n ic  and 

docosahexenoic a c i d s ,  lo s s e s  in l i p i d  a s s o c i a t e d  double  bonds and amino 

n i t r o g e n ,  and th e  fo rmat ion  o f  carbonyl  compounds. A l t e r a t i o n s  involved  

predominan t ly  the  p o ly u n s a tu r a te d  f a t t y  a c id s  lo c a te d  in t h e  p p o s i t i o n  

o f  th e  g ly c e ro p h o sp h a t id e s .

S t u d ie s  of  v a r io u s  enzymic param ete rs  and t h e i r  r e l a t i o n s h i p s  t o  

t h e  l i p i d  changes revea led  t h a t  th e  e x t e n s i v e  l i p i d  a l t e r a t i o n s  o ccu r red  

under very  mild c o n d i t i o n s  com pat ib le  w i th  p h y s io lo g i c a l  c o n d i t i o n s .  

Reac t ion  p roduc ts  i d e n t i f i e d  were s i m i l a r  to  those  expec ted  f o r  l i p i d  

p e r o x i d a t i o n  but th e  o v e r a l l  r e a c t i o n s  appeared to  be under enzymic con­

t r o l  which sugges ted  t h a t  e i t h e r  a mechanism d i f f e r e n t  than  l i p i d  perox­

i d a t i o n  in model systems was o p e r a t i v e  o r  t h a t  c e r t a i n  enzyme to  l i p i d  

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

The e f f e c t  o f  d i e t a r y  l e v e l s  o f  a - to c o p h e r o l  on th e s e  in v i t r o  

r e a c t i o n s  was s t u d i e d .  I t  was found t h a t  a - to c o p h e r o l  in th e  d i e t  could  

produce a lag pe r io d  in the  fo rm at ion  o f  a t h i o b a r b i t u r i c  a c i d - r e a c t i n g  

chromogen used as an index o f  l i p i d  p e r o x i d a t i o n  in t h i s  s tu d y .  F u r th e r ,
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d i e t a r y  a - t o c o p h e r o l  l e v e l s  could  be inc reased  s u f f i c i e n t l y  t o  p reven t  

e n t i r e l y  the  p roduc t ion  o f  the  t h i o b a r b i t u r i c  a c i d - r e a c t i n g  chromogen. 

Microsomes from an imals  fed  th e  same d i e t s  but  i n j e c t e d  w i th  phénobar­

b i t a l  d i s p l a y e d  s h o r t e r  lag p e r io d s  in th e  t h i o b a r b i t u r i c  a c i d - r e a c t i n g  

chromogen p ro d u c t io n  than  th e  c o n t ro l  an im a ls .  The p o s s i b l e  ro le  of  

Cü-tocopherol in t h i s  system was d i s c u s s e d .



BIBLIOGRAPHY

1. Mason, H. S . ,  North,  J .  C. ,  and Vannes te ,  M., F ed e ra t io n  P ro c . .  24, 
1172 (1965).

2.  Orme-Johnson,  W. H. and Z e l g l e r ,  D. M., Biochem. Biophvs.  Res.
Commun., 21, 78 (1965).

3.  S i e k e v l t z ,  P . ,  F ede ra t ion  P ro c . ,  24, 1153 (1965).

4 .  D a l l n e r ,  G. ,  S i e k e v i t z ,  P. and Pa lade ,  G. E . , Biochem. Biophvs.  Res.
Commun., 20, 135 (1965).

5.  D a l l n e r ,  G. ,  S i e k e v i t z ,  P. and Pa lade ,  G. E . ,  Biochem. Biophvs.  Res.
Commun., 20, 142 (1965).

6 .  S t r i t t m a t t e r ,  C. F . ,  Haematin Enzymes, I .U.B. Symp. S e r i e s ,  19, 461 
(1961).

7.  K lingenberg ,  M., Arch. Biochem. B iophvs . ,  75, 376 (1958).

8 .  Omura, T. and Sa to ,  R., J .  B io l .  Chem., 239. 2370 (1964).

9 .  Omura, T. and Sa to ,  R. , J .  B io l .  Chem., 239, 2379 (1964).

10. Horecker ,  B. L . ,  J .  Bio l .  Chem., 183, 593 (1950).

11. P h i l l i p s ,  A. H. and Langdon, R. G., J .  B io l .  Chem., 237, 2652 (1962).

12. M as te r s ,  B. S. S . ,  Kamin, H., Gibson,  ( .̂ H. and Will iams,  C. H.,
J .  B io l .  Chem., 240, 921 (1965).

13. Kamin, H., Master ,  B. S. S . ,  Gibson, d. H. and Will iams,  C. H. J r . ,  
F e d e r a t i o n  P r o c . , 24, 1164 (1965).

14. O r r e n iu s ,  S . ,  D a l ln e r ,  G. and E r n s t e r ,  L. ,  Biochem. Biophvs.  Res.
Commun., 14, 329 (1964).

15. O r r e n iu s ,  S. and E r n s t e r ,  L. ,  Biochem. Biophvs. Res. Commun., 16,
60 (1964).

16. O r r e n iu s ,  S . ,  E r i c s s o n ,  J .  L. E. and E r n s t e r ,  L. , J .  Cel l  B i o l . ,
2 L  627 (1965) .

105



106

17» O r re n iu s ,  S . ,  J .  Ce l l  B i o l . ,  26. 713 (1965).

18. O r re n iu s ,  S . ,  J .  Cel l  B io l . .  26. 725 (1965).

19* E r n s t e r ,  L. and O r ren ius ,  S . ,  F e d e ra t i o n  P ro c . .  24. 1190 (1965).

20. Omura, T . ,  Sa to ,  R. ,  Cooper, D. Y. ,  R o s e n th a l ,  0. and Es t rabrook ,
R. W., F e d e r a t i o n  P ro c . .  24, 1181 (1965).

21. Cooper, D. Y. ,  Levin,  S . ,  Narasimhuln ,  S . ,  R osen tha l ,  0. and E s t r a ­
brook,  R. W., S c ie n c e ,  147, 400 (1965).

22. B e lo f f -C h a in .  A. ,  Ca tanzaro ,  R. and S e r l u p i - C r e s c e n z i ,  G.,  Nature.  
128 ,  351 (1963).

23. H ochs te in ,  P. and E r n s t e r ,  L . ,  Biochem. Biophvs. Res. Commun.. 12,
388 (1963).

24. Lundberg,  W. 0 . ,  in H. W. Schult z ,  E. A. Day and R. 0. Sinnhuber
( E d s . ) ,  Symposium on Foods: L ip id s  and T h e i r  Oxidat ion .  AVI Pub.
Co . ,  W es tpor t ,  Conn. ,  pp 31 (1962).

25. Ingold ,  K. U., i b i d .  pp 93.

26. Keeney, M., i b i d .  pp 79-

27 . Dahle,  L. K., H i l l ,  E. G. and Holman, R. T . ,  Arch. Biochem. Biophvs . .
28 ,  253 (1962) .

28 . Tappe l ,  A. L. ,  in H. W. S c h u l t z ,  E. A. Day and R. 0.  Sinnhuber
( E d s . ) ,  Symposium on Foods; L ip ids  and T h e i r  Oxidat ion .  AVI Pub.
Co . ,  W es tpor t ,  Conn. ,  pp 367 (1962) .

29 . E l -K h a t ib ,  S . ,  Chenau, U. A. ,  C a r p e n t e r ,  M., Trucco,  R. E. and
C ap u t to ,  R . ,  N a tu r e . 201. 188 (1964).

30 . C apu t to ,  R . ,  McCay, P. B. and C a rp e n te r ,  M. P . ,  Amer. J .  C l i n .  N u t . .
i ,  61 (1 9 6 1 ) .

31. Tappe l ,  A. L. ,  in W. 0. Lundberg (É d . ) ,  A u tox ida t ion  and A n t io x i ­
d a n t s .  I n t e r s c i e n c e  Pub.,  New York, Chap. 9 (1 9 ^ l ) .

32 . Tappe l ,  A. L. ,  in H. W. S c h u l t z ,  E. A. Day and R. 0.  Sinnhuber
(E d s . ) ,  Symposium on Foods; L ip ids  and T h e i r  O xidat ion .  AVI Pub.
Co . ,  W es tpo r t ,  Conn. pp 122, (1962).

33 . K i t a b c h i ,  A. E . ,  McCay, P. B. , C a rp e n te r ,  M. P . ,  Feinberg,  R. H.,
Trucco ,  R. E. and Caput to ,  R . ,  Biochem. Biophys. Res. Commun.. 1,
216 (1959) .

34 . C a r p e n t e r ,  M. P . ,  K i ta bch i ,  A. E . ,  McCay, P. B. and Caputto ,  R.,
J .  B io l .  Chem.. 235. 2814 (1959).



107

35- McCay, P. B., J .  B io l .  Chem., 241 (1966) in p r e s s .

36. Young, J .  M. and Dinning,  J .  S . ,  J .  B io l .  Chem., 193, 743 (1951)-

37. Hubbe ll ,  R. B.,  Mendel, L. B. and Wakeman, A. J . ,  J .  N u t r i t i o n .
] 4 ,  273 (1937).

38. Schwartz,  D. P . ,  Johnson,  A. R. and Parks ,  0.  W., Microchem. J . ,
6^  37 (1962).

39. S e e g m i l l e r ,  J .  E . ,  in S. P. Colowick and N. 0. Kaplan ( E d s . ) ,  
Methods in Enzymoloqy, Vol.  1, Academic Press  I n c . ,  New York, pp 
511 (1955).

40.  O t to l e n g h i ,  A. ,  Arch.  Biochem. B iophys . ,  79, 355 (1959).

41.  Folch,  J . ,  Lees,  M. and S lo a n e -S ta n le y ,  G. H. , J .  B io l .  Chem., 226, 
497 (1957).

42.  F iske ,  C. H. and SubbaRow, Y.,  J .  B io l .  Chem. 66,  375 (1925).

4 3 . S t e r n ,  1. and S hap i ro ,  S . ,  J .  C l i n .  P a t h o l . ,  6 ,  158 (1953).

44.  A n ton is ,  A., J .  L ip id  Res . ,  J_, 485 ( I960 ) .

4 5 . Lea, C. H. and Rhodes, D. N., Biochem. J . ,  56, 613 (1954).

46.  Emmerie, A. and Engel ,  C . ,  Rec. Trav .  Chim., 57,  1351 (1938).

47 . Trappe,  W., Biochem. Z . , 296, 180 (1938).

48.  Long, C. and Penny, I.  F . ,  Biochem. J . ,  65,  382 (1957) .

4 9 . Hanahan, D. J . ,  D i t tm er ,  J .  C. and Warashina,  E . ,  J .  B io l .  Chem., 
228, 685 (1957).

50. Horrocks,  L. A. ,  J .  Am. Oil Chem. Soc . ,  40,  235 (1963).

51. P r i v e t t ,  0. S . ,  Blank,  M. L. and Lundberg,  W. 0 . ,  J .  Am. Oil Chem.
Soc . ,  38, 312 ( 1961) .

52 . Wagoner, H. L. ,  Horhammer, L. and Wolf, P . ,  Biochem. Z . , 334. 175
( I 9 6 I ) .

53. D i t tm er ,  J .  C. and L e s t e r ,  R. L. ,  J .  Lipid  R e s . ,  126 (1964).

54 . Dawson, R. M. C . ,  Biochem. J . .  75, 45 ( I960) .

55 . Morr ison,  W. R. and Smith,  L. M., J .  L ip id  R e s . ,  4,  6OO (1964).

56 . B e lo f f -C ha in ,  A.,  S e r l u p i - C r e s c e n z i e ,  G. ,  C an tanza ro ,  R . ,



1 0 8

V e n e t t a c c i ,  D. and B a l l i a n o ,  M., Biochim. Biophys.  Acta,  97, 4 l 6  
(1965) .

57. N i l s s o n ,  R. , O r ren ius ,  S. and E r n s t e r ,  L . ,  Biochem. Biophvs.  Res. 
Commun., 17, 303 (1964).

58.  Bodanska, H. V. ,  Kranch, L. and Johnson, B. C. ,  Arch.  Biochem.
B io p h v s . , 109, 248 (1965).

59* H ochs te in ,  P . ,  Nordenbrand,  K. and E r n s t e r ,  L. ,  Biochem. Biophys.
Res. Commun., 14, 323 (1964).

60.  Poyer,  J .  L. ,  Ph.D. T h e s i s ,  Univ. o f  Oklahoma, in p r o g r e s s .

61.  F r id o v ic h ,  I .  and Handler ,  P . ,  J .  B io l .  Chem., 236, 1036 (1961).

62.  Tam, B. ,  M.S. T h es i s ,  Univ. o f  Oklahoma, in p ro g r e s s .

63 . V annes te ,  W. H.,  Biochem!stry ,  5, 838 ( I 966) .

64.  F r id o v ic h ,  I.  and Handler ,  P . ,  J .  B io l .  Chem., 237, 916 (1962).

6 5 . K i t a b c h i ,  A. E . ,  McCay, P. B. and Maker, M. J . ,  F e d e r a t i o n  P roc . ,
2 ^  494 (1966).

66.  S t a u d i n g e r ,  H. and Zubrzycki ,  Z. ,  Z. P h y s io l .  Chemie, 332, 109 
(1963).

6 7 . Tappe l ,  A. L . ,  Arch.  Biochem. Biophys . ,  54, 266 (1955) .

68.  Lea, C. H., in G. Popjak and E. LeBreton (E d s . ) ,  Biochemical  
Problems of  L ip id s ,  i n t e r s c i e n c e  Pub.,  New York, p 88 (1956).

6 9 . Lea, C. H. and N endoerf fe r ,  T. S . ,  J .  Chromatography, 21, 138 (1966).

70. Saslaw, L. ,  Anderson,  H. and Waravdekar,  V.,  Natu re ,  200, 1098 
(1963) .

71. C a r p e n t e r ,  M. P . ,  Personal  Communications.

72. Kato, R . ,  C h ie sa ra ,  E. and V a s s a n e l l i ,  P . ,  Biochem. Pharmacol . ,
n ,  913 (1962).

73. Remmer, H. and Marker, H. J . ,  Sc ience ,  142, 1657 (1963) .

74. S tuckey,  B. N., in H. W. Schwartz,  E. A. Day and R. 0.  S innhuber  
(E d s . ) ,  Symposium on Foods; L ip ids  and T h e i r  O x id a t io n ,  AVI Pub.
Co. I n c . ,  Wes tpor t ,  Conn. ,  139 (196277

75. Brush,  J .  S. and May, H. E . ,  J .  B io l .  Chem., 241 (1966) in p r e s s .



1 0 9

76. Webb, J .  L. ,  Enzymes and Metabolic I n h i b i t o r s ,  Vol. 1, Academic 
P re s s ,  New York, Chapter  1, pp 319 (1963) '

77* Johnson,  B. C. ,  Personal  Communications.

78. Ryhage, R. ,  S t a l I b e r g - S t e n h a g e n ,  S. and Stenhagen,  E . ,  Arkiv 
F6h Kemi. ] 8 ,  179 (1961).

79 . Ryhage, R. and Stenhagen,  E . ,  J .  L ip id  Res . ,  _]_, 361 ( I 96O).

80 . G i l l i a m ,  J .  M. and McCay, P. S . ,  F ed e ra t io n  P ro c . ,  25. 241 (1966).

81 . P la c e r ,  Z. A. ,  Personal  Communications.

82 . Berhard ,  K., L e i s in g e r ,  S. and Pedersen,  W., Helv. Chim. Acta ,  46.
1767 (1963).

83 . Holmer, G., K r i s t e n s e n ,  G. ,  Sdndergaard,  E. and Dam, H., Z. 
E rn a h ru n q s w is s . . 2, 223 (1962).

84. W i t t i n g ,  L. A. and H orw i t t ,  M. K., J .  N u t r i t i o n .  82,  19 (1964).

85 . S h i r e s ,  A. K., M.S. T h e s i s .  Univ. o f  Oklahoma (1965).


