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The pu rpose  o f  th e  p r e s e n t  work tos to  i s o l a t e  and 

i d e n t i f y  th e  minor l i p i d  components o f  th e  human atherom atous 

p laq u e  in th e  hope t h a t  th e  s tu d y  o f  th e se  compounds m igh t 

he lp  to  throw  some l i g h t  on th e  p a th o g e n e s is  o f  th e  d i s e a s e  

a t h e r o s c l e r o s i s .  Me s e t  o u t  to  use  th e  r e c e n t l y  developed  

m icro te c h n iq u e s  o f  TIC, GI.O and GC-MS d e s c r ib e d  l a t e r  to  

en ab le  each  i n v e s t i g a t i o n  to  be r e s t r i c t e d  to  th e  l e s i o n s  

from a s in g le  a o r t a  and e v e n tu a l ly  to  ex tend  th e  work to  th e  

l i p i d  c h e m is try  o f  in d iv id u a l  p la q u e s  a t  v a r io u s  s ta g e s  c f  

e v o lu t io n .  E a r l y  work on th e  s u b j e c t  had in d ic a te d  t h a t  

c e r t a i n  m iner s t e r o i d s  trere p r e s e n t ,  b u t  th e  n e c e s s a r i l y  

p r o t r a c t e d  n a tu re  o f  th e  i n v e s t i g a t i o n s  had le d  to  doub ts  

b e in g  e x p re s se d  ab o u t t h e i r  a u t h e n t i c i t y  as  a r t e r i a l  

c o n s t i tu e n t s *  We hoped t h a t  we would be a b le  to  confirm  or 

d isp ro v e  th e  e x i s t e n c e  o f  th e s e  s t e r o i d s  and would be a b le  to  

look f o r  u n i d e n t i f i e d  components in  t h i s  and o th e r  l i p i d  groups.
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SECTION A INTRODUCTION

PART I

THE DISEASE ATHEROSCLEROSIS
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The h ig h  in c id e n ce  ox d i s e a s e s  o f  th e  a r t e r i e s  and. 

p a r t i c u l a r l y  t h a t  o f  f a t a l  i l l n e s s  due to  th e  o b s t r u c t io n  o f

v i t a l  b lood  s u p p l i e s  a re  m a t t e r s  o f  wide concern* So a cu te  i s

th e  p roblem  t h a t  h e a r t  d i s e a s e  has e a rn ed  th e  d e s c r ip t i o n  

ncommon i l l n e s s  o f  ou r  t im e” ( l ) , th e  number o f  d ea th s  in  th e  

U.S*A* in  1950 ( 2 ) from t h i s  cause  b e in g  g r e a t e r  th an  th e  sum 

o f  d e a th s  from th e  n e x t  fo u r  causes  in  o rd e r  o f  f req u en cy , 

naiaelys c a n c e r ,  a c c i d e n t s ,  t u b e r c u l o s i s  and pneumonia*

P r o g re s s iv e  changes occu r in  a l l  a r t e r i e s '  as th e y  age* 

The most im p o r tan t  a l t e r a t i o n  o f  th e  in  t i n  a , ( s e e  Fig* 1) o r  

in n e r  s u r f a c e  o f  th e  a r t e r y ,  c o n s i s t s  in  th e  accum ula tion  o f  

f a t t y  m a t e r i a l s  ( l i p i t l s ) x o f  which c h o l e s t e r o l  end i t s  e s t e r s  

a re  c h a r a c t e r i s t i c a l l y  p reponderan t*  L ip id  accum ula tion  in  

th e  in t im a  o f  en a r t e r y  i s  th o u g h t  by many i n v e s t i g a t o r s  to  

s t a r t  w i th  th e  developm ent o f  ” f a t t y  s t r e a k s ’1 which g r a d u a l ly  

b u i l d  up in to  p r o g r e s s i v e l y  r a i s e d  le s io n s*  As th e  accumu

l a t i o n  p ro c e s s  goes on, th e  lumen, o r  passagew ay o f  th e  a r t e r y  

b eg in s  to  narrow*

The a r t e r i e s  o f  most a d u l t s  a re  a f f e c t e d  to  v a ry in g  

d e g rees  by atherom a — tlie  name g iven  to  th e  f a t t y  d e p o s i t s

x  F o r  d e t a i l e d  comment on t h i s  d e s c r i p t i o n ,  see  p .  8.
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o c c u r r in g  as "plaque:;!11 ( th e  r a i s e d  l e s io n s  m entioned above) in 

th e  a r t e r y  Trail* In f a c t  th e  t i s s u e  changes o f  t h i s  d is e a s e  

have been re g a rd e d  by some as p a r t  o f  a normal ag e in g  p ro c e s s  

o f  v e s s e l s  (3  -  6 ) ,  b u t  a c c o rd in g  to  th e  o p in io n  o f  o th e r s  

(7  -  13.) th e  l e s i o n s  a re  caused  by abnormal l i p i d  i n f i l t r a t i o n s  

o f  th e  in tim e,5 "which i n i t i a t e  o th e r  changes o f  th e  v e s s e l  r a i l s  5 

and sh o u ld  b e s t  be t r e a t e d  as d i s o r d e r s  o f  l i p i d  m etabo lism .

F in u re  1. SCHEMATIC DIAGRAM OF A NORMAL ARTERY
(X-SECTION TRANSVERSE)

Lumen

\

X

A d v e n t i t i a

Media

In  th e  i n i t i a l  s ta g e s  o f  th e  d i s e a s e  th e  t i s s u e  o v e r ly in g  

t h e  p la q u e s  i s  r e a so n a b ly  e l a s t i c  ( s e e  F ig .  2 ) ,  b u t  in  th e  l a t e r  

s t a g e s  th e  l i n i n g  o f th e  a r t e r y  may d e g en e ra te  and r u p tu r e  

g iv in g  an "a therom atous  u l c e r ” ( s e e  F i g .  3 ) .  F r e q u e n t ly  a





in  one o f  the  s m a l le r  a r t e r i e s  such  as the  co ro n a ry  a r t e r y ,

complete o c c lu s io n  r e s u l t i n g  in  sudden d e a th  o r  a cu te  m yocard ia l 

i n f a r c t i o n  ( l o c a l i s e d  d e a th  o f  t i s s u e )  may o c cu r .  Fig* 4 shoirs 

a pho tom icrograph  o f  such an occ luded  a r t e r y .

The d e g e n e ra t iv e  p ro c e s s

In  s p i t e  o f  a tremendous number o f  in v e s t ig a t i o n s  c a r r i e d  

o u t  s in c e  th e  b e g in n in g  o f th e  c e n tu r y ,  our knowledge about the  

p ro c e s s e s  u n d e r ly in g  th e  a t h e r o s c l e r o t i c  d e g e n e ra t io n  o f  the  

human a r t e r y  Trail i s  s t i l l  v e ry  l i m i t e d .  There a re  many th e o r i e s  

as to  th e  cause o f  th e  l i p i d  a c c u m u la t io n s , th e  c h i e f  o f  which is  

t h a t  t h i s  m a te r i a l  i s  d e p o s i te d  by a sim ple  i n f i l t r a t i o n  from the  

b lo o d  flooring th rough  th e  lumen (15)* A nother op in io n  i s  t h a t  

th e  d e p o s i t s  a r i s e  by lo c a l  s y n th e s i s  o f  l i p i d s  in  th e  v e s s e l  

Trail (1 6 ) .  The f i r s t  o f  th e se  h ypo theses  i s  b e l ie v e d  to  be 

c lo s e r  to  r e a l i t y ,  a l th o u g h  th e r e  i s  some ev idence  f o r  j n  s 1 t u  

s y n t h e s i s .  The r e l a t i v e  m e r i t s  o f  th e se  two th e o r i e s  have been 

d i s c u s s e d  by Holman _ct _al. ( I T ) .  What i s  n o t  c l e a r ,  hoirever, 

i s  'whether t h i s  l i p i d  accum ula tion  i s  the  p r im ary  cause o f  the  

d e g e n e ra t io n  o f  a r t e r i a l  s t r u c t u r e  and fu n c t io n ,  o r  -whether i t  

i s  s im ply  a secondary  p ro c e s s  i n i t i a t e d  by some m e tab o lic  d e f e c t .  

D ie t a r y  f a c t o r s  in atherom a

The r o l e  o f  d i e t  in  th e  developm ent o f  a t h e r o s c l e r o s i s  is  

a v e ry  c o n t r o v e r s i a l  s u b j e c t .  O pinion about th e  importance o f 

t h i s  f a c t o r  ranges  from the  view t h a t  i t  i s  t r i v i a l ,  to  th e  b e l i e f
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A P ho tom icrograph  o f  a c ro s s  s e c t io n  o f  a human coronary  
a r t e r y  ( s t a i n e d  H and E n  SO),"5’ The a r t e r y  has "been m arkedly 
n a r ro v e d  by an accum ula tion  o f  l i p  id  m a te r i a l  in the  t r a i l  
( a th e ro m a ) .  Mote th e  s l i t - l i k e  spaces  due to  s o - c a l l e d  c r y s t a l s  
o f  c h o l e s t e r o l .  The l i p i d  p laq u e  has ru p tu r e d ,  and th e  lumen or 
passagew ay o f  th e  v e s s e l  i s  occ luded  by a thrombus (b la c k  a re a  in  
c e n t r e ) .

H and E r e f e r  to  th e  t i s s u e  s t a i n s  Haem atosylin  end S o s in  
end x SO i s  th e  m a g n i f ic a t io n .



. tha t  d i e t  i s  the  p r im ary  cause o f  a t h e r o s c l e r o t i c  d i s e a s e .

I t  i s  knoT/Ti t h a t  the  inc id en ce  of m yocard ia l  i n f a r c t i o n  

i s  g r e a t e s t  in  s u b je c t s  w i th  an abnorm ally  h igh  q u a n t i t y  of 

c h o le s t e r o l  in  the  b lood  and that- t h i s  l e v e l  i s  d i r e c t l y  

in f lu e n c e d  by the  amount o f  f a t  in  th e  diet® However, the  

e x a c t  c o n t r ib u t io n  o f  d i e t  in  c a u s in g  a t h e r o s c l e r o s i s  has n o t  

been e s tab lish ed ®  D ie t a r y  c h o l e s t e r o l  has o n ly  a s l i g h t  e f f e c t  

021 th e  c o n c e n t r a t io n  o f  b lood eho 1 e s i e r o  1 ,whicIi oay  a lso  be 

in f lu e n c e d  by in g e s te d  complex c a rb o h y d ra te s .  The l a r g e s t  

e f f e c t  i s  however p roduced  by d i e t a r y  t r ig ly c e r id e s ®

The in f lu e n c e  o f  f a t  has been c l e a r l y  i l l u s t r a t e d  d u r in g  

th e  Second World War in  many a re a s  where the  amount of f a t  

in g e s te d  dropped markedly® A utopsy f in d in g s  d u r in g  t h i s  p e r io d  

have shown t h a t  d e a th s  a s c r ib e d  to  a t h e r o s c l e r o s i s  began to  

d e c l in e  in  1942 and f e l l  to  about one t h i r d  o f  th e  p re -w ar  le v e l  

in  the  y e a r s  1943 -  1946 (1 2 ) .

C th e r  f a c to r s

I t .  i s  now g e n e r a l ly  ag reed  t h a t  In s te a d  o f  a s in g le  cause 

o f  a th e ro g e n e s is  i t  i s  n e c e s s a ry  to  c o n s id e r  the  c o n t r ib u t io n s  

o f  a number o f  in f lu e n c e s  in c lu d in g  d i e t .  There i s  a wide 

g e o g rap h ica l  v a r i a t i o n  in  d i s e a s e s  due to  a therom a. J a p a n ,  

for  i n s t a n c e ,  has been shown to  have a v e ry  low in c id en ce  o f  

a t h e r o s c l e r o t i c  h e a r t  d i s e a s e s  (1 3 ) .



T h is , however, i s  n o t a r a c ia l  p e c u l ia r i t y  s in c e  second  

gen eration  Japanese l iv in g  in  C a lifo r n ia  tend to resem ble other  

Americans in  th e ir  s u s c e p t ib i l i t y  to  the d ise a se  and i t s  

com p lica tion s ( i d ) .  A s im ila r  s i tu a t io n  a r is e s  when I ta l ia n s  

l i v in g  in  Southern I t a ly  are compared w ith  th ose l iv in g  in  the  

U n ited  S ta te s  o f  America.

Another im portant fa c to r  i s  thought to  be lack  o f  e x e r c ise  

due to  the in crea se  in  sed en tary  o ccu p ation s. This fa c to r  has 

been found to  be c lo s e ly  r e la te d  to  the development o f  h eart  

d ise a se (1 8 )  although Keys j e t _ a l . (19) have c o l le c te d  evidence  

to  su g g est th a t  i t  i s  l e s s  im portant than. d i e t .  Attempts have 

a lso  been made to  c o r r e la te  smoking h a b its  (20) and s t r e s s ( 2 l )  

w ith  th e occurrence o f  h eart d is e a s e . Whatever may be the prime 

cause o f  atheroma, th ere  i s  general agreement th a t  the d ise a se  

in v o lv es  a derangement o f  l ip id  m etabolism . A d e ta ile d  

exam ination o f  the l ip id s  o f  s e v e r e ly  d isea sed  aortas thus 

appears warranted.



SECTION A INTRODUCTION

PART I I

THE LIPIDS



In l i v i n g  system s tlie s t r u c t u r e s  o f  th e  c e l l s  and t i s s u e s  

a r e  b a sed  on la rg e  isoleexiles -  p r o te in s *  p o ly s a c c h a r id e s  and 

complex l i p i d s  -  w h i l s t  the  o r g a n i s a t i o n  o f  th e  system s appears  

t o  be the; fu n c t io n  o f  th e  n u c l e i c  a c id  com plexes„ In  r e c e n t  

y ea rs*  d e t a i l e d  s t u d i e s  on p r o t e i n s ,  p o ly s a c c h a r id e s  and n u .d e ic  

a c id s  have d em o n s tra ted  p a t t e r n s  o f  r e p e a t in g  u n i t s  w i th in  an 

a lm o s t  i n f i n i t e  v a r i e t y  o f  m o le c u la r  s t ru c tu re s* ,  A lthough most 

1 ip  id  m o lecu les  e re  r e l a t i v e l y  l e s s  complex, a l a rg e  v a r i e t y  o f 

compounds e x i s t s ,  nany  o f  them d i f f e r i n g  o n ly  in  th e  com position  

o f  th e  f a t t y  a c id  m o ie t i e s .

F a t s  have been re c o g n ise d  us a s e p a r a te  group o f  compounds 

f o r  many - c e n tu r ie s *  The s u b s ta n c e s  c a l l e d  f a t s  were u su a l  iy  

g ly c e r o l  e s t e r s  end in  t h i s  work we s h a l l  r e s t r i c t  th e  term  to  

th e s e .  The word ul i p  id ” (Gr. l i p o s ,  f & i ) , a l th o u g h  p ro b a b ly  

i n i t i a l l y  synonymous w i th  th e  te rm  nf a t M i s  now used  to  cover a 

much w id e r  group o f  compounds.

The c l a s s i f i c a t i o n  o f  l i p i d s  has been th e  s u b j e c t  o f  some 

c o n t ro v e r s y .  The e a r l y  c l a s s i f i c a t i o n s  were u n s a t i s f a c t o r y  as 

th e  a n a l y t i c a l  methods a v a i l a b l e  to  d e f in e  them were c rude . 

Nowadays w i th  th e  advances in  s e p a r a t io n  te c h n iq u e s  such as 

chrom atography th e r e  i s  a growing tendency  to  r e f e r  to  l i p i d s  

b y n a m es  in d i c a t i v e  o f  t h e i r  s t r u c t u r e ,  end t h i s  p r a c t i c e  i s  

h e lp in g  to  remove th e  vagueness which has u n t i l  q u i t e  r e c e n t l y
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dom inated l i p i d  c 1 a a s i x i c a t i o n s * Such vagueness ho.3 le d  to

t r i v i a l  names such as c e re h ro s id e  and g a n g l i 0 3 i.de, based  on the  

b i o l o g i c a l  s o u rc e .  U l t im a te ly  i t  may be p o s s ib l e  to  c l a s s i f y  

l i p i d s  a cc o rd in g  to  t h e i r  b i o l o g i c a l  f u n c t io n ,  b u t  t h i s  a s p i r a t i o n  

i s  a t  p r e s e n t  f a r  in  th e  f u t u r e .  T h e re fo re  an in te r im  c l a s s 

i f i c a t i o n  has had to  be used  and th e  system  adopted  h ere  sub

d iv id e s  l i p i d s  in  th e  manner sh o rn  h e re  and in  F ig .  5.

1 • Simple l i p i d s

(a )  G ly c e r id e s s -  e s t e r s  o f  g ly c e r o l  w ith  lo n g -c h a in  f a t t y  

a c id s .  These a re  th e  ’’f a t s "  o f  th e  c l a s s i c a l  d e f i n i t i o n .

(b) S t e r o l s  and t h e i r  f a t t y  a c id  e s t e r s .

(c )  L ong-chain  a lc o h o ls  and t h e i r  f a t t y  a c id  e s t e r s  which 

a re  u s u a l l y  c a l l e d  ’’Waxes".

(<j ) Terpene a lc o h o l s .

(e )  Hydrocarbons.

Complex l i p i d s

Complex l i p i d s  c o n s i s t  o f  e s t e r s  which may c o n ta in  

ph o sp h o ru s ,  n i t r o g e n  b ases  and su g a rs  in  a d d i t io n  to  lo n g -c h a in  

f a t t y  a c id s .

(a )  P h o s p h o g ly c e r id e s ! -  e s t e r s  which c o n ta in  a  phosphate  

group and a n i t r o g e n  base  in  a d d i t io n  to  a g ly c e r o l  m oie ty .

(b) S p h in g o l ip id s
( i )  Sphingom yelin  

( i i )  C e reb ro s id e  

( i i i )  Gaxiglioside
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3. M i s  c e 11 e.neons compounds -whose s o l u b i l i t y  c l a s s e s  them 

as l i p i d s .

(a) V itam ins  A, 3), S end K

(b) U biqu inones and p i  a s to q n in o n es

(c )  Phenols  ( i* e»  n a t u r a l  a l h y l a t e d  ph en o ls  e eg, e s t ro g e n s )

(d) Squalene  eposcide

(e)  S t e r o i d s

( i )  B i le  a c id s

F a t t y  ac id  n omenc1a t  u re

A f r e q u e n t ly  u sed  s h o r t -h a n d  nom encla tu re  to  d e f in e  the  

chain  l e n g th  and degree  o f  u n s a t u r a t i o n  o f  a f a t t y  a c id  w i l l  be 

employed in t h i s  work and i s  as fo i lo w s s -

The f u l l y  s a t u r a t e d  IS -  carbon  f a t t y  a c id  s t e a r i c  a c id  

would be r e f e r r e d  to  as ( l8 s 0 )$  th e  18 -  carbon m onounsaturaied  

a c id  o l e i c  a c id  as ( i S s l ) ,  s i m i l a r l y  

p a l m i t i c  a c id  (iGsO)

p a l m i t o l e i c  ( l 6 s l )

l i n o l e i c  ( l8 s 2 )

l i n o l e n i c  (18 s 3)

The p o s i t i o n s  o f  the  double  bonds a re  s p e c i f i e d  t h u s : —

o l e i c  a c id  18s1 — 9

l i n o l e i c  a c id  18s2 -  9 , 12

l i n o l e n i c  a c id  18s3 -  9, 12, 15
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1. U onog lyceride

2 « B ig ly c e r id e

3. T r ig ly c e r i d e

4. Va s  E s t e r

5. S t e r o l  and S t e r o l  E s t e r

6 . Alkane

7* Terpene A lcohol

8. C aro tene

9. Sp h in  gomye 1 in

10. ■Phosphatidyl E thanolam ine

11. P h o sp h a t id y l  C holine

12. V l i a r 1 in  Kg

13. V itam in  E (o(*- Tocophero l)
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P o l a r i t ; / . °J-

L ip id s  a re  f r e q u e n t ly  t a b u l a t e d  in  o rd e r  o f  t h e i r  

ch rom atograph ic  p o l a r i t y  (TLC o r  column) on s i l i c a  ge l o r  

s i l i c i c  a c id  (22) and t h i s  sequence i s  g iven be loir f o r  th e  

m ajor g roups .

hydrocarbons 

mix e s t e r s  

s t e r o l  e s t e r s  

t r i g l y c e r i d e s  

i s t e r o l s  I

f a t t y  ac id s !

xncre&s ang 

p o l a r i t y

d ig ly c e r id e s  

mono g l y e a r  ide s Y

pho spho 1 ip ids

The e l u t i o n  o rd e r  on an a lum ina  column i s  b a s i c a l l y  the  

same e x ce p t  f o r  th e  f a t t y  a c id s  v h ic h  th en  become th e  most p o la r  

group o f  compounds (2 3 ) .  A s i m i l a r  s i t u a t i o n  occu rs  uhen 

F I  or i s i l  i s  used  as  a d so rb e n t  and in  t h i s  case  the  f a t t y  a c id s  

a re  e lu t e d  j u s t  b e fo re  th e  p h o s p h o l ip id s  (2 4 ) .

This a b b r e v ia t io n  i s  d e f in e d  l a t e r  on page 47.



SECTION A INTRODUCTION

PART I I I

TEE LIPID CHEMISTRY OF ATHEROMA



Although- l i p i d s  h a re  been re c o g n is e d  as a s e p a r a te  group 

o f  compounds f o r  more th a n  a c e n tu r y ,  i t  i s  o n ly  r e l a t i v e l y  

r e c e n t l y  t h a t  methods have te e n  developed  to  s e p a ra te  them in to  

t h e i r  in d iv id u a l  components* Methods o f  p u r i f i c a t i o n  and 

a n a l y s i s  which were a p p l i c a b le  to  v a t e r - s o l u b l e  compounds such as 

c a rb o h y d ra te s  end p r o t e i n s ,  end e s p e c i a l l y  to  t h e i r  h y d ro ly s i s  

p r o d u c t s , c o u ld  n o t  be a p p l ie d  to  any g r e a t  e s t e n t  to  l ip id s ,w h ic h  

f r e q u e n t l y  occur in  n a tu r e  in  complex m ix tu res  in  which the  

in d iv id u a l  components may d i f f e r  o n ly  v e ry  s l i g h t l y .  C l a s s i c a l  

methods in  g e n e ra l  were in c ap ab le  o f  s e p a r a t in g  such m ix tu r e s .

S t e r o l s  in  t i s sues

S t e r o l s ,  because  o f  t h e i r  wide d i s t r i b u t i o n , i n  t i s s u e s  

c o n s t i t u t e  an e s p e c i a l l y  i n t e r e s t i n g  c a te g o ry  o f  l i p i d s .  

C h o le s t e r o l  i t s e l f , a l th o u g h  i t  can n o t be re g a rd ed  as th e  most 

s t r i k i n g  member o f  t h i s  group on th e  b a s i s  o f  i t s  known d i r e c t  

p h y s io lo g ic a l  a c t i o n ,  must be re g a rd e d  as a key  c o n s t i t u e n t ,  

b o th  because  o f  i t s  e x c e e d in g ly  wide d i s t r i b u t i o n  in  mammalian 

t i s s u e  and a ls o  because  o f  i t s  obvious s ig n i f i c a n c e  as th e  p a r e n t  

su b s ta n c e  o f  th e  s t e r o i d  hormones.

The d is c o v e ry  o f  c h o l e s t e r o l  as a s e p a ra te  compound d a te s  

back to  1789 (S 5 ) ,  a l th o u g h  i t s  t r u e  n a tu re  was n o t  re c o g n ise d  a t  

t h i s  t im e . In  1815 C hevreul (2o) d em onstra ted  t h a t  t h i s  compound
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■ ducod th e  name " c h o l e s t e r i a c ” . I t s  

i d e n t i f i c a t i o n  in  Inman b i l e  (27) , blood (28) and b ra in  t i s s u e  (29) 

soon fo llo w ed . However, th e  nodern  u n d e r3ta n d in g  o f t h i s  

su b s ta n c e  began w i th  the  d e m o n s tra t io n  o f  i t s  a lc o h o l ic  n a tu r e  by 

B e r th e l o t  (80) who a l s o  p re p a re d  e s t e r s *  Q uick ly  c h o l e s t e r o l  

became re c o g n ise d  as a normal c o n s t i t u e n t  in  eoiimal t i s s u e s  raid 

f l u i d s  as w e l l  as  a component o f  c e r t a i n  p a th o lo g ic a l  d e p o s i t s  

such as  th e  a therom atous  p laq u e  (3 1 ,  32).

L ip id s  o f  t he a therom a to us j r e r t a

E a r l y  a n a ly se s  o f  t o t a l  a o r t a s  (31 -  33) dem onstra ted  t h a t  

a t h e r o s c l e r o s i s  o f  th e  a o r t a  and i t s  b ranches  i s  a s s o c ia te d  w ith  

an in c re a s e d  l i p i d  c o n te n t  o f  th e  t i s s u e s :  however, th e y  f a i l e d  to  

d i f f e r e n t i a t e  between th e  chem ical changes whicli occur w i th  age 

and th o se  due to  th e  d i s e a s e .  'Meeker and J o b l in g  (34) s t r e s s e d  

t h i s  p o i n t  and were a b le  to  ach ieve  a b e t t e r  u n d e rs ta n d in g  c f  the  

problem  by comparing a n a ly s e s  o f  s e p a ra te d  l e s io n s  w i th  th o se  o f  

normal t i s s u e .

L ip id  changes due to  age ing

Weinhouse and H irsck  (35) a l s o  p o in te d  o u t th e  n e c e s s i t y  

to  s e p a ra te  normal from p a th o lo g ic a l  t i s s u e  and, s in c e  a t h e r o -  . 

s c l e r o s i s  i s  p r i n c i p a l l y  a d i s e a s e  o f  a r t e r i a l  in t im a s ,  th e y  were 

ab le  to  g a in  in fo rm a t io n  abou t th e  e f f e c t s  o f  age ing  by exam ination  

o f  th e  media- c a r e f u l l y  d i s s e c t e d  from th e  d is e a s e d  in i im a .  They



e s t e r s  w i th  age, and a l th o u g h  th e  amount o f  p h o s p h o l ip id  d id  n o t  

a l t e r  m arked ly  t h e r e  was a s i g n i f i c a n t  q u a l i t a t i v e  change w i th in  

t h i s  l i p i d  group.

The changes due to  a t h e r o s c l e r o s is

In  a s tu d y  o f  th e  i n t i n a l  changes a t t r i b u t e d  to  

a t h e r o s c l e r o s i s ,  T/einhouse and H irach  (35) found t h a t  the  amount 

o f  c h o l e s t e r o l  in  th e  l i p i d  e x t r a c t  ro se  s h a r p ly  from th e  va lue  

in  th e  normal in t iraa  to  t h a t  found in  a therom atous u l c e r s  a s s o c ia te d  

w i th  th e  most advanced s ta g e  o f  th e  d i s e a s e .  In agreem ent w i th  the

f in d in g s  o f  Masker and J o b l i n g ,  th e  q u a n t i t y  o f  c h o l e s t e r o l  e s t e r s ,  

th e  l a r g e s t  l i p i d  g roup , was found to  in c re a s e  l e s s  r a p i d l y .  No 

marked q u a n t i t a t i v e  change was n o te d  in  the  p h o s p h o l ip id s ; however, 

a  v e ry  s i g n i f i c a n t  q u a l i t a t i v e  change was found to  tak e  p la c e  in  

t h i s  component in  l e s i o n s  r e p r e s e n t i n g  an advanced s ta g e  o f  the  

d i s e a s e .  I t  was found t h a t  in  th e  normal in tiraa  th e re  were 

ap p ro x im a te ly  tw ice  as much o f  th e  e th e r - s o l u b l e  p h o sp h o l ip id s  

( l e c i t h i n  end c e p h a l in )  as e t h e r - i n s o l u b l e  p h o sp h o l ip id s  (m ain ly  

sphingom yelin  end c e r e b r o s i d e s ) • In s e v e r e ly  d is e a s e d  t i s s u e s  

th e  p r o p o r t io n s  o f  th e s e  compounds were r e v e r s e d .  This 

i n v e s t i g a t i o n  (35) end o th e r s  (34 , 65) have emphasized the  

im portance o f th e  changing  r a t i o  between c h o le s t e r o l  a n d . 

c h o le s t e r o l  e s t e r .  According to  th e se  w orkers the  r a t i o  o f

e s t e r  c h o le s t e r o l  to  f r e e  c h o l e s t e r o l  ( *'/&) d e c l in e s  w i th  

advancing  s e v e r i t y  o f  the  d i s e a s e .  However Zeek (53) and
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B o t tc h e r  je t  a l . (do) found t h a t  t h i s  r a t i o  tends  to  be h ig h e r  in  

e a r l y  and medium g rad es  o f  a theroma b u t  ten d s  to  be lower .in the  

m ost advanced le s io n s*

C l a s s i f i c a t ion o f  l e s i o n s

As o, p r e l im in a r y  to  any a n a ly s i s  i t  i s  im p o r tan t  to  

c l a s s i f y  th e  type  o f  l e s io n  b e in g  examined* I t  i s  u su a l  to  

employ th e  system evo lved  by B o t tc h e r  _et a l .  (39) -which follovrs 

th e  p r i n c i p l e  o f  c l a s s i f i c a t i o n  o f  Buck and R o s s i t e r  (40) adap ted  

to  th e  te rm in o lo g y  recommended by a co m m it te e 'o f  th e  World H ealth  

O rg a n is a t io n  ( 4 l )  . By t h i s  method (Table  l )  th e  a r t e r i e s  are  

d iv id e d  in to  fo u r  groups on th e  has i s  o f  t h e i r  m acroscopic  

appearance .

The f i r s t  type  o f  l e s i o n  v i s i b l e  (s tage . I) i s  o f  the  

s t r e a k y  y e llo w  f a t t y  type  in  which th e  l i p i d  i s  m ain ly  

i n t r a c e l l u l a r ,  the  in t im a  b e in g  s l i g h t l y  th ic k e n ed  b u t  n o t  

a p p r e c ia b ly  damaged. In  s ta g e  I I ,  th e  p la q u es  a re  e i t h e r  o f  the  

tough f ib r o u s  type  o r  o f  th e  s o f t  l i p i d  ty p e  known as a therom as, 

b u t  w i th  no c o m p lic a t io n s  such as u l c e r a t i o n ,  th rom bosis  o r  

c a l c i f i c a t i o n  p r e s e n t .  S tag e  I I I  marks th e  o n s e t  o f  th e  above 

co m p lic a t io n s  in  which the  atherom as f r e q u e n t ly  seem to  be 

r u p tu r e d  o r  abou t to  ru p tu r e  and c o n ta in  in  a d d i t io n  to  s o f t  

l i p i d ,  b lood  c l o t s  and c a l c i f i e d . m a t e r i a l .
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The th r e e  c l a s s e s  o f p laque  o u t l in e d  above a re  n o rm a lly  

assumed to  r e p r e s e n t  s ta g e s  in  the  e v o lu t io n  o f  a le s io n ^  b u t  

i t  i s  p o s s i b l e  t h a t  t h i s  i s  n o t  so and t h a t  th e y  m ight r e p r e s e n t  

s e v e r a l  q u i t e  u n r e l a t e d  b iochem ica l changes*

Tab le  1* C l a s s i f i c a t i o n  o f  a o r t a s  a cc o rd in g  to  B o t tc h e r  (42)

STAGE 0
No l e s i o n s  d i s c e r n i b l e  a t  a m a g n if ic a t io n  

o f  10

STAGE I F a t t y  s t r e a k s  a n d /o r  sp o ts  p r e s e n t

STAGE I I
F ib ro u s  p la q u e s  a n d /o r  atheromas p r e s e n t ,  
b u t  no ev idence  o f  u l c e r a t i o n  or o th e r  

co m p lic a t io n s

STAGE I I I
As above, w ith  a d d i t i o n a l  c o m p lic a t io n s ,  
e . g .  i i l c e r a t i o n ,  n e c r o s i s ,  haem orrhage, 

th rom bosis



The g ro ss  q u a n t i t a t i v e  changes  w i th in  the. v a r io u s  l i p i d  

c l a s s e s  w i th  th e  advance o f  a t h e r o s c l e r o s i s  have r e c e n t l y  been 

summarised in  th e  worlc o f  B o t tc h e r  (48) (Table  2 ) .  He in c lu d es  

r e s u l t s  from th e  ex am ina tion  o f  t h i r t y - t h r e e  a o r t a s  a t  v a r io u s  

s ta g e s  o f  th e  d isea se*  The t r e n d s  given in  t h i s  t a b l e  a re  

b a s i c a l l y  th e  same as th o se  found in  the  much e a r l i e r  work o f 

T/e inhouse and H irsch  ( 3 5 ) ,  a l th o u g h  th e  in d iv id u a l  v a lu e s  d i f f e r  

g r e a t l y  in  some cases*

Table  2 * AVERAGE CONTRIBUTION OF EACH LIPID COMPONENT AS A 

PERCENTAGE OF Tim TOTAL LIPID EXTRACTED AT VARIOUS 

STAGES OF DISEASE

COMPONENT STAGE 0 STAGE I STAGE I I STAGE I I I

Plio spho 1 ip ids 6 0 .9 55.0 33.2 33.7

F re e  f a t t y  
ac ids 9,6 6 .4 2 .7 1 .2

C h o le s te r o l 8 .1 12.0 19.1 19* 7

C h o le s te r o l
e s t e r s 4 .1 13 .4 36.0 §6.2

G ly c e ro l
e s t e r s 15.6 14 .3 11.7 9 .5
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The e a r l y  s tu d i e s  o f  a t l i e r o s e l e r o s i s  e s t a b l i s h e d  t h a t  

th e r e  was an in c re a s e d  1 ip id  c o n te n t  o f  the  v e s s e l  w a l l  a s s o c ia te d  

w i th  th e  d i s e a s e ,  and gave u s e f u l  in fo rm a t io n  e s p e c i a l l y  when i t  

was a p p r e c ia t e d  t h a t  th e  more g e n e ra l  t i s s u e  changes due to  age ing  

sh o u ld  be exc luded  from such an i n v e s t i g a i i o n . However, th e re  

was a l i m i t  to  th e  amount o f  in fo rm a t io n ,  b o th  q u a l i t a t i v e  and 

q u a n t i t a t i v e , which cou ld  be o b ta in e d  u s in g  th e  then  known 

chem ical p ro c e d u re s .  The developm ent o f  m ic r o - a n a ly t i c a l  

p r o c e d u r e s , e s p e c i a l l y  th o se  based  on chrom&tography, opened many 

new approaches  to  th e  c h em is try  of th e  d i s e a s e ,  and f r a c t i o n s  

fo rm e r ly  assumed to  be homogeneous, were shown to  c o n ta in  s e v e ra l  

components. The a v a i l a b i l i t y  o f  gas chrom atography made i t  

p o s s i b l e  to  s tu d y  th e  in d iv id u a l  f a t t y  a c id  components o f  the  

m ajor l i p i d  sub -g roups  in  p la q u es  a f t e r  s e p a r a t io n  o f  th e se  groups 

by some o th e r  form o f  chrom atography. Ir, f a c t ,  t h i s  type  o f  s tu d y  

has  dom inated th e  l i t e r a t u r e  on th e  c h em is try  of th e  a r t e r y  w a ll  

in  r e c e n t  y e a r s .  The average  f a t t y  a c id  com position  o f  th e  major 

l i p i d  c l a s s e s  o f  th e  a therom atous p la q u e s  ( s ta g e  I I  in the  B o ttc h e r  

c l a s s i f i c a t i o n )  o f  fo u r  in d iv id u a l s  were re c o rd ed  by Tuna end 

Mangold (4 3 ) .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  and o f  a s im i la r  

s tu d y  by Lawrie e t  a l .  (44) a re  g iven  in  t a b l e  3.



( r e c o rd e d  as p e rc e n ta g e s  o f  the- t o t a l  f a t t y  ac id s  
o f  each l i p i d  component)

■Fatty a c id

c h c le
es

s x> e r  o 1 
t e r s

t r  ig l y c e r id e phospho- 
1 in id

T L T L T L

m y r i s t i c (1 4 :0 ) 1.1 2.1 2.1 5 ,1 1.0 2 .0

p a lm i t i c (16 :0 ) 19.1 12.5 27,2 24,7 46.9 32.1

p a lm i to i e i e (18 s i ) 4 .5 10,0 5,1 10.1 1 .7 4 .7

. s t e a r i c (18 :0 ) 1 .9 1,1 5 .7 3 .8 21,7 12.7

o le i c (18 :1) 32 s 3 23,7 4 3 ,9

I 
1

i 
co 

!
t 

|
I 

* <D 
|

i 
S

19 .8 18 o 9

1in o le  ic (18 :2 ) 37.7 38,7

[ 
CO 

1 
« 

1 
^ 

1 
rH

!

11 .3 6 .3 11.8

l i n o l e n i c (1 8 :8 ) - - - - -  -

a ra c h id o n ic (20 :4 ) 3o6 6 ,4 1.6 1 .5 4 ,0 9 .2

T r e p r e s e n t s  th e  r e s u l t s  a c c o rd in g  to  Tuna and Mangold (43) 

L r e p r e s e n t s  th e  r e s u l t s  a c c o rd in g  to  La^rrie je t a J .  (44)



24

I r O U  tv C 0 *. .ip c l > j  Oi l  OX "wil‘J S O  V i 70  S S 'O S  O X I” © £j 111 % fj "O-'-iO

s i m i l a r i t i e s  in- " f a t t y  a c id  p a t t o r n ”- can be q u ic k ly  d is t in g u is h e d *  

The p redom inan t f a t t y  a c id s  found in  each o f  th e  m ajor sub-g roups  

•vrere b a s i c a l l y  th e  same in  b o th  i n v e s t i g a t i o n s • F or in s ta n c e  

in  the  c h o le& tero l  e s t e r s ,  XinoXeie a c id  (1 8 s2) i s  th e  a c id  

p r e s e n t  in  the  l a r g e s t  c o n c e n t r a t io n ,  fo llow ed  by o l e i c  ( i S s l )  

end p a l m i t i c  ( iS sO ) .  On th e  o th e r  hand, in  the  t r i g l y c e r i d e s  

o l e i c  a c id  p red o m in a te s  fo llow ed  by p a l m i t i c  and to  a l e s s e r  

e x t e n t  by l i n o l e i c  a c id ,  v h i l e  in  th e  p h o sp h o l ip id s  th e  o rd e r  

i s  p a l m i t i c  a c id  fo llow ed  by s t e a r i c  ( l 8 ; 0 )  and o l e i c  a c id .

Changes in  f a t t y  a c id  p a t t e r n  v i t h  advance in s e v e r i t y  o f  
th e  d i s e a s e .

Both o f  th e s e  i n v e s t i g a t i o n s  o f  f a t t y  a c id  p a t t e r n  in  the  

l e s i o n  have been perfo rm ed  on m a te r i a l  from one s p e c i f i c  s ta g e  

in  the  p ro g r e s s  o f  th e  d i s e a s e ;  B o t tc h e r  je t  jdL. (45) on th e  o th e r  

hand, in  a l a r g e r  and more com prehensive s tu d y ,  a t tem p ted  to  r e l a t e  

f a t t y  a c id  p a t t e r n  to  th e  development- o f  a th e r o s c le r o s i s *  T h e ir  

f i n d i n g s ,  summarised In Table 4 , a re  based  on th e  c l a s s i f i c a t i o n  

o f  each  s e l e c t e d  a o r t a  acco rd in g  to  th e  scheme l a i d  do-vra in  Table 1 

on page 19. The average  age o f  th e  s u b je c t s  su p p ly in g  th e  t i s s u e  

in  each  s ta g e  o f  th e  d is e a s e  i s  a l s o  g iven  in  t h i s  T ab le . The 

f a t t y  a c id s  o f  each  l i p i d  group v e re  c l a s s i f i e d  as s a t u r a t e d ,  

m ono-unsa tu ra ted  o r  p o 1 y-mi saturated, and th e  com position  v i t h i n  

each  o f  th e se  c l a s s e s  r a s  re co rd ed  as a p e rc e n ta g e  o f  th e  t o t a l

f a t t y  a c id s  in  t h a t  l i p i d  group.



Table  4 . FATTY ACIDS OF iiQRTA LIP .La -'.A)  ̂.O 0  0 0Cher (45) )

(ne&i1 t o t a l p e r c e n ta -a s ;

S tag e  o f  a th e r o s c l e r o s i s

0 I I I I I I

Average age o f  s u b je c t s 6 29 58 53

CHOLESTEROL ESTEPS

S a tu r a t e d j 81 © 2 22.9 18.7 17.0
M ono-unsa tv ra ted 39 ©9 39.9 35.1 36.7
P o ly - u n s a tu r a te d f 2-3.9 37.2 j43©JL 4 6 .8  |

GOFER IDES

S a tu r a te d ] 4 4 .9 4-2.8 34.7 3 5 .3 ]

Mono-uns a tu r a t e d 4 0 .4 41 .8 48 .0 4 3 .3

P o ly-irn s a tu r  a te  d 14,7 15.4 17.3 21 .4

p no s p  no l i p  u s

S a tu r a t e d 55 .2 59 .4 6 1 .2 6 2 .0

Mon o ~\m s a t u r  a t  e d 19.4 15.6 16.6 16.6

Poly~uns a tu r a t e d 25 .4 25.0 22.2 21 .4

d en o tes  a s i g n i f i c a n t  change
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aorta-3 v e re  c l a s s i f i e d  a cco rd in g  

to  s ta g e  o f  developm ent, the  g r e a t e s t  changes in  f a t t y  a c id  

com posit ion  from one s ta g e  to  a n o th e r  v e re  observed  in  the. 

c h o le s t e r o l  e s t e r  f r a c t i o n ,  among f\ro o f  th e  th r e e  c l a s s e s  o f  

f a t t y  acid* With i n c r e a s in g  a t h e r o s c l e r o s i s  th e  p o ly - u n s a tu r a te d  

a c id  p e rc e n ta g e  ro s e  from 25-80^ to  45-50f? and th e  s a t u r a t e d  a c id s  

d e c rea se d  f r o n  80-35/k to  15—2Q/i>, -while th e  m o no-unsa tu ra ted  ac id s  

shoved no s i g n i f i c a n t  change. .S im i la r  b u t  much sm a l le r  changes 

were found to  occur in  th e  g ly c e r id e  f a t t y  a c id s .

As e a r l i e r  dem o n stra ted  by l?einhouse and H irsch  (-35) in 

th e  p h o s p h o l ip id s  t h e r e  i s  a  l a r g e  in c re a s e  in  th e  e th e r - i n s o l u b l e  

sph ingom yelins  w i th  th e  advance o f  th e  d i s e a s e ,  and t h i s  is  

echoed by an in c re a s e  in  p a lm i t i c  a c id ,  s in c e  sphingom yelins  are  

e x c e p t io n a l ly  r i c h  in  p a lm i t i c  a c id .

O r ig in  o f  p laque  l i p i d s

D e te rm in a t io n s  o f  the  com position  o f  l i p i d s  in  th e  in t im a  

and in  th e  a t h e r o s c l e r o t i c  l e s io n s  have added c o n s id e ra b le  su p p o r t  

to  th e  i n f i l t r a t i o n  th e o ry  to  which r e f e re n c e  was made on page 4 . 

I f  th e  d e p o s i t s  in a t h e r o s c l e r o s i s  o f  th e  a o r t a  a r i s e  by 

i n f i l t r a t i o n  o f  th e  b lood  l i p i d s ,  th e  l i p i d  com position  o f  the  

f a t t y  d e p o s i t s  shou ld  be com patib le  w i th  t h a t  o f  the  l i p i d s  in 

th e  b lood  p lasm a. The most comprehensive e a r l y  s tu d y  o f  the  

l i p i d  com position  o f  human b lood p lasm a i s  t h a t  o f  Page e t  a l . ( 4 b ) .
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Corjparison o f th e  r e s u l t s  of t h i s  in  v e s ix g a t io n  -with l a t e r  r e s u l t s  

such as th o se  ox T/einhou.se end H i *.• eh (oh) fo r  the  a r t s r i a  1 v a l l  

a f f o r d s  some i n t e r e s t i n g  in fo rm a t io n .  The c lo se  agreem ent in 

com position  between l i p i d  e x t r a c t s  from th e  plasm a and th e  normal 

in t im a  ( s ta g e  0 o f  p laq u e  fo rm a tio n )  and th e  v id e  d i f f e r e n c e s  

be tire en l i p i d  e x t r a c t s  from th e  in t im a  and the  media seem to  

in d ic a te  t h a t  th e  l i p i d s  o f  th e  in t im a  o r i g i n a t e  in  p lasm a r a t h e r  

th an  b e in g  s y n th e s i s e d  _in s i t u .  Hovever, t h i s  cou ld  m ere ly  

in d ic a te  t h a t  some s o r t  o f  an e q u i l i b r a t i o n  p ro c e ss  had taken  place*

Here r e c e n t l y ,  B S ttc h e r  (42) a l s o  p roduced  ev idence  

s u p p o r t in g  th e  " i n f i l t r a t i o n  th e o ry "  o f  p a th o g en e s is#  He found 

t h a t  th e  f a t t y  e,cid com position  o f  p laque  c h o le s t e r o l  e s t e r s  and 

t r i g l y c e r i d e s  a t  s ta g e  I I I  o f  th e  d i s e a s e ,  approached th e  v a lu es  

re c o rd ed  f o r  th e se  l i p i d  groups in  th e  b lood  o f a t h e r o s c l e r o t i c  

i n d iv id u a l s  (4 5 ,  47, 5 0 ) .

The f a t t y  a c id  p a t t e r n  o f  th e  p laq u e  p h o s p h o l ip id s ,  hovever , 

d i f f e r s  from t h a t  o f  th e  b lood  p h o s p h o l ip id s ,  even in  th e  s e v e r e s t  

case s  o f  a t h e r o s c l e r o s i s .  A s i m i l a r  c o n c lu s io n  vas  reach ed  by 

L avrie  e t  a l .  (44) as can be seen  from a cougar i s  on o f  t h e i r  

r e s u l t s  f o r  p la q u es  (Table  3) -with those  fo r  th e  b lood o f 

a t h e r o s c l e r o t i c  in d iv id u a l s  (T ab le  5 ) .  This d i f f e r e n c e  in 

p h o s p h o l ip id  com position  cou ld  e i t h e r  mean t h a t  th e se  compounds do 

n o t  i n f i l t r a t e ,  o r  t h a t  th e y  do i n f i l t r a t e  b u t  r a p i d l y  change in  

com posit ion . Z i lv e r s m i t  and co -v o rk e rs  (48) have produced 

ev idence  o f  p h o s p h o l ip id  s y n th e s i s  in  the  a r t e r y  v a i l ,  -which -would 

p o s s i b l y  e x p la in  t h i s  d i f f e r e n c e  in  f a t t y  a c id  com position .
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T ab le  5 F a T T x  ACJ L U  C i i i . - . c O . b ' xTlOi'i OF o i A t U i ' i  Xrl 

ATIEFOSCLFROTIC I!‘D3IYXI-1JALS (L av r ie  e t  a l .  44)

(a s  p e rc e n ta g e s  o f  t o t a l  f a t t y  a c id s  in  each l i p i d  group)

F a t t y  ox id C h o le s te r o l
e s t e r T r ig ly c e r id e P h o sp h o lip id

14s 0 1.8 4*1 1.1

16 50 12.2 2 7 .5 29.1

16 s i 8 .3 10® 7 5*4

18s 0 2*7 4*4 9.1

18:1 20*5 35*4 16.8

18s 2 86*6 8 .5 20.6

2 0 :4 6 .3 1 .9 8*2

Minor l i p i d s  o f  th e  a t heromatous p la q ue

The p re sen c e  o f  lov  l e v e l s  o f  o th e r  l i p i d s  in  atherom atous 

v e s s e l s  i s  v e i l  r e c o g n is e d .  These a re  l i s t e d  in  c h ro n o lo g ic a l  

o rd e r  in  Table 6 b e lo v .  I t  sh o u ld  he em phasised t h a t  o n ly  

t e n t a t i v e  i d e n t i f i c a t i o n s  v e re  made in  s e v e r a l  in s ta n c e s  and 

th e  p o s s i b i l i t y  o f  g ro ss  a r t e f a c t  fo rm ation  has to  be c o n s id e re d  

in  o th e rs*  The s ig n i f i c a n c e  o f  th e se  f in d in g s  v i l l  be d is c u s se d  

l a t e r  in  th e  a p p r o p r ia te  s e c t i o n .



DATS COMPOUM) REFERENCE

1930 5 © \ - 'c h o le s t a n e  -  3[3.- o l

1932 3(3 -• hyclrox^'cholest*-5-en-7~one

1942 5cX*~ choleshane~3{3-• o l

1943 c h o le s t a —3? 5 -d ie n —7-one

5 (X- e l i d e s  t&2ie~* 3 |3 , 5,6(3 - t r i o l  

c h o le s t-5 ~ e n e -3 jS  * 7/3 - d i d  

t b a ty l  a lc o h o l

1954 5(X“ ch o le s ta n e—3(3 *5,6 (3- t r i o l  

ch o lest-5~en e-313  9 7 j3 - d i o l

1955 c h o le s t a - 3 ,5 - d ie n - 7 - o n e

Schoenhe liner (54)

Schoenheim er (55) 

McArthur (56)

) H ardegger,

] Bus ick a  and 

|  Tagmann (57)

|  Henderson and 

) M acEougall (58)

) K a n t ien g a r  and 

) Morton (59)

) R obertson  (60)
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PATE COitFOUrlU

1958 c h o le s t  -  5 -  e n e -  3|3 , 7cA~ d io l  j

c h o l e s t  ~ 5 *- e n e -  3|3 ? 7|3 ~ d i o l  )
) Henderson ( 6 l )

5 0 ( -  c h o le s ta n e  -  3|3 , 5 , 6 13 - t r i o l  )

c h o le s t  -  5 “  e n e -  3 13, 24 o r  25 -  d io l )

1982 1, 3, 5 t r i o x a n e s

g ly c e r y l  e t h e r  d i e s t e r s  

a ldehydogen ic  t r i g l y c e r i d e s

1963 50(~ c h o le s ta n e  -  3(3~- o l  |  Mosbach, Blum,

Arroyo end 

) M ilch (63)

) Tuna, Man go I d , 

|  XCammerck and 

) Louden (62)

1384 5oC~ c h o le s ta n e  -  3 (3 -  o l I Kuroda, T/erbin 

) and C h a ik o ff  (64)
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SECTION B

RECENT DEVELOPMENTS IN ANALYTICAL 

TECHNIQUES FOR ORGANIC MATERIALS



In t r o d u c t io n

The a b i l i t y  to  s e p a r a te  and i d e n t i f y  th e  in d iv id u a l  

components o f  a complex m ix tu re  i s  an e s s e n t i a l  p r e l im in a r y  in  

th e  s o lu t i o n  o f  many b i o l o g i c a l  p rob lem s. For m il l ig ra m  

q u a n t i t i e s -  o f  p u re  compounds th e  ch o ice  o f  methods o f  c h a r a c t e r 

i s a t i o n  i s  l a r g e  and in c lu d e s  such -widely u sed  methods as 

e lem en ta l  a n a l y s i s , i n f r a - r e d  sp e c tro s c o p y  and n u c le a r  m agnetic  

reso n an ce  s p e c t ro s c o p y .  Such methods a re  o f  l im i t e d  use  f o r  

microgram q u a n t i t i e s  o f  m a t e r i a l s , e s p e c i a l l y  when th e s e  r e q u i r e  

i s o l a t i o n  from co u p le s  m ix tu re s .  Such i s  th e  case  in  r e s p e c t  

o f  th e  m inor components o f  th e  human atherom atous  p la q u e .

H i th e r to  th e  o n ly  com prehensive s tu d y  on th e  s u b je c t  has been 

t h a t  o f  Hardogger je t  a l . ( i )  in  1943. These i n v e s t i g a t o r s  d id  

n o t  have th e  advantage  o f  th e  r e c e n t l y  developed techn iques- 

(m a in ly  chrom atographic)  fo r  m ic r o a n a ly t i c a l  s e p a r a t io n  and 

c h a r a c t e r i s a t i o n .  A cco rd in g ly  th e y  employed p o o led  t i s s u e  

from a lm ost fo u r  hundred a o r t a s ,  c o l l e c t e d  over a p e r io d  o f  two 

y e a r s .  U sing  t h i s  type  o f  approach  th e y  were a b le  to  o b ta in  a 

q u a n t i t y  o f  s e v e r a l  pu re  compounds s u f f i c i e n t  to  a llow  c h a r a c t e r 

i s a t i o n  by c l a s s i c a l  p ro c e d u res  based  on e lem en ta l  a n a l y s i s ,  

p h y s ic a l  c o n s ta n ts  and c o r r e l a t i o n  w i th  a u th e n t ic  sam p les .

This  i n v e s t i g a t i o n  p ro v id e d  im p o r tan t  in fo rm a tio n  on th e  gen era l
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chem ical ch aracter o f  the l ip id  c o n s t itu e n ts  o f aortas  

( in c lu d in g  l e s i o n s ) ,  but o f course gave no inform ation concerning  

in d iv id u a l a o r ta s . The n ecessa ry  len g th  o f  the study a lso  

introduced the p o s s i b i l i t y  o f  an e x te n s iv e  degree o f  a r te fa c t  

form ation (5 0 ) .  In our work we have aimed to  avoid  such an 

approach, and u sin g  the now a v a ila b le  microchromatographic 

tech n iq u es, we have been able to  l im it  each a n a ly t ic a l  

in v e s t ig a t io n  to  the tis su e ;fr o m  one a o r ta , ex tra cted  w ith in  

tw enty-four hours p o s t  mortem.

Chromatographic techn iq ues

The term chromatography denotes a procedure in  which a 

so lu t io n  o f  substan ces to  be separated  i s  passed  over a f in e l y  

d iv id ed  s o l id  or l iq u id  phase r e s u lt in g  in  r e te n tio n  o f  the  

in d iv id u a l components to  d if f e r e n t  e x te n ts . Chromatographic 

methods can be broadly  d iv id ed  in to  th ree b a s ic  typ es namely:

(1) A dsorption (or  l iq u id / s o l id  chromatography), in  which the  

moving substan ces are bound by r e v e r s ib le  p h y s ic a l su rface  

fo rces  to  the adsorbent.

(2 ) P a r t it io n  chromatography, in  which the compounds to  be 

separated  are p a r t it io n e d  between two liq u id  phases (or  a 

gas and a ’liq u id  in  the case o f  g a s - liq u id  chromatography).

( 3) Ion-exchange chromatography in which the ra te  o f  m igration  

o f a compound i s  m ainly determ ined by the pH—dependent to ta l  

charge •
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In  p r a c t i c e  i t  i s  v e r y  d i f f i c u l t  to  decide  which o f  th e se  

p r o c e s s e s  i s  a c t u a l l y  t a k in g  p l a c e  a t  a p a r t i c u l a r  s u r f a c e .

Most p r a c t i c a l  p ro c e d u re s  invo lve  s e v e ra l  c o n t r i b u to r y  e f f e c t s  

w i th  one o r  o th e r  o f  th e  ty p es  p re d o m in a t in g .  I t  i s  unusual to  

ach ieve  a "p u re ” p a r t i t i o n  p ro c e s s s  r e v e r s e d  phase  chrom atography, 

f o r  example, g ives  a f a i r l y  c lo se  approach  to  t h i s  id e a l  c a s e ,  b u t  

on th e  o th e r  hand, some a d s o r p t io n  i s  a s s o c i a t e d  w i th  many 

p r a c t i c a l  p a r t i t i o n  te c h n iq u e s .

C hrom atographic  te ch n iq u es  r e p r e s e n t  a v a s t  improvement 

over th e  c l a s s i c a l  p ro c e d u re s  o f  s e p a r a t io n ,  among which were?

(1) s o lv e n t  e x t r a c t i o n ,

( 2 ) c r y s t a l l i s a t i o n ,

( 3 ) d i s t i l l a t i o n  (p lu s  s u b l im a t io n ) •

Both th e  c l a s s i c a l  te c h n iq u e s  and th e  newer s e p a r a t io n  

methods p ro v id e  p h y s ic a l  c o n s ta n t s  u s e f u l  in  c h a r a c t e r i s a t i o n .

E a r l y  ch rom atograph ic  methods

The e a r l i e s t  f o r a  o f  chrom atography, a d s o r p t io n  chroma

to g rap h y , was d is c o v e re d  in  1903 by Tsw ett ( 2 ) ,  b u t  i t  was n o t  

u n t i l  1931 (3 ,  4) t h a t  i t  was re c o g n ise d  as a u s e f u l  p r a c t i c a l  

method when i t  en ab led  the  s e p a r a t io n  ofC<~ and (3 - c a r o t e n e .

In  the  n e x t  few y e a r s ,  th e  use  of.co lum n a d so rp t io n  chrom atography, 

m ain ly  on alum ina, g r e a t l y  a id ed  th e  i n v e s t ig a t i o n  o f  many o th e r  

n a t u r a l  p ig m en ts .  C o lo u r le s s  compounds were a lso  s e p a ra te d  

u s in g  an e lu t i o n  techn ique?  th e  v a r io u s  f r a c t i o n s  o b ta in e d  were
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th en  v e ig h ed .  In hheso e a r l y  days t h i s  te ch n iq u e  iras a lso  

■widely employed in  th e  s t e r o i d  f i e ld *  F o r  in s ta n c e  alum ina iras 

used  in  th e  f i r s t  i s o l a t i o n  o f  .ond ros te rone ' and e t io c h o la n o lo n e  

from u r in e  (51) and in  the  ■work o f  Bohr in  e r  and h i s  group (52 , 53) 

on u r i n a r y  s t e r o i d s  and s t e r o i d  m etabolism  in  man, R e ic h s te in  

and h i s  schoo l ( 6 ,7 ,8 )  s e p a ra te d  m ix tu res  o f  a d re n a l  s t e r o i d s ,  

s t e r o l s  end b i l e  a c id s ,  T/here p o s s i b l e  the  s e p a ra te d  compounds 

•were su b se q u e n t ly  c h a r a c t e r i s e d  by m e l t in g  p o i n t  o r  o th e r  s u i t a b l e  

d a t a ,  Hardegger _et ad , ( l )  a l s o  used  t h i s  type  o f  chromatography 

e x te n s iv e ly  in  t h e i r  s e p a r a t io n  and i d e n t i f i c a t i o n  o f  th e  minor 

s t e r o l s  o f  th e  human a t h e r o s c l e r o t i c  a o r t a .  There has been some 

s u g g e s t io n  t h a t  a lum ina can g ive  s o - c a l l e d  ’’a l k a l i n e  r e a c t i o n s  ( 5 ) " ,  

R e ic h s te in  and Shoppee (6) found t h a t  on a l k a l i n e  a lum ina ,

17-hy&roxy-20-Reio s t e r o i d s  undergo m o lecu la r  rea rran g em en t d u r in g  

chrom atography to  g ive  B-homo k e to n e s ,  b u t  t h i s  can be l a r g e l y  

avoided  by th e  use  o f  n e u t r a l i s e d  alum ina o f  low a c t i v i t y  and 

co m p le te ly  avo ided  by th e  use  o f  1 7 - a c e t a t e s .

P a r t i t i o n  chrom atography

The type  o f  chrom atography d e s c r ib e d  above, a l th o u g h  

s u i t a b l e  f o r  l i p i d s  o f  loir p o l a r i t y ,  i s  o f  l im i t e d  use f o r  th e  

s e p a r a t io n  o f  th e  h ig h ly  p o l a r  l i p i d s  and o th e r  h y d ro p h i l ic  

compounds such as p r o t e i n s ,  p o ly s a c c h a r id e s  and n u c le i c  a c id s .

These ty p es  o f  compound a re  b e s t  s e p a ra te d  by some form o f  

l i q u i d / l i q u i d  p a r t i t i o n  chrom atography. This te ch n iq u e  vas
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in t ro d u c e d  in 1941 by M ar t in  and Synge (9) who used  s i l i c a  ge l 

coIvmnis c o n ta in in g  d e f i n i t e  q u a n t i t i e s  o f  c ra ter to  s e p a ra te  amino 

a c id  -m ix tures- th e  compounds b e in g  s e p a r a te d  were p a r t i t i o n e d  

between t h i s  a q u eo u s . " s t a t i o n a r y  p h a se ” and an o rg a n ic  ( l l )

"mobile p h a se ” .

S i l i c i c  a c id  column c h ro aa to g rap h y

The r o l e  o f  w a te r  in  th e  ch rom atographic  beh av io u r  o f  

s i l i c i c  neicT^ was s u b je c te d  to  a s tu d y  by Kay and Trueblood (10) 

who concluded  t h a t  depending  on th e  amount o f  w a te r  h e ld ,  s i l i c i c  

a c id  may a c t  as an a d s o r p t io n  o r  a p a r t i t i o n  s u p p o r t ;  u s u a l l y  

b o th  p r o p e r t i e s  c o n t r ib u t e  to  v a ry in g  degrees, to  th e  s e p a r a t io n  

e f f e c t s  o b ta in e d .  S i l i c i c  a c id  .column chrom atography was 

introduced, f o r  l i p i d  s e p a r a t io n s  in  1940 by Trappe ( 5 ) ,  and s in ce  

th en  i t  has developed  in to  th e  most w id e ly  used  method f o r  the  

i n i t i a l  c l a s s  s e p a r a t io n s  r e q u i r e d  in  most l i p i d  i n v e s t i g a t i o n s .  

F i l l e r u p  and Mead ( l l )  u sed  a column o f  t h i s  m a te r i a l  to  s e p a ra te  

b lood  l i p i d s  in to  t h e i r  m ajor c la s s e s *  w h ile  H irsch  end Ahrens (12) 

and Horning e t  a l . (13) have u sed  th e  method v e ry  s u c c e s s f u l ly  on 

t i s s u e  e x t r a c t s .  The degree o f  r e s o l u t i o n  and r e p r o d u c i b i l i t y  

o b ta in e d  w i th  a s i l i c i c  a c id  column i s  dependent on th e  r e g u la t io n  

o f  the  m o is tu re  c o n te n t  and on th e  use  o f  c a r e f u l l y  washed and 

graded s i l i c i c  a c id ,  and such a s t a n d a r d i s a t i o n  p ro ced u re  has 

been d e s c r ib e d  in  d e t a i l  by Horning _et ja l .  (13) in  t h e i r  work 

on t i s s u e  l i p i d s .

x  The t e r n s  s i l i c a  ge l and s i l i c i c  a c id  r e f e r  to  h y d ra te d  s i l i c a  
p r e c i p i t a t e s ,  th e  p r o p e r t i e s  o f  which can v a ry  a cc o rd in g  to  th e  
method o f  p r e c i p i t a t i o n  and p u r i f i c a t i o n .



R ecen t dev oIopnentg  i n de t e c t i o n  o f cor:pounds in  column e f f l u e n t s-, 

Colmon chrom atography in  i t s  c o n v en tio n a l  form as d e sc r ib e d  

above i s  n o t  v e ry  s u i t a b l e  f o r  th e  s e p a r a t io n  o f  microgram 

q u a n t i t i e s , a n d  o th e r  forms such as t h i n - l a y e r ,  p ap e r  and gas 

chrom atography have been -used fo r  t h i s  p u rp o se .

S in ce  th e  developm ent o f  h ig h ly  s e n s i t i v e  d e t e c to r s  fo r  

gas chrom atography, i n t e r e s t  lias been aroused  to  develop .such a 

d e t e c t i o n  s y s te m .fo r  l i q u i d  chrom atography. A method employing 

a hydrogen flame i o n i s a t i o n  d e t e c t o r  vras developed  by ICarmen, 

W alker and BoTnnan (14) in  1933 and one in v o lv in g  an argon 

i o n i s a t i o n  d e t e c to r  by J a n e s  (5 5 ) .  In p r i n c i p l e  a c o n t in u o u s ly  

moving cha in  c a r r i e s  a  m inute p a r t  o f  th e  column e f f l u e n t  f i r s t  

th rough  a h e a te d  s o lv e n t  e v a p o ra t io n  tu n n e l  and th en  in to  one or 

o th e r  o f  th e  v e ry  s e n s i t i v e  d e t e c t o r s  m entioned above. R ec e n t ly  

s e v e r a l  commercial in s t ru m e n ts . u s in g  t h i s  p r i n c i p l e  have been 

deve loped .

Paper Chromatography

In  1944 Ccnsden, Gordon and M ar t in  (16) dem onstra ted  t h a t  

f i l t e r  p a p e r  s t r i p s  could  a lso  be used  as a su p p o r t  f o r  a 

s t a t i o n a r y  phase in  p a r t i t i o n  chrom atography. This te c h n iq u e ,  

“p ap er  chrom atography” tvas developed to  f i l l  th e  need fo r  a 

m ic r o a n a ly t i c a l  type  o f  chrom atography. In a d d i t io n  to  an 

a n a l y t i c a l  s e p a r a t i o n ,  t h i s  method a lso  p ro v id e s  p h y s ic a l  

c o n s ta n ts  ex trem ely  u s e f u l  in c h a r a c t e r i s a t i o n .  Paper chroma

to g raphy  in  i t s  o r i g i n a l  form vas  ideally*  s u i t e d  f o r  p o l a r  i r a te r



u n s u i t a b l e  f o r  l i p o p h i l i c  compounds such as s t o r o l s  and s te r o id s *  

A ttem pts  to  use  more h y d ro p h i l ic  d e r i v a t i v e s  o f  th e s e  compounds 

such  a s  th e  G ira rd  hydrazones  o f  I c e to s t e r o id s ' have been l a r g e ly  

u n s u c c e s s fu l  (54) because  o f  th e  oven /helm ing  in f lu e n c e  o f  the  

p o l a r  moiety* P ap e r  chrom atography o f  s t e r o l s  and s t e r o i d s  

■was made jDossible by the  in t r o d u c t io n  o f  s p e c ia l  s o lv e n t  systems 

by Z a f f a r o n i  e t  a l  * (.17) and by Bush (1 8 ) .  The Z a f f a r o n i  type 

o f  p a p e r  chrom atography in v o lv es  im pregnation  o f  th e  p ap e r  w i th  

a  n o n - v o l a t i l e  o rg a n ic  s t a t i o n a r y  p h a se ,  f o r  example phenyl 

c e l l o s o l v e  ( e th y le n e  g ly c o l  monophenyl e th e r )*  The sample i s  

th en  lo ad ed  on to  t h i s  t r e a t e d  p a p e r  and th e  chromatogram 

d eveloped  w i th  a v o l a t i l e  o rg a n ic  s o lv e n t  such as  hexane*

U sing  t h i s  system  Z a f f a r o n i  and B urton (19) were a b le  to  

s e p a r a te  a d re n a l  s t e r o i d s  from g land  e x t r a c t s  and Burton jet  a l * 

(20) th e  s t e r o i d s  in  human u r i n e .

The o th e r  w id e ly  a p p l ie d  form o f  p ap e r  chrom atography 

in v o lv e s  th e  use  o f  v o l a t i l e  s o lv e n t s  f o r  b o th  ph ase s  (Bush-type 

system )* In t h i s  th e  p a p e r  i s  hung in  a  chamber c o n ta in in g  

b o th  p h a se s  and a llow ed  to  e q u i l i b r a t e .  The p ap e r  p r e f e r e n t i a l l y  

ad so rb s  th e  p o l a r  phase  and th e  chromatogram i s  developed  w i th  

th e  w eakly  p o l a r  m obile  p h a se .  A ty p i c a l  system  in v o lv es  aqueous 

e th a n o l  as th e  s t a t i o n a r y  phase  and p e tro leu m  as th e  m obile  p h ase .  

Bush (21) used  t h i s  system in  th e  a n a ly s i s  o f  a d re n a l  e x t r a c t s .
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I t  has a l s o  been s u c c e s s f u l l y  a p p l i e d  to  b lood s t e r o i d s  (2 2 ) ,  

to  b i l e  a c id s  and e s t e r s  (23) and to  b i l e  s a l t s  (2 4 ) .

A ccura te  q u a n t i t a t i v e  e s t im a t io n s  have been o b ta in e d  from 

p a p e r  ch ro n a to g rap h y  u s in g  d e n s i to m e try ,  and g r e a t e r  s e n s i t i v i t y  

i s  p o s s ib l e  th ro u g h  th e  use  o f  r a d io a c t i v e  t r a c e r s  and c o u n tin g  

d e v ic e s .

R e la t io n s h ip  between s t r u c tu re  and p ap er  chrom atographic  

m o b i l i t y■ I ■■ — I. I I IT ---
The p h y s ic a l  c o n s ta n t  n o rm a lly  re c o rd ed  in  p ap e r  

chrom atography i s  th e  value® T his  i s  th e  r a t i o  o f  th e  

d i s ta n c e  moved by a g iven  su b s tan ce  from th e  orig in , to  the  

d i s ta n c e  moved by th e  s o lv e n t  f r o n t  from th e  o r i g i n .  A nother 

ex trem e ly  u s e f u l  c o n s t a n t ,  th e  v a lu e ,  where

Ejj - log dAip - 1), 

lias been p ro p o sed  by  B aie-S m ith  and T/e s t a l l  (5S) . This 

fu n c t io n  has a d d i t iv e  p r o p e r t i e s .  These a d d i t iv e  f a c t o r s  a re  

e x p re ssed  as A R^ v a lu e s  which can be c a l c u l a t e d  from the  

d i f f e r e n c e  be tv/e en th e  R^ v a lu e  f o r  th e  p a r e n t  su b s tan ce  

( th e  s k e le to n )  and a d e r i v a t i v e ,  o r  between d e r i v a t iv e  A and 

d e r i v a t i v e  B, and a l s o  between th e  same su b s tan ce  in  two 

d i f f e r e n t  s o lv e n t s .  U sing  R^ v a lu e s ,  th e  Rj, v a lu e s  o f  simple 

compounds were s u c c e s s f u l l y  c a l c u l a t e d  (26 , 2 7 ) .  I n i t i a l  

c a l c u l a t i o n s  w i th  more com plica ted  m olecules  such as s t e r o i d s



46

su g g es te d  t h a t  th e y  cou ld  n o t  he t r e a t e d  in  t h i s  way, b u t  'when 

i t  was r e a l i s e d  t h a t  th e  e f f e c t  o f  a s u b s t i t u e n t  on the  va lue  

must be c a l c u l a t e d  fo r  each p o s i t i o n , th e  & v a lu e s  o b ta in e d  

were rem arkab ly  c o n s ta n t .  D i f f i c u l t i e s  o n ly  a r i s e  when i n t e r 

a c t io n s  between s u b s t i t u e n t s 3 such as v i c i n a l  e f f e c t s , occur* 

C o r re c t io n  f a c t o r s  must be a p p l ie d  in  th e s e  c a s e s .

Paper Chroiaato izraphy o f  1 ip id 3

Most s u c c e s s f u l  a p p l i c a t i o n s  o f  t h i s  te ch n iq u e  in  the  

l i p i d  f i e l d  have employed im pregnated  p a p e r .  The use  o f  

u n t r e a t e d  p a p e rs  has been l a r g e l y  u n s u c c e s s fu l  (2 5 ) ,  and t h i s  i s  

e s p e c i a l l y  t r u e  in  th e  case  o f  f a t t y  a c id s  where chromatography 

has been com p lica ted  by dimer is  o/fcion caused by hydrogen bonding, by 

a d s o rp t io n  to  th e  p a p e r ,a n d  by incom ple te  d i s s o c i a t i o n  in  n e u t r a l  

o r  w eakly a c id  sy s tem s. S e p a ra t io n s  have, however, been o b ta in ed  

on r e v e r s e d  phase  p a p e rs  im pregnated w i th  such su b s ta n c es  as 

undecane (26) and k e ro sen e  ( 2 7 ) .  F o r  l i p i d s  o th e r  th an  f a t t y  

a c i d s ^ g r e a t e s t  p ro g r e s s  has been made w i th  th e  use o f  s i l i c i c  

a c id  -  im pregnated f i l t e r  p a p e r  and s i l i c a t e  -  im pregnated g la ss  

p a p e r .  I t  was soon shown t h a t  th e  s e p a r a t io n s  on s i l i c i c  a c id  

columns o b ta in e d  f o r  b lood  l i p i d s  by Borgstrom (2S) and by 

F i l l e r u p  and Mead ( l l )  cou ld  be d u p l i c a te d  and even improved by 

th e  use o f  p a p e r .  S i l i c i c  a c id  f i l t e r  p a p e r  was used  e x te n s iv e ly  

by Houser e t  _al. (25) and by M a r in e t t i  (29) f o r  s e p a r a t in g  bo th  

n e u t r a l  l i p i d s  and p h o s p h o l ip id s .
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Glass  f i l t e r  p a p e r  impregnated w i t h  p o ta ss iu m  s i l i c a t e  

o r  s i l i c a  ge l  has p ro v ed  ex t rem ely  u s e f u l  -where th e  use  o f  a, 

c o r ro s iv e  ch arr in g ,  r e a g e n t  i s  d e s i r e d .  Such p a p e rs  a re  

e x tre m e ly  s e n s i t i v e  and as l i t t l e  as 0»2Jig*  ' o f  a compound may 

be d e t e c t e d ,  M uldrey _et ja l .  (SO) have produced e x c e l l e n t  

s e p a r a t io n s  o f  p h o s p h o l ip id s  u s in g  a  s o lv e n t  system  in c lu d in g  

p y r i d i n e ,  I1q3re.gna.ted g la s s  p ap e r  resem bles  t h i n - l a y e r  

chrom atop1a teo  v e ry  c l o s e l y  and i t  has been shown by Hamilton (31) 

t h a t  s o lv e n t  system s developed f o r  th e  s e p a r a t io n  o f  b i l e  a c id s  

can be t r a n s f e r r e d  to  use  w i th  t h i n - l a y e r  p l a t e s  w ith  e q u a l ly  

good r e s u l t s .

Ion Exchange p a p e rs

T his  type  o f  p a p e r  i s  u s e f u l  f o r  th e  s e p a r a t io n  o f  h ig h ly  

p o l a r  l i p i d s  such as  s u lp h o l ip id s *  I t s  v e ry  low c a p a c i ty  can 

be compensated by th e  u se  o f  r a d io a c t i v e  compounds and under 

th e s e  c o n d i t io n s  some e x trem e ly  u s e f u l  s e p a r a t io n s  have been 

obtained ( 32)•

T h in - la y e r  chrom atography (TLC)

T h in - la y e r  chrom atography ( TLC) emerged around th e  same 

tim e as p a p e r  chrom atography to  f u l f i l  the  need  f o r  a  m ic ro -  

a n a l y t i c a l  te c h n iq u e .  However, owing to  i n i t i a l  p rob lem s, 

such as m echanical i n s t a b i l i t y  o f  th e  l a y e r s ,  p ap e r  chroma

to g rap h y  was th e  f i r s t  to  be s u c c e s s f u l ly  developed .
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TLC j 8,1 though d e s c r ib e d  (33) as e a r l y  as 1938, was n o t  

r e c o g n is e d  as a u s e f u l  g e n e ra l  p ro ced u re  u n t i l  about 1956, 

Exaniijm tion o f  r e c e n t  l i t e r a t u r e  on chroma to  grapliy i n d ic a te s  

t h a t  t h i n - l a y e r  chrom atography i s  in. more w id e s p re a d ' use  than  

p ap e r  chrom atography. There a ,re , however, c e r t a i n  s p e c i a l i s e d  

a re a s  o f  p a p e r  chrom atography in  which i t s  power has n o t  y e t  

been e q u a l l e d  by TLC,

T h in - la y e r  chrom atography was f i r s t  d e sc r ib e d  by Izm ailov  

and S h r a ib e r  (33) in  1933, These w orkers d u s ted  a lum ina on to  

g la s s  p l a t e s  and s e p a ra te d  v a r io u s  su b s ta n c es  on th e se  loose  

l a y e r s ,  M einhard and H all  (34) were f i r s t  to  employ a b in d in g  

ag en t  ( s t a r c h )  to  g ive th e  l a y e r s  m echanica l s t a b i l i t y .

K irc lm e r  je t a l .  (35) developed th e  p ro ced u re  f u r t h e r  end 

d em onstra ted  i t s  a p p l i c a b i l i t y  to  th e  s e p a r a t io n  and i d e n t i 

f i c a t i o n  o f  t e r p e n e s .  A lthough a few compounds o th e r  than  

te r p e n e s  were sepo .ra ted  a t  t h i s  t im e ,  th e  g en e ra l  scope o f  th e  

method was n o t  f u l l y  r e c o g n is e d .  I t  was f i r s t  in tro d u c e d  as 

a  g e n e ra l  p ro ced u re  f o r  a n a l y t i c a l  chrom atography by S t a h l  (36) 

who in  1958 in t ro d u c e d  a calc ium  s u lp h a te  b in d in g  ag en t  which 

i s  s t i l l  in  use  to d a y .  He d e s c r ib e d  s e p a r a t io n s  on la y e r s  of 

abou t 250JX t h i c k  o f  a s p e c ia l  a d so rb e n t  ’’IC iese lge l Gn c o n s i s t i n g  

o f  s i l i c a  ge l ( >  200 mesh) w ith  a calc ium  s u lp h a te  b in d e r .

A lthough t h i s  type  o f  chrom atography had been w id e ly  used 

in  d i f f e r e n t  f i e l d s  o f  r e s e a r c h ,  i t  was n o t  u n t i l  1959 t h a t
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Mangold (87) adap ted  i t  f o r  th e  a n a l y s i s  o f  l i p  ids  „ U sing  a 

p e tro le u m  e t h e r  and d i e t h y l  e t h e r  m ix tu re  he f r a c t i o n a t e d  l i p i d s  

on a s i l i c a  ge l p l a t e ,  in  th e  same way t h a t  I l i rsc li  and Ahrens (12) 

had c a r r i e d  o u t f r a c t i o n a t i o n  o f  l i p i d s  on a s i l i c a  ge l column. 

Mangold (3 8 ,39 )  drew up g e n e ra l  r u l e s  on th e  a p p l i c a t i o n  o f  

t h i n - l a y e r  chrom atography to  l i p i d  a n a l y s i s .  The TLC methods 

used  f o r  l i p i d  a n a ly s i s  have a l s o  been d is c u s s e d  more r e c e n t l y  

by B o b b i t t  (40) and by P ad ley  ( 4 l ) ,  and a re  rev iew ed by 

Mangold (42) and If i r e  liner (SO).

O p e ra t in g  c h a r a c t e r i s t i c s  o f  TLC

One advantage  o f  TIC over th e  use  o f  a column i s  t h a t  i t  

more r e a d i l y  s u p p l ie s  p h y s ic a l  c o n s ta n ts  u s e f u l  in  c h a r a c t e r 

i s a t i o n .  In  th e  l i p i d  f i e l d  i t  a l lo w s  s e p a r a t io n  o f  l i p i d s  

from e x tra n eo u s  m a t e r i a l s ,  and p e rm i ts  s e p a r a t io n  o f  th e  l i p i d s  

in to  c l a s s e s  o f  ch em ica l ly  s i m i l a r  s t r u c t u r e  as w e ll  as the  

s u b f r a c t io n a t i o n  o f  th e se  in d iv id u a l  c l a s s e s .  A p a r t i c u l a r  

advantage o f  t h i s  method over column chromatography i s  t h a t  

i t  i s  a te ch n iq u e  o f  l im i t e d  developm ent, as d i s t i n c t  from 

e l u t i o n  which i s  u s u a l l y  employed w ith  a column, and th u s  g ives 

e a s i e r  p e r c e p t io n  o f  th e  p ro g r e s s  o f  th e  a n a l y t i c a l  s e p a r a t io n .

TLC is  a l s o  u s e f u l  in  t h a t  i t  w i l l  p ro v id e  a t e n t a t i v e  

i d e n t i f i c a t i o n  th ro u g h  d i r e c t  coimiarison w i th  r e f e re n c e  

compounds in  term s o f  m o b i l i t y  and co lo u r  r e a c t io n s  w i th



s p ra y  r e a g e n t s .  Q u a n t i t a t iv e  e s t im a t io n s  may a ls o  be o b ta in ed  

e i t h e r  by d i r e c t  d e n s i to m e try  or by measurement o f  r a d i o 

a c t i v i t y .

Separ a t ing  C h a r a c t e r i s t i c s  o f  TLC

In TLC, s e p a r a t io n  ta k e s  p la c e  in  b a s i c a l l y  th e  same o rd e r  

as on a column o f  co rre sp o n d in g  ty p e .  A ccording  to  th e  

i n v e s t i g a t i o n s  o f  Brockmctnn and V o lpe rs  (4 3 ) ,  hydrocarbons a re  

adsorbed  v e ry  l i t t l e  i f  a t  a l l .  The a d so rp t io n  o f  u n s a tu r a te d  

hydrocarbons in c re a s e s  acc o rd in g  to  th e  number o f  double bonds 

th e y  c o n ta in .  I f  f u n c t io n a l  groups a re  added to  th e  hydro

c a rb o n s ,  t h e i r  a f f i n i t y  fo r  a d s o r p t io n  i s  in c re a s e d  in  the  

fo l lo w in g  o r d e r : -

0 - a lk y l  5 C -  0 5 NII^j OHj COgH

In a l l  o f  th e s e  g roups, s h o r t - c h a in  compounds a re  more 

s t r o n g ly  adsorbed  than  a re  lo n g -c h a in  o n es ,  and u n s a tu r a te d  

more s t r o n g ly  than  s a t u r a t e d .

Types o f  l a y e r

S i l i c a  ge l i s  th e  most -widely used  la y e r  in  t h i n - l a y e r  

chrom atography, p ro b a b ly  because  in  th e  e a r l y  days o f  TIC t h i s  

■was th e  o n ly  com m ercia lly  a v a i l a b l e  m a t e r i a l .  I t  i s  n o rm a lly  

s u p p l ie d  c o n ta in in g  abou t 10$ o f  ca lc ium  s u lp h a te  as a  b in d in g  

ag en t  b u t  i f  d e s i r e d  i t  can be o b ta in e d  f r e e  from t h i s  su b s tan ce .



S i l i c a  ge l  — Qt,ri ^  ? ^ r m s t n d i ,  Germany) i s  s p e c i a l l y

u s e f u l  fo r  v e ry  smal l  amounts o f  m a t e r i a l  as i t  c o n ta in s  a 

compound which causes  s u b s tan ces  which absorb  u l t r a - v i o l e t  l i g h t  

to  be seen under a n r / ,  lamp w i th o u t  p r i o r  sp ra y in g .

N e u tra l  a lum ina (44; has ap p ro x im a te ly  th e  sane s e p a r a t in g  

c h a r a c t e r i s t i c s  as s i l i c a  gel and has been used  to  s e p a ra te  such 

compounds as t e r p e n e s ,  a l k a l o i d s ,  s t e r o i d s  and a rom atic  and 

a l i p h a t i c  compounds. Because o f  i t s  l a t e r  a v a i l a b i l i t y ,  i t  i s  

n o t  so ■widely used  as s i l i c a  g e l .

O ther m a te r i a l s  such as k i e s e l g u h r , h y & ro s y a p a t i te , 

c e l l u l o s e ,  and Sephadex a re  a v a i l a b l e  and a re  e s p e c i a l l y  u s e f u l  

in  the  chromato graphy ox p o l a r  compounds such as amino a c id s ,  

p r o t e i n s  and n u c le i c  a c id  d e r i v a t i v e s .

S p e c ia l  a p p l i c a t i o n s  o f  TIC in v o lv in g  m odif ied  la y e r s

A c id ic  compounds a re  e s p e c i a l l y  w e l l  s e p a ra te d  on la y e r s  

p re p a re d  u s in g  0.51*1 o x a l ic  a c id .  S ince  u n t r e a te d  s i l i c a  gel 

i s  a c i d i c ,  b a s ic  compounds a re  n o t  ' t r a n s p o r te d  owing to  s a l t  

fo rm atio n  w i th  th e  l a y e r s .  This problem  can be overcome by 

th e  use o f  a lk a l i n e  (45) o r  b u f f e r e d  (£S) s i l i c a  ge l l a y e r s ,  

and th e s e  have been a p p l i e d ,  f o r  in s t a n c e ,  to  a l k a l o i d s .

Remarkable s e p a r a t io n s  o f  compounds w i th  v e ry  sm all 

d i f f e r e n c e s  in  s t r u c t u r e  or s te r e o c h e m is t ry  can be ach ieved  

by TIC, However, n a t u r a l  l i p i d  m ix tu res  a re  f r e q u e n t ly
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groups o f  compounds d i f f e r i n g  o n ly  in  cli a i n - l e n g th ,  degree  o f  

u a s a t u r a t i o n  o r  in  s te r e o c h e m is t r y  o f  th e  component f a t t y  a c id s  

o r  a lc o h o l s .  The com position  o f  each l i p i d ,  w i th  r e s p e c t  to  

t h e s e  compounds, can g e n e r a l ly  he r e a d i l y  d e te rm ined  by g a s -  

l i q u i d  chrom atography (GLC) a f t e r  t r a n s - e s t e r i f i c a t i o n  or 

h y d r o l y s i s .  However, f o r  many b iochem ica l s tu d i e s  i t  -would be 

more u s e f u l  to  be a b le  to  f r a c t i o n a t e  each l i p i d  c l a s s  in to  i t s  

in d iv id u a l  components, o r  a t  l e a s t ,  in to  s im p le r  and more 

c l o s e l y  d e f in e d  m ix tu re s  e

Chromatography on t h i s  l a y e r s  o f  s i l i c a  ge l im pregnated 

w i th  s i l v e r  n i t r a t e  makes i t  p o s s i b l e  to  s e p a ra te  compounds on 

th e  b a s i s  o f  th e  number, ty p e  and p o s i t i o n  o f  th e  double  bonds.

The s i l v e r  ions  in  th e  a d so rb en t  form complexes w i th  th e  double 

bonds in  th e  u n s a tu r a te d  compound g iv in g  s e p a r a t io n s  which were 

n o t  p r e v io u s ly  p o s s i b l e .  The use  o f  s i l v e r  ion chromatography 

in  th e  l i p i d  f i e l d  has been rev iew ed in  a r e c e n t  p ap e r  by 

M o rr is  (4 7 ) .

O ther u s e f u l  methods f o r  th e  s tu d y  o f  u n s a tu r a te d  

compounds in  th e  p re s e n c e  o f  s i m i l a r  s a tu r a t e d  compounds 

in c lu d e  b ro m in a tio n  and h y d ro g en a tio n  o f  th e  compounds a c t u a l l y  

on t h e  p l a t e  b e fo re  development (4 8 ) .



Up to  t h i s  p o i n t  we have r e f e r r e d  to  t h i n - l a y e r  chroma

to g ra p h y  as used  in  a p u r e ly  a n a l y t i c a l  manner, b u t  i t  i s  a lso  

f r e q u e n t l y  employed to  ach ieve  p r e p a r a t i v e •s e p a r a t io n s  which 

would n o t  be p o s s ib l e  o r  as c o n v en ie n t  by th e  use o f  a  column. 

Normal a n a l y t i c a l  p l a t e s  have l a y e r s  o f  a d so rb e n t  o f  ap p rox im ate ly  

0*25 om. th ic k n e s s  and a re  ’’s p o t t e d ” w ith  m ix tu res  o f  th e  o rd e r  of 

20 -  40JLI g o f  m a t e r i a l .  U sing  l a y e r s  of between 1-2 mm. th ic k  

on a 20 x 20 cm. p l a t e  q u a n t i t i e s  as  h igh  as  te n  m il l ig ra m s  o f 

m a te r i a l  have been s e p a ra te d  on one p l a t e  and c o l l e c t e d .  One 

o f  th e  b ig  problem s in  u s in g  p r e p a r a t i v e  TLC i s  t h a t  th e  p l a t e s  

canno t fo r  obvious rea so n s  be sp rayed  w i th  th e  d e s t r u c t i v e  

.o x id i s in g  re a g e n ts  f r e q u e n t ly  u sed  in  a n a l y t i c a l  TLC, and o th e r  

methods o f  v i s u a l i s i n g  th e  s e p a ra te d  bands have to  be d e v ised .

F o r  compounds which a re  v i s i b l e  under u l t r a - v i o l e t  l i g h t  th e re  

i s  no prob lem , b u t  f o r  o t h e r s ,  n o n - d e s t r u c t iv e  methods such as 

b r i e f  exposure  to  io d in e  vapour, o r  th e  in c o rp o ra t io n  o f  an e a s i l y  

removable dye (such  as  Khodamine 6 G) have to  be employed.

The TLC o f  t r i n e t h y I s i l y l  e th e r s

The u s e f u ln e s s  o f  t r i m e t h y l s i l y l  (TmSi) e th e r s  in  t h i n -  

l a y e r  chrom atography i s  n o t  w id e ly  a p p re c ia te d  p ro b a b ly  because 

o f  th e  e a r l i e r  m isco n cep tio n  t h a t  d e r iv a t i v e s  o f  t h i s  type undergo 

r a p id  h y d ro ly s is  even under th e  m i ld e s t  c o n d i t io n s .  T/hile t h i s
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may "be t r u e  to  some e x t e n t  of TLt>i e th e r s  o f  pheno ls  and 

o s i n e s , th e s e  fo rm ed 'from  a lc o h o l ic  hydroxyl groups a re  f a i r l y  

s t a b l e  a t  n e u t r a l  j3-  even in  aqueous medio,. The te ch n iq u e  was 

f i r s t  a p p l ie d  to  th e  p u r i f i c a t i o n  o f  TIiSi e th e r s  from ex traneous  

m a te r ia I s  f o r  GLC p u rp o se s  (74) and s u c c e s s iv e  groups o f  workers 

have used  th e  e x trem e ly  low p o l a r i t i e s  o f  th e se  d e r i v a t iv e s  to  

improve r e c o v e r i e s  o f  po lyhydroxy  compounds in  p r e p a r a t iv e  TLC. 

U n t i l  r e c e n t l y ,  th e  q u a n t i t a t i v e  e l u t i o n  o f s t e r o i d s  c o n ta in in g  

more th an  one hydroxyl group has p roved  d i f f i c u l t  (7 5 ) ,  however, 

u s in g  TLSi e th e r s  Brooks and T/atson (73) have dem onstra ted  

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

s t e r o i d s  c o n ta in in g  one to  fo u r  hydroxyl groups a t  th e  10 ng. 

l e v e l .  Q u a n t i t i e s  as low as 1 ng . (76) or as la rg e  as 80 mg,(77) 

have been s u c c e s s f u l l y  reco v e red  w i th o u t  a p p re c ia b le  lo s s e s  due 

to  a d so rp t io n  o r  h y d r o ly s i s .

TLC of TliSi e th e r s  has a lso  p roved  p a r t i c u l a r l y  e f f e c t i v e  

in  group s e p a r a t io n s  (78 , 79) such as th e  i s o l a t i o n  o f  p u r e ly  

hydroxyl ic  s t e r o i d s  from those  p o s s e s s in g  h e to n ic  g roups . In 

our work we s h a l l  dem onstra te  t h a t  i t  can a l s o  be adap ted  to  the  

s e p a r a t io n  o f  in d iv id u a l  s t e r o i d s  and t h a t  i t  has p roved 

e s p e c i a l l y  u s e f u l  in  r e s o lv in g  ep im eric  p a i r s .



G as- l icp a id  ehrom a to  wrapliy (GiC)

Gas-1 iq u id  chrom atography was in tro d u c e d  by James and 

M ar t in  (57/ in 1952 and i s  today  p ro b a b ly  th e  most im p o r tan t  

form o f  p a r t i t i o n  chrom atography. Like most o th e r  chromato

g ra p h ic  te c h n iq u e s  i t  had i t s  o r i g i n s  in th e  f i e l d  o f  b io 

c h e m is t ry ,  a l th o u g h  a l a r g e  p a r t  o f  i t s  e a r l y  developm ent was 

d i r e c t e d  towards i t s  u se  in  p e tro leu m  chem istry*

In  GLC th e  v o l a t i l i s e d  sample i s  p a r t i t i o n e d  between a 

l i q u i d  s t a t i o n a r y  p h a s e ,  h e ld  on an i n e r t  s o l i d  s u r f a c e ,  and a 

m obile  gas phase* The compounds a re  s e p a ra te d  from one an o th e r  

in  a  f lo w in g  gas p h a s e ,  a re  d e te c te d  as  in d iv id u a l s  _in s i t u , b u t  

a r e  n o t  n o rm a lly  re c o v e re d  in  th e  pu re  s t a t e ,  u n le s s  th e r e  i s  

some s p e c i f i c  m otive f o r  do ing  so .  The use  o f  t h i s  tech n iq u e  

in  th e  b i o l o g i c a l  f i e l d  was g r e a t l y  enhanced by th e  in t r o d u c t io n  

o f  h ig h ly  s e n s i t i v e  d e t e c to r s  end by the  a v a i l a b i l i t y  o f  column 

p a ck in g s  c o a ted  w i th  t h i s  f i lm s  o f  th e rm o s ta b le  l i q u i d  p h a se s ,  

e n a b l in g  th e  a n a ly s i s  o f  sm all q u a n t i t i e s  o f  h ig h ly  complex 

m ix tu r e s .

S t a t i o n a r y  phases

In "packed-column" chrom atography, th e  s t a t i o n a r y  phase 

i s  a  n o n - v o l a t i l e  gum co a ted  on an i n e r t  s o l i d  s u p p o r t ,  whereas 

in  " c a p i l l a r y "  o r  "open-tube"  chrom atography, the  in n e r  s u r fa c e  

o f  th e  tube  i s  c o a ted  w i th  th e  s t a t i o n a r y  phase  and no pack in g  

i s  employed. The l i q u i d  phases  c u r r e n t l y  in  use f a l l  rough ly



p h ases  s e p a ra te ,  compounds acc o rd in g  to  t h e i r  m o lecu la r  w e ig h t 

and shape end a re  o n ly  s l i g h t l y  a f f e c t e d  by the  type  of 

f u n c t io n a l  group p r e s e n t  in  th e  m o lecu le .  Such phases  a re  

n o rm a lly  h ig h  b o i l i n g  p e tro leu m  g r e a s e s ,  o r  s i lo x a n e  polym ers 

w i th  m ethyl s u b s t i t u e n t s .  On th e  o th e r  hand, s e l e c t i v e  

s t a t i o n a r y  ph ases  show c h a r a c t e r i s t i c  behav iou r  which may o f te n  

be r e l a t e d  to  s p e c i f i c  fu n c t io n a l  g roups , and a re  u s u a l l y  

polym ers o f  th e  p o l y e s t e r  type  o r  methyl s i lo x a n e  polym ers w i th  

a d d i t i o n a l  p o l a r  g roup ings  such  as f l u o r in e  o r  cyano-e thy l*

An i n f i n i t e  v a r i e t y  o f  s p e c ia l  s e p a r a t io n s  o f  an in te rm e d ia ry  

n a tu re  can be o b ta in e d  by c a r e f u l  b le n d in g  o f  s e l e c t i v e  and 

n o n - s e l e c t iv e  p h ase s  in  d e f i n i t e  p r o p o r t io n s .

Columns

The columns used  by th e  e a r l y  w orkers in  t h i s  f i e l d  (58) 

c o n ta in ed  p ack ings  w i th  a h igh  p e rc e n ta g e  o f  l i q u i d  p h a se ,  

sometimes as  g r e a t  as 40jo* T h is ,  a l th o u g h  n o t  n e c e s s a r i l y

le a d in g  to  low e f f i c i e n c i e s  gave v e ry  long  r e t e n t i o n  tim es 

( i * e .  th e  time taken  f o r  a sample to  emerge a f t e r  a d d i t io n  to  

a column) f o r  compounds o f  h ig h  m o lecu la r  w e ig h t such as s t e r o i d s .  

The in t r o d u c t io n  o f  p ack ings  w i th  1 -  3$ o f  s t a t i o n a r y  phase



r e t e n t i o n  tim es o f  h ig h  m o lecu la r  w e ig h t  compounds. I t  a lso  

h e lp e d  to  avo id  column ’’b le e d ” when th e  h ig h ly  s e n s i t i v e  

d e t e c t o r s  mere employed.

The e f f i c i e n c y  o f  a column i s  measured in  ”t h e o r e t i c a l  

p l a t e s ” and i s  c a l c u l a t e d  from th e  fo l lo w in g  formulas

&ry> p
21 “  16 (i5r)“*

where R^ i s  th e  r e t e n t i o n  tim e and V! i s  the  "width o f  th e  base 

o f  a p eak . The f i r s t  columns -with a lorn p e rc en ta g e  of 

s t a t i o n a r y  phase  mere abou t 4 f t .  long  and had e f f i c i e n c i e s  in 

th e  re g io n  o f  2000 -  4000 t h e o r e t i c a l  p l a t e s .  T /ith  th e  develop

ment o f  th e  th e o ry  o f  gas chrom atography i t  has been p o s s ib l e  to  

in c r e a s e  th e  r e s o lv in g  power o f  columns g iv in g  e f f i c i e n c i e s  up 

to  abou t 40,000 t h e o r e t i c a l  p l a t e s  by in c r e a s in g  th e  le n g th  of 

th e  column to  between 50 and 100 f t .  and d e c re a s in g  the  d iam eter  

t o  abou t 2 mm. High e f f i c i e n c y  columns o f  t h i s  type  were f i r s t  

d eve loped  by S c o t t  (5 9 ) .

D e te c to r s

The ty p es  o f  h ig h  e f f i c i e n c y  column d e sc r ib e d  above would 

be i n e f f e c t i v e  i f  h ig h  e f f i c i e n c y  d e t e c t o r s  were n o t  a v a i l a b l e  

to  be used  in  c o n ju n c t io n  w i th  them. The f i r s t  type o f  h igh  

s e n s i t i v i t y  d e t e c t o r ,  th e  argon io n i s a t i o n  d e t e c t o r ,  was
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developed  in  1€30 by Lovelock (60)•  S ince  then  s e v e ra l  o th e r

h ig h  s e n s i t i v i t y  d e t e c t o r s , n o ta b ly  th e  flame io n i s a t i o n  and

th e  e l e c t r o n  c a p tu re  d e t e c t o r  have been developed# These th re e

d e t e c t o r s  a re  based  on an i o n i s a t i o n  p r i n c i p l e  and each has i t s

ot«i s p e c i a l  advan tage  in  use* The argon i o n i s a t i o n  d e t e c t o r  i s

s l i g h t l y  more s e n s i t i v e  than  th e  flame i o n i s a t i o n  d e t e c to r

p e r m i t t i n g  th e  d e t e c t io n  o f  c o n c e n t r a t io n s  o f  s o lu t e s  in  c a r r i e r
— 13 /gas dovm to  about 10 g/mls on th e  o th e r  hand i t  i s  ex trem ely  

s e n s i t i v e  to  in -p u r i t ie s  such as oxygen and 'water vapour in  the  

c a r r i e r  gas Trhich reduce  i t s  s e n s i t i v i t y  f o r  th e  d e t e c t io n  o f  

o rg a n ic  compounds*. Tho flame i o n i s a t i o n  d e t e c to r  on th e  o th e r  

hand does n o t  have t h i s  d isad v a n ta g e  and i s  p ro b a b ly  more 

u n i v e r s a l l y  u s e f u l .  The t h i r d  type  o f  d e t e c t o r ,  th e  e l e c t r o n  

c a p tu re  ty p e ,  i s  r a t h e r  s p e c i a l i s e d  in  i t s  a p p l i c a t i o n ,  s in c e  

i t  d e t e c t s  o n ly  su b s ta n c es  -which c o n ta in  atoms such as oxygen, 

n i t r o g e n  o r  h a lo g en  which c a p tu re  e l e c t r o n s .  I t  i s  th e  most 

s e n s i t i v e  d e t e c to r  o f  th e  t h r e e .

O p e ra t in g  te ch n iq u es

A sample may be in tro d u ce d  in to  a chromatograph e i t h e r  

a s  a  l i q u i d  s o lu t i o n  o r / a s  a  s o l i d ,  th e  p r im ary  re q u irem en t 

b e in g  t h a t  i t  i s  v a p o r is e d  as n e a r  in s ta n ta n e o u s ly  as p o s s i b l e .  

S y r in g es  a re  a v a i l a b l e  to  d e l i v e r  from O . l j i l .  to  250JUL1. in to  

th e  in s t ru m e n t ,  th e  normal i n j e c t i o n  s i z e  b e in g  between 0• 2JJ. 1.
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and I J l l e j  s in c e  l a r g e r  q u a n t i t i e s  o f  s o lu t io n  produce la rg e  

" s o l v e n t  p e a k s ” "which can co m p le te ly  obscure  e a r l y  peaks as "well 

as  r e d u c in g  th e  s e n s i t i v i t y  o f  th e  d e t e c t o r .

The m ajor d isad v a n ta g e  o f  l i q u i d  i n j e c t i o n  i s  t h a t  o n ly  a 

p o r t i o n  o f  the  t o t a l  sample i s  u t i l i s e d .  There a re  many 

in s ta n c e s  e s p e c i a l l y  in  q u a n t i t a t i v e  u ses  in  biochemice,! systems 

■where i t  i s  d e s i r a b l e  to  in tro d u ce  th e  t o t a l  sam ple. "S o l id  

in j e c t i o s i ” has p ro v id e d  a means whereby an e n t i r e  samp 1 e can be 

d e p o s i t e d  on a w ire  gauze , th e  s o lv e n t  e v ap o ra te d ,  and th e  s o l id  

, in t ro d u c e d  onto  th e  top o f  a chrom atography column. One o f  the  

b e s t  such  system s v a s  d ev ise d  by Men i n i  and Noryrnberski (8 1 ) .

T his  te c h n iq u e  i s  l im i t e d  to  samples o f  low v o l a t i l i t y .

D e r iv a t iv e  fo rm atio n  p r i o r  to  chrom atography

The amount o f  in fo rm a tio n  g a ined  by gas chromatography 

can be g r e a t l y  in c re a s e d  by th e  use  o f  s u i t a b l e  d e r i v a t i v e s .

There a re  two re q u ire m e n ts  t h a t  he/va to  be f u l f i l l e d  f o r  such a 

d e r i v a t i v e  to  be o f  u se  in  GLC, The r e a c t io n  used  in  fo rm ation  

o f  th e  d e r i v a t i v e  shou ld  be e s s e n t i a l l y  q u a n t i t a t i v e ,  and the  

compound th u s  formed shou ld  have a r e t e n t i o n  time m arkedly  

d i f f e r e n t  from th e  p a r e n t  compound.

There a re  s e v e r a l  re a so n s  why d e r iv a t i v e  fo rm ation  may be 

d e s i r a b l e  in  t h i s  type  o f  chrom atography. F i r s t l y ,  in many 

in s ta n c e s  th e  p r e p a r a t io n  o f  s u i t a b l e  d e r iv a t i v e s  w i l l  in c re a se
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th e  s e p a r a t io n  o f  th e  components o f  a m ix tu re  as compared w ith  

th e  p a r e n t  compounds. Second ly , fo r  h ig h ly  p o la r  compounds as 

s u g a r s ,  amino a c id s  and f a t t y  acic ls , d e r i v a t i v e  p r e p a r a t i o n  is  

a b s o l u t e l y  e s s e n t i a l  to  reduce th e  p o l a r i t y  o f  th e  p a r e n t  compounds, 

p ro v id in g  su b s ta n c es  s u i t a b l e  f o r  chrom atography. T h i rd ly ,  

d e r i v a t i v e s  which lo v e r  th e  p o l a r i t y  o f  a compound, as do most o f  

th e  d e r i v a t i v e s  c u r r e n t l y  used  in  GLC^are ex trem ely  u s e f u l  f o r  

q u a n t i f i c a t i o n  p u r p o s e s ■ as th e y  g r e a t l y  reduce  adverse  a d s o rp t io n  

e f f e c t s .  Most o f  th e  u s e f u l  d e r i v a t i v e s  a lso  in c re a s e  v o l a t i l i t y  

and th u s  a id  n o t  o n ly  chrom atography b u t  a l s o  p r e l im in a r y  

p u r i f i c a t i o n ,  e .g ., by suhlim & tion .

The ty p e s  o f  d e r i v a t i v e s  in  g en e ra l  use  a t  th e  p r e s e n t  time 

a re  l i s t e d  below:

FUNCTIONAL GROUP DERIVATIVE

Hydroxyl group A c e ta te ,  p ro p io n a te  
t r i f l u o r o a c e t a t e  

t r i m e t h y l s i l y l  e th e r  

methyl e th e r

C arbonyl group N,N Dimethylhydrazone 
0-M ethyl oxime

C arb o x y lic  a c id  
group

Methyl e s t e r

Amino group A cety l d e r iv a t iv e
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Ap p l i e  a t  :i o n o f  G LC

The T alus  n o rm a l ly  m easured in  q u a l i t a t i v e  GLC i s  the  

r e t e n t i o n  t i n e ,  a lo n g  \ r i th  -which th e  p a ck in g  m a te r i a l  b e in g  used ,  

th e  te m p e ra tu re , th e  gas floTr r a t e ,  and th e  column dim ensions 

a lso  have to  be r e c o rd e d .  Because s e v e ra l  o f  th e se  f a c t o r s  a re  

v a r i a b l e ,  th e  r e t e n t i o n  time has to  be r e l a t e d  to  t h a t  o f  a 

r e f e r e n c e  compound run  under i d e n t i c a l  c o n d i t io n s  in  o rd e r  to  

o b ta in  s t a n d a r d i s e d  d a t a .  Hence, a f r e q u e n t ly  c a l c u l a t e d  va lu e  

i s  the  r e l a t i v e  r e t e n t i o n  time
t

C O •r e l a t i v e  r e t e n t i o n  time = ^
r e f ,

t  ^  r e t e n t i o n  tim e o f  compound
V O j u p  #

^ r e f ,  ~ r e t e n t i o n  tim e o f  r e f e re n c e  compound.

F o r s t e r o i d s  o f  the  c h o le s ts n e  s e r i e s ,  th e  r e f e re n c e  

compound n o rm a lly  used  i s  th e  hydrocarbon 5 (A -c h o le s tan e .

Hoirever, a s u p e r io r  method o f  com pensation f o r  tem p e ra tu re  and 

gas p r e s s u r e  v a r i a b i l i t y  i s  a v a i l a b l e  and t h i s  method o f  s ta n d a rd 

i s a t i o n  i s  c a l l e d  th e  "R e te n t io n  Index” system . In t h i s  system 

th e  p o i n t  a t  v h ic h  a su b s tan ce  i s  e lu t e d  i s  measured on a s c a le  

su p p l ie d  by the  a c tu a l  gas chromatogram i t s e l f .  The f ix e d  

p o in t s  a re  o b ta in e d  by p l o t t i n g  th e  lo g a r i th m  o f  r e t e n t i o n  time 

a g a in s t  th e  carbon number o f  th e  members o f  a homologous s e r i e s  

o f  n - a lh a n e s .  Such a method g ives  a re a so n a b ly  u n iv e r s a l  system

o f  s ta n d a r d s .  I t  i s  a lso  ex trem ely  u s e f u l  fo r  tem p era tu re
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programmed gas chrona  t  og rophy where the  use o f  a s in g le  r e f e re n c e  

coinponn&. von 1 cl be i n a p p r o p r ia t e .

GLC has been used  in  a lm os t ev ery  f i e l d  o f  o rg a n ic  

c h e m is t ry  where su b s ta n c e s  s u i t a b l e  fo r  chrom atography a re  

o b ta in e d ,  b u t  p ro b a b ly  i t s  most e x te n s iv e  a p p l i c a t i o n  has been 

in  b i o l o g i c a l  re sea rc h *  This i s  a  f i e l d  where th e  a n a ly s i s  o f  

m inute  amounts o f  h ig h ly  complex m ix tu res  i s  e s s e n t i a l  to  th e  

s o lu t io n  o f  many p rob lem s. P ro b ab ly  th e  most f r e q u e n t  a p p l i c a t io n  

in  t h i s  c o n te x t  has been to  n a t u r a l  s t e r o i d s  in  the  f i e l d s  of 

b io lo g y  and m ed ic ine . ' F o r  example S j o v a i l  (62) has made 

rem arkab le  p ro g r e s s  in  th e  f i e l d  o f  human b i l e  a c id s  by examining 

them by GLC as t h e i r  methyl e s t e r s .  One o f  the  b e s t  examples o f  

th e  q u a n t i t a t i v e  use  o f  t h i s  te ch n iq u e  has been in  th e  f i e l d  o f  

th e  s t e r o i d  hormones where i t  has been e x te n s iv e ly  used  f o r  

e x a sp le  in  th e  e s t im a t io n  o f  u r i n a r y  p re g n a n ed io l  (63) end 

p r e g n a n e t r io l  (6 4 ) .

Sugars  may a l s o  be examined by GIG a f t e r  co n v ers io n  to  

v o l a t i l e  d e r i v a t i v e s  such as t r i n e t h y l s i l y l  e t h e r s ,  a c e t a t e s  or 

m ethyl e t h e r s .  The u s e f u ln e s s  o f  GLC tech n iq u es  in  th e  a n a ly s i s  

o f  c a rb o h y d ra te s  from n a t u r a l  so u rces  has been i l l u s t r a t e d  in  th e  

work o f  Asp in  a l l  and co-w orkers  (6 5 ) .

The • s e m iq u a n t i t a t iv e  a p p l i c a t i o n  o f  gas chrom atography i s  

f r e q u e n t ly  d em onstra ted  in  l i p i d  i n v e s t i g a t i o n s ,  where i t  has 

been u sed  to  e s t im a te  the  r e l a t i v e  p e rc e n ta g e s  o f  the  v a r io u s



f r a c t i o n s  ( 6 3 ) .

A d d i t io n a l  methods u s ed in  con .jun c t io n  w ith  GLC«

Although gas; chrom atography can p ro v id e  s u b s t a n t i a l  

ev idence , fo r  the  c h a r a c t e r i s a t i o n  o f  an unkno’.m compound, complete 

i d e n t i f i c a t i o n  by t h i s  method a lone  i s  seldom f e a s i b l e .  E lu t io n  

o f  more th an  one component a t  the  same time i s  common, and 

t h e r e f o r e  i t  i s  a d v is a b le  to  use  more than  one column in  any 

i d e n t i f i c a t i o n  o r  b e t t e r  to  employ some a n c i l l a r y  non-chrom ato

g raph ic  method o f  c h a r a c t e r i s a t i o n .

Before  any o f  th e s e  a d d i t i o n a l  techn.icj.ues may be u sed ,  the  

s e p a ra te d  compounds must be t r a p p e d  in  some manner. The m a te r ia l  

may e i t h e r  be le d  d i r e c t l y  from th e  gas chrom atography in to  a 

second a n a l y t i c a l  a p p a ra tu s  o r  th e y  may be c o l l e c t e d  s e p a r a t e l y  

f o r  su b seq u en t a n a ly s i s  * Where p o s s ib l e  th e  d i r e c t  method is  

p r e f e r a b l e  as co n d en sa tio n  o f  samples p roduces  s e v e ra l  t e c h n ic a l  

p rob lem s.

Where compounds c o n ta in in g -c o n ju g a te d  double bonds a re

b e in g  examined, u l t r a - v i o l e t  s p e c tro s c o p y  i s  a v e ry  s u i t a b l e

method f o r  use  in  c o n ju n c t io n  w i th  GLC. The sample s i z e  o f  

—4 —610 to  10 g. needed f o r  an exam ination  makes i t  ap p ro x im a te ly  o f  

th e  c o r r e c t  o rd e r  o f  magnitude f o r  use w i th  t h i s  form o f  chromato

graphy. U l t r a - v i o l e t  sp ec tro sc o p y  i s  o f  l i t t l e  use f o r  compounds 

which do n o t  e x h i b i t  c o n ju g a t io n .
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I n f r a - r e d  sp e c tro s c o p y  i s  however o f  more g en e ra l  use  and

e f f e c t i v e  techniqu&s (67) hoe/e been developed  f o r  t r a p p in g  GLC
~5 -»4f r a c t i o n s .  A s l i g h t l y  l a r g e r  sample o f  10 to  10' g. i s  

n e c e s s a ry  f o r  adequate  c h a r a c t e r i s a t i o n  by t h i s  method.

N uc lea r m agnetic  resonance  (N .I1.R .) has a l s o  been us *.d in  

c o n ju n c t io n  w i th  GLC and a d i r e c t  t r a p p in g  c e l l  has been d e sc r ib e d  

by Brane (6 8 ) .  A modern h ig h  r e s o l u t i o n  in s tru m e n t  used  in  

c o n ju n c t io n  Tfith a computer can produce  a spectrum  from a s .  l i t t l e
— i3

as 10 ' g . T.7hich T r i l l  g iv e  c o n s id e r a b le  s tr u c tu r a l in fo rm a tio n .

The te ch n iq u e  xrhichi i s  most n e a r l y  e q u iv a le n t  in  

s e n s i t i v i t y  to  GLC i s  mass sp e c t ro m e try .  This te ch n iq u e  has the  

added advantage t h a t  i t  i s  a l s o  a vapour phase  method and in  v ie v  

o f  i t s  e x te n s iv e  use  in  our work i t  w i l l  be more f u l l y  d is c u s s e d  

s e p a r a t e ly .

Gas chrom atography -  mass s p e c t ro m e try  (GC-IIS)

Although th e  chrom atographic  methods o u t l in e d  so f a r  a f fo rd  

im p o rtan t ev idence fo r  th e  i d e n t i f i c a t i o n  o f  an unknown compound, 

complete i d e n t i f i c a t i o n  by th e  p h y s ic a l  c o n s ta n ts  d e r iv e d  in t h i s  

way alone  i s  seldom f e a s i b l e .  I d e a l l y  i t  would be d e s i r a b l e  to  

ap p ly  in  c o n ju n c t io n  some non-chrom atograph ic  method o f 

c h a r a c t e r i s a t i o n  to  s t r e n g th e n  th e  c e r t a i n t y  o f  each s t r u c t u r a l  

ass ignm en t.  Yfhere th e  a v a i l a b l e  sample i s  s m a l l ,  few tech n iq u es  

a re  as u s e f u l  as mass sp ec tro m e try  in  p ro v id in g  d e t a i l e d
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s t r u c t u r a l  in fo rm a t io n ,  I t s  a p p l i c a t i o n  in  th e  s tu d y  o f  a la rg e  

number o f  l i p i d  m a t e r i a l s  has "been dem onstra ted  in  th e  work of 

Ryhage and S tenhagen  (69)® This method nay  be a p p l ie d  to  l e s s  

th a n  one m ic rog ran  o f  a pu re  compound, b u t  on the  o th e r  hand is  

o f  l im i t e d  v a lu e  in  th e  s tu d y  o f  m ix tu re s .

As w e l l  as b e in g  an e x trem e ly  pow erfu l s e p a r a t io n  te c h n iq u e ,  

GLC i s  a l s o  u s e f u l  in  c h a r a c t e r i s a t i o n *  T h e re fo re ,  a combination 

o f  gas chrom atography and mass sp e c tro m e try ,  i f  p o s s i b l e ,  would 

r e p r e s e n t  a  te ch n iq u e  o f  immense use  in  b io lo g ic a l  s t u d i e s .

The in d iv id u a l  p ro c e d u re s  p o s s e s s  two im p o r tan t  s i m i l a r i t i e s  

w hich  make such a com bination  t e c h n i c a l l y  f e a s i b l e ,  namely t h a t  

b o th  a re  perfo rm ed  in  the  vapour phase  and b o th  a re  concerned 

w i th  raierogram q u a n t i t ie s®  There a re  tTro ways in  which such a 

com bina tion  can be b ro u g h t about? e i t h e r  th e  s e p a ra te d  samples 

a r e  i n d i v i d u a l l y  condensed from th e  gas chrom atographic  e f f l u e n t  

f o r  su b seq u en t mass s p e c tro m e try ,  o r  th e y  a re  a llow ed  to  flow  

d i r e c t l y  in to  th e  mass sp ec tro m e te r  w h ile  s t i l l  in  the  vapour 

p h a se .  The l a t t e r  method i s  the  more d e s i r a b le  s in c e  th e  

c o l l e c t i o n  p ro ced u re  has s e v e ra l  s e r io u s  d is a d v a n ta g e s ? -  

(x )  There a re  u s u a l l y  c o n s id e ra b le  lo s s e s  in  condensing  end 

t r a n s f e r r i n g  sam p les ;

(2 )  th e  p ro c e ss  i s  tim e consxuning and r e q u i r e s  c o n s id e ra b le  

s k i l l ,  e s p e c i a l l y  when d e a l in g  w i th  microgram q u a n t i t i e s .



.(3) th e  mass spec trum  o b ta in e d  u s u a l l y  r e p r e s e n t s  th e  average 

com position  o f  th e  ch ro n a to g ra p h ic  e f f l u e n t  over th e  time 

o f  c o l l e c t i o n  which nay  be s e v e r a l  m in u te s .

(4) There i s  a  la c k  o f  con fidence  in  th e  correspondence  o f  a 

p a r t i c u l a r  chrom atographic  peak  to  the  sample condensed.

( 5 ) Sometimes compounds which a re  p e r f e c t l y  s t a b l e  in  th e  i n e r t  

c a r r i e r  gas decompose when th e y  a re  condensed in  the  

atmosphere#

In  c o n t r a s t  the  d i r e c t  te ch n iq u e  i s  much f a s t e r  and g r e a t l y  

reduces  m echan ica l lo s s e s  and th e  p o s s i b i l i t y  o f  contam ination#

The p o s s i b i l i t y  o f  decom position  i s  minim ised*and th e  mass 

spectrum  o b ta in e d  r e p r e s e n t s  th e  com position  o f  th e  chromato

g rap h ic  e f f l u e n t  over a f eir s eco n d s .  This f a c t  makes i t  p o s s ib le  

to  r e c o rd  s e v e ra l  s e q u e n t i a l  mass s p e c t r a  d u r in g  th e  emergence 

o f  one chrom atographic  p e ek ,an d  th u s  to  d e t e c t  im p u r i t i e s  o r  

u n re so lv e d  m ixtures*

Methods o f  com bination

Improvements in  the  d e s ig n  o f  commercial mass sp ec tro m e te rs  

p ro v id e d  the  f a s t  scan n in g  in s tru m e n ts  n e c e s sa ry  f o r  such a 

com bina tion . For packed column gas chromatographs p r o v is io n  

has to  be made f o r  removal o f  th e  c a r r i e r  g a s ,“which “would cause 

e x ce ss iv e  p r e s s u r e s  in  the  mass sp ec tro m e te r  r e s u l t i n g  in  peak 

b roaden ing  and la c k  o f  r e s o l u t i o n .  To remove the  c a r r i e r  gas
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i t  23 n o c5 ;i ja ry  to L:r/o 00 0 ,0  k ind  of u "m olecu lar  s e p a r a t e r ” 

between th e  gas chrouaiogovpli column o u t le t -  and th e  gas i n l e t  

o f  th e  mass s p e c t ro m e te r . m arly  com bination in s tru m e n ts  (70) 

were ab le  to  overcome the  absence o f  such a dev ice  by th e  use o f  

c a p i l l a r y  gas chrom atographic  columns, which, by t h e i r  v e ry  n a tu r e ,  

have a v e ry  low gas flow  and thus  a h igh  sample to  c a r r i e r  gas 

c o n c e n t r a t io n .  Such a system a l l o t s  d i r e c t  sam pling  o f  the  

GXX e f f l u e n t  in to  th e  mass s p e c tro m e te r .

R e c e n t ly  an e f f i c i e n t  m o le c u la r  s e p a r a to r ,  f o r  use w ith  

packed columns, has been developed in  Sweden by Ilyhage ( 7 l )  and 

has been employed in  a s u c c e s s fu l  commercial in s tru m e n t  (see  F i g 06 , 

th e  IliB llodel 9000 in s t ru m e n t ) .  An a l t e r n a t i v e  system of 

comparable e f f i c i e n c y  has been developed  in  the  U.S.A. by T/at son 

and Biemann (62) and has a lso  been used  in  commercial combination 

in s t r u m e n ts . -

Automation o f GC-L'B

 ̂ A GC-hiS in s tru m e n t  can hand le  complex m ix tu res  ex trem ely

r a p i d l y .  U n f o r tu n a te ly ,  th e  i n j e c t i o n  o f  s o lu t io n s  r e q u i r e s  

th e  p re sen c e  o f  an o p e ra to r  a t  f r e q u e n t  i n t e r v a l s  and -wastes 

a lm ost h a l f  the  o p e r a t in g  time o f  th e  in s tru m e n t ,  -when i t  i s  ou t 

o f  a c t io n  d u r in g  the  n i g h t .  However, the  development of 

au tom atic  " s o l i d  i n j e c t i o n ” system s f o r  commercial gas 

chromatogranhs w i l l  no doubt be ex tended  to  GC-21S in s trum en ts
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lacking P. 4-no nr  o p e r a t i o n  of such a machine p o s s i b l e .

The o th e r  handicap v i t h  a GC-1.'3 in s t ru m en t  i s  t h a t  i t  

produces mass s p e c t r a l  in fo  m a t  ion much f a s t e r  than  i t  can be 

d e a l t  w i th  by one person* A n a ly s is  of mass s p e c t r a l  d a ta  i s  

a te d io u s  and tim e-consum ing p r o c e s s .  However, i t  i s  p o s s ib le  

to  d ea l  Trith such in fo rm a t io n  on a computer (73) , and, pe rhaps  

an au tom atic  i n j e c t i n g  GC-1IS in s tru m e n t  l in k e d  to  a sm all 

computer m i l l  be a com m .erdaily  a v a i l a b l e  in s tru m e n t  in  the  

n e a r  f u t u r e .

Cone1ns ion

The v a r io u s  te ch n iq u es  o u t l i n e d  here  p ro v id e  p ro b a b ly  

th e  most pow erfu l method o f s e p a r a t in g  and c h a r a c t e r i s i n g  

microgram m ix tu res  o f  unknown compounds, e s p e c i a l l y  when th e y  

a re  used  in  c o n ju n c t io n  w ith  one a n o th e r .

\i
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The G eneral Problem

The a n a ly s i s  o f  s t e r o i d s ,  e s p e c i a l l y  th o se  d e r iv e d  from 

n a t u r a l  s o u rc e s ,  p r e s e n t s  many problem s in  i s o l a t i o n ,  s e p a r a t io n ,  

c h a r a c t e r i s a t i o n  and id e n t i f i c a t i o n * '

S t e r o i d s  a re  u s u a l l y  r e l a t i v e l y  e asy  to  i s o l a t e  as a group, 

and in th e  f r e e  form th e y  a re  u s u a l l y  e x t r a c t e d  w i th  & l i p i d  

s o lv e n t  m ix tu re  such as  c h lo ro fo ra -m e th a n o l  (2 :1  v / v ) ,

However, in  aqueous media such as u r in e  o r  b i l e ,  s t e r o i d s  e x i s t  

l a r g e l y  in  w a te r  s o lu b le  c o n ju g a ted  forms such as s u lp h a te s  and 

g lu cu ro n ic le s , o r  in  th e  case  o f  b i l e  a c id s  as' g ly c in e  o r  t a u r in e  

con juga tes*  These c o n ju g a te s  a re  r e l a t i v e l y  in s o lu b le  in  l i p i d  

s o lv e n t s  and r e q u i r e  a s p e c ia l  e x t r a c t i o n  p rocedure  f r e q u e n t ly  

in v o lv in g  th e  use o f  such e x t r a c t i o n  m ix tu re s  as aqueous a lco h o l 

o r  ammonium s u l p h a t e / t e r t i a r y  b u ta n o l ,  a f t e r  which th e  f r e e  

s t e r o i d s  a re  l i b e r a t e d  by h y d ro ly s is *

Many o f  th e  s e p a r a t io n  p ro c e s s e s  used  in  s t e r o i d  ch em is try  

depend on the  chem ical p r o p e r t i e s  o f  th e  m o lecu le .  Such 

p r o p e r t i e s  a re  e s s e n t i a l l y  d e te rm ined  by the  type and number o f  

fu n c t io n a l  groups p r e s e n t .  Chemical s e p a r a t io n s  on th e  b a s is  

o f  fu n c t io n a l  groups a re  an in v a lu a b le  p r e l im in a r y  to  any 

i n v e s t ig a t i o n  in to  s t e r o i d  s t r u c t u r e .  These w i l l  g e n e r a l ly  

s e p a ra te  one c l a s s  o f  s t e r o i d  from an o th e r  ( e . g .  k e tones  from 

a lc o h o ls )  and a re  u s u a l l y  based  on d i f f e r e n c e s  in  s o l u b i l i t i e s
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o f  io n is e d  and n o n - io n i s e d  compounds. For example, b a s ic  

e x t r a c t i o n  w i l l  s e l e c t i v e l y  remove a c id i c  and p h e n o l ic  compounds 

from a l i p i d  e x t r a c t  by co n v ers io n  o f  th e se  compounds in to  t h e i r  

■water s o lu b le  io n is e d  sodium s a l t s , w h ile  th e  n e u t r a l  compounds 

rem ain unchanged in  th e  l i p i d  s o lv e n t .  S i m i l a r l y ,  by fo rm ation  

o f  a w a te r  s o lu b le  G ira rd  hydrazone d e r i v a t i v e ,  k e tones  may be 

p r e f e r e n t i a l l y  removed from a l i p i d  e x t r a c t .  The s e p a r a t io n  

o f  in d iv id u a l  members o f  a group i s  u s u a l l y  then  accom plished 

by some form o f  p re p a re t t iv e  chrom atography.

The second problem  is  th e  c h a r a c t e r i s a t i o n  o f  th e  n ewly  

i s o l a t e d  s t e r o i d .  Group s e p a r a t io n s ,  i f  employed, have so lved  

p a r t  o f  t h i s  problem  in  t h a t  th e y  have in d ic a te d  th e  p re s e n c e ,  

though n o t  th e  p o s i t i o n ,  o f  a p a r t i c u l a r  f u n c t io n a l  group.

From t h i s  p o i n t ,  i t  i s  u s u a l  to  assume r e g u la r  n u c le a r  s t r u c t u r e ,  

u n le s s  th e r e  i s  any ev idence  f o r  any o th e r  v ie ivpo in i,  and to  

a t te m p t  to  c o r r e l a t e  th e  u n i d e n t i f i e d  s t e r o i d  w ith  knoim 

compounds.

The main f e a tu r e s  which have to  be s e t t l e d  a re  the  s i z e  

o f  the  s k e le to n ,  ( s in c e  s t e r o i d s  may comprise e ig h te e n  to  t h i r t y  

carbon a to m s ) , and the  s te r e o c h e m is t ry  o f  th e  r i n g  ju n c t io n s  and 

n u c le a r  s u b s t i t u e n t s .  The most r e l i a b l e ,  b u t  the  most te d io u s  

method f o r  s e t t l i n g  th e  s te r e o c h e m is t ry  o f  a s t e r o i d  i s  a d e t a i l e d  

X -ray  a n a ly s i s  o f  th e  c r y s t a l  s t r u c t u r e  ( l ) .  For a com ple te ly  

new type  o f  s t e r o i d  such an a n a ly s i s  may be n e c e s sa ry .  ¥ h e re



b a s i s  o f  chem ical r e a c t i o n s  and p h y s ic a l  ev id en ce .

R ing ju n c t io n s  BiC and Ci'D a re  t r a n s  in  s te r e o c h e m is t ry  

in  a lm ost a l l  n a t u r a l l y  o c c u r r in g  s t e r o i d s , whereas r i n g  ju n c t io n  

A:B i s  t r a n s  in  some s t e r o i d s  and e l s  in o t h e r s .  The s p a t i a l  

a rrangem ent o f  n u c le a r  s u b s t i t u e n t s  may a ls o  be dec id ed  from an 

X—r a y  s tu d y ,  b u t  i t  i s  more u su a l  to  use chemical ev idence  such 

as  r e a c t i o n s  o f  known s te reo c h e m ica l  consequence, o r  fo rm ation  

o f  new r in g s  u s in g  th e  s u b s t i tu e n ts ®  Among th e  p h y s ic a l  

te ch n iq u es  which may a l s o  be used  to  s e t t l e  t h i s  problem  a re  

i n f r a r e d  sp e c t ro sc o p y  and o p t i c a l  r o t a t o r y  d i s p e r s io n .

The c l a s s i c a l  approach

E a r ly  s t r u c t u r a l  s t u d i e s  on s t e r o i d s  ire r e  conducted f r i th  

c h o l e s t e r o l  and th e  b i l e  a c id  c h o l ic  a c id ,w h ich  were ab u ndan tly  

a v a i l a b l e  and e a sy  to  i s o l a t e .  The s t r u c t u r e s  o f  th e se  s t e r o id s  

were e s t a b l i s h e d  m a in ly  by e x h a u s t iv e  o x id a t iv e  d e g ra d a t io n .

The n e x t  phase  o f  s t e r o i d  r e s e a r c h  was concerned w i th  the  

i s o l a t i o n  o f  th e  s t e r o i d  hormones. These compounds d i f f e r e d  

from c h o le s t e r o l  and c h o l ic  a c id  in t h a t  th ey  were o n ly  found 

in  m inute q u a n t i t i e s  in  the  body. T heir  i s o l a t i o n  and i d e n t i 

f i c a t i o n  i l l u s t r a t e s  th e  c l a s s i c a l  approach  to  the  p rob lem , and 

i s  w e l l  i l l u s t r a t e d  in  the  work on th e  hormones e s t ro n e  (2) and 

a n d ro s te ro n e  ( 3 ) .  Both th e se  s t e r o i d s  were i s o l a t e d  in  sm all
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q u a n t i t i e s  i r o n  enormous volumes o f u r i n e  in which t h e i r  

p re se n c e  had been in d ic a te d  by b i o l o g i c a l  a s s a y .  The p u re  

compounds tr&re on ly  a r r i v e d  a t  a f t e r  em iensive vacuum d i s t i l l 

a t i o n ,  and re p e a te d  s u b l im a tio n  and c r y s t a l l i s a t i o n .  The f i n a l  

p ro d u c t  was c h a r a c t e r i s e d  by i t s  m e l t in g  p o i n t  and o p t i c a l  

r o t a t i o n .  (A s i m i l a r  approach  was used  by H ardegger_e t a l .  (4) 

to  th e  minor s t e r o i d s  o f  the  human atherom atous a o r t a . )

A f te r  c h a r a c t e r i s a t i o n  o f  th e  i s o l a t e d  s t e r o i d s  in  t h i s  

•'way, i d e n t i t y  was e s t a b l i s h e d  by c a l c u l a t i o n  o f  an e m p ir ic a l  

fo rm ula  from e lem en ta l  a n a l y s i s ,  fo llow ed  by e x te n s iv e  

d e g ra d a t io n .  The s t r u c t u r e s  o f  th e  d e g ra d a t io n  p ro d u c ts  were 

e s t a b l i s h e d  by s y n th e s i s .

The v a r io u s  c l a s s i c a l  i d e n t i f i c a t i o n  p ro ced u res  can be 

b ro a d ly  d iv id e d  in to  two groups:

(1) th o se  g iv in g  c o n t r ib u to r y  in fo rm a t io n ,  and

(2) th o se  p ro v id in g  e x c lu s iv e  in fo rm a t io n .

In to  the  f i r s t  c a te g o ry  f a l l  th e  d e te rm in a t io n  o f  

e m p ir ic a l  form ula and m o lecu lar  fo rm ulae , the  numerous methods 

o f  d e te rm in a t io n  o f  type  and number o f  f u n c t io n a l  groups and the  

d e te rm in a t io n  o f  p h y s ic a l  p r o p e r t i e s  such as o p t i c a l  r o t a t i o n  and 

a b s o rp t io n  s p e c t r a .  Each o f  th e s e  methods c o n t r ib u te s  to  an 

i d e n t i f i c a t i o n  b u t  r a r e l y  g ives  a s o lu t io n  e x c lu s iv e  o f  a l l  o th e r  

p o s s ib le  s t r u c t u r e s .  In  th e  second group th e  o b je c t  i s  to  show 

th a t  th e  unknown compound i s  i d e n t i c a l  to  a  known compound.



s e p a r a t e l y  and mixed, and f i n g e r p r i n t i n g  te ch n iq u es  suck as 

i n f r a r e d  s p e c tro s c o p y .

The p r e s e n t  approach

At th e  p r e s e n t  time we s t i l l  use  p a r t s  o f  th e  c l a s s i c a l  

p ro c e d u re s ,  e s p e c i a l l y  th o se  which have been adap ted  fo r  use on 

a sm all s c a l e .  A lthough , fo r  in s t a n c e ,  m o lecu la r  r o t a t i o n  

measurements canno t be used  r o u t i n e l y  on l e s s  than  abou t 1 mg. 

o f  m a te r i a l  th e y  have l a r g e l y  been r e p la c e d  by TLC and GLC 

p a ra m e te r s .  M olecu la r  r o t a t i o n  e v id en ce ,  and e s p e c i a l l y  

r o t a t o r y  d i s p e r s io n ,  a re  however, s t i l l  u sed  in  im p o r tan t  

i d e n t i f i c a t i o n s  where a s u f f i c i e n t  q u a n t i t y  o f  pu re  m a te r i a l  

can be amassed. I s o l a t i o n  o f  s t e r o i d s  i s  now u s u a l l y  done 

i n i t i a l l y  by column chrom atography fo llow ed  by p r e p a r a t iv e  TLC 

f o r  th e  s u b f r a c t io n a t i o n  o f  t h i s  group.

Chrom atographic m o b i l i t i e s  in  c h a r a c t e r i s a t i o n

In c h a r a c t e r i s a t i o n ,  much more use i s  now made o f 

r e g u l a r i t i e s  in  chrom atograph ic  m o b i l i t i e s .  Much o f  th e  e a r ly  

work on the  c o r r e l a t i o n  o f  th e  chrom atographic  behav iour o f  

s t e r o i d s  w i th  t h e i r  s t r u c t u r e  was done by Bush (5) u s in g  p ap e r  

chrom atography. He e x te n s iv e ly  a p p l ie d  th e  e q u a tio n  developed 

k7  B ate—Smith and W es ta l l  (6) fo r  p a r t i t i o n  system s, namely



d u c t io n  o f  a s p e c i f i c  f u n c t io n a l  group in to  a g iven p o s i t i o n

and o r i e n t a t i o n .  He used  the  term  fo r  the  d i f f e r e n c e  inf.h>

v a lu e s  o f  a s t e r o i d  in  tiro d i f f e r e n t  s o lv e n t  sy stem s. Thus 

u s in g  th e  v a lu e  o f  an unknown s t e r o i d  de term ined  in  s e v e ra l  

d i f f e r e n t  s o lv e n t  sy s tem s, Bush was ab le  to  i d e n t i f y  many s t e r o i d s  

A s im i l a r  approach  to  R,, v a lu e s  'was used  by L isboa  (7 ,8 )  foIxi

TLC sy s tem s . He d ev ise d  a method f o r  the  i d e n t i f i c a t i o n  of 

microgram amounts o f  s t e r o i d s  u s in g  t h i s  te c h n iq u e .  U n fo r tu n a te ly  

vhen a s t e r o i d  i s  chromatographed u s in g  a m ix tu re  o f  s o lv e n t s  on 

a t h i n - l a y e r  o f  s i l i c a  ge l i t  i s  s u b je c te d  to  an a d so rp t io n  and 

a p a r t i t i o n  p r o c e s s .  These d i f f e r i n g  e f f e c t s  i n t e r f e r e  •with 

th e  d e te r m in a t io n  of. A  ^  v a lu e s .  Together w ith  t h i s ,  the  

i r r e g u l a r  s a t u r a t i o n  o f  the  upper r e g io n s  o f  th e  chamber l i m i t  

th e  use  o f  th e se  v a lu e s  in  TLC. However, a lth o u g h  a c c u ra te  

c o n s ta n ts  canno t be d e te rm in ed , approxim ate  d a ta  a re  o b ta in e d  

which g r e a t l y  a id  any s t e r o i d  c h a r a c t e r i s a t i o n .  This is  

ex trem e ly  im p o r tan t  where th e  s t e r o i d  is  a v a i l a b le  in  q u a n t i t i e s  

which a re  i n s u f f i c i e n t  to  p e rm i t  i n f r a r e d  sp ec tro sc o p y .

L isboa  (8) a lso  used  group co lo u r  r e a c t i o n s  fo r  th e  _in s i t u  

c h a r a c t e r i s a t i o n  o f  s t e r o i d s  a f t e r  developm ent. U sing  co lo u r  

r e a c t i o n s ,  he w as, f o r  in s t a n c e ,  ab le  to  d i f f e r e n t i a t e  between 

hydroxy and k e t o - s t e r o i d s  and even to  su g g es t  p o s s ib le  lo c a t io n s  

o f  th e  f u n c t io n a l  groups b e fo re  u n d e r ta k in g  a s tu d y  o f  v a lu e s .



i* o r  ga3 ~l:u ju id  chro; ■ a to g ra p h y , the f i r s t  s i g n i f i c a n t  

c o r r e l a t i o n s  between r e t e n t i o n  behav iour  and s t r u c t u r e  of 

s t e r o i d s  were e s t a b l i s h e d  by C lay ton  (9 ,1 0 ,1 1 )  f o r  a s e r i e s  of 

s t e r o l  m ethyl e t h e r s .  He c a l c u l a t e d  ” group r e t e n t i o n  f a c t o r s ” 

which e x p re sse d  th e  r e l a t i v e  change in  r e t e n t i o n  t i n e  f o r  the  

i n t r o d u c t io n  o f  a p a r t i c u l a r  s u b s t i t u e n t*  He in tro d u ce d  the  

e q u a tio n s

r « r x K x It  x •»• * n a o .
in  which th e  r e l a t i v e  r e t e n t i o n  tim e o f  th e  s t e r o i d  i s

approx im ated  by th e  p ro d u c t  o f  th e  r e t e n t i o n  o f  th e  p a r e n t

n u c le u s  ( r  )  and the  p t o w o  r e t e n t i o n  f a c to r s  ( K  . K ,  e t c . ) .  v n 7 ^ v a ' 1)

T his  r e l a t i o n s h i p  o n ly  ho ld s  where th e r e  i s  no i n t e r a c t i o n  of 

th e  s u b s t i t u e n t s  and i t s  a p p l i c a b i l i t y  fo r  d i f f e r e n t  ty p es  of 

compound was l a t e r  i l l u s t r a t e d  by s e v e ra l  o th e r  w orkers (1 2 ,1 3 , 

1 4 ,1 5 ) .

K n ig h ts  and Thomas ( id )  su g g es te d  t h a t  th e  lo g a r i th m ic  

f o r a  o f  C la y to n 1s e q u a t io n  was more co n v en ien t ,  i . e .

lo g  r  *=? log  r n 4* lo g  K& + lo g  IĈ  * . . .

Such v a lu e s  a re  e s p e c i a l l y  u s e f u l  because o f  t h e i r  c lo se  

r e l a t i o n s h i p  to  th e  A?w* v a lu es  c a lc u la te d  fo r  t h i n - l a y e r  and 

p ap e r  chrom atography. U sing  t h i s  approach th e se  w orkers were^ 

f o r  in s ta n c e  ab le  to  dem onstra te  th e  constancy  o f  th e  c o n t r i 

b u t io n  o f  th e  C- 1 0  m ethyl group in  a l a rg e  number o f  s t e r o id s  

-o n  0F-1. The s u b s t a n t i a l ' v a r i a t i o n s  found in  th e  va lue  fo r
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th e  1 1 ( 3  - h y d ro xyl g roup were a t t r i b u t e d  to n e ighbour ing  group 

i n t e r a c t i o n s  o f  t h i s  s u b s t i t u e n t  w i th  the  a n g u la r  m ethyl groups.

Brocks and Hanaineh ( 1 3 ), s tu d ie d  a much l a r g e r  group o f 

compounds than  K nigh ts  raid Thomas (16) and e s t a b l i s h e d  the  

c o n s ta n c y  o f  group r e t e n t i o n  f a c t o r s  fo r  c e r t a i n  h y d ro x y l ,  

a c e to x y l  and k e tc n ie  groupings and fo r  a c e ty l a t i o n  in  numerous 

exam ples. U n lik e  £>dev ious  w orkers th e y  a ls o  used  s ta n d a rd  

d e v ia t io n s  to  dem onstra te  the  v a l i d i t y  of th e  exp er im en ta l  v a lu e s .

Hartman and V/otiz (14) s tu d ie d  th e  GLC behav iour o f  a s e r i e s  

o f  C-19 isom eric  s t e r o i d  p a i r s  and c a lc u la te d  lo g  r  v a lu e s  fo r  

h y d ro x y l ,  t r i m e t h y l s i l y l  and t r i f l u o r o a c e t a t e  g ro u p in g s .  U sing  

th e se  r e s u l t s  th e y  were ab le  to  c o r r e l a t e  GLC behav iour w i th  the  

chem ical n a tu re  o f  th e  l i q u i d  phase  be in g  u sed .  These workers 

a l s o  n o te d  t h a t  th e  r e t e n t i o n  time o f th e  5 OC-endrostane nuc leus  

was c o n s i s t e n t l y  g r e a t e r  than  t h a t  o f  th e  5 ^ - i s o m e r  as had been 

found by e a r l i e r  i n v e s t i g a t o r s  (1 3 ,1 6 ,1 7 ) .

Vandenlleuve 1 and Horning U P  •were a ls o  aware o f  th e  many 

r e g u l a r i t i e s  in  th e  chrom atographic  behav iour o f  s t e r o i d s .

They in tro d u c e d  a new te rm , th e  s t e r o i d  number (SN) f o r  th e  

e lu c i d a t i o n  o f  th e  s t r u c t u r a l  f e a tu r e s  o f  the  s t e r o i d  n u c le u s .

This  term  was d e r iv e d  from th e  work o f  T/oodford and Van Gent on 

f a t t y  a c id s  (18) and in  e f f e c t  i t  employs th e  p a r e n t  s t e r o i d  

n u c l e i  as r e f e r e n c e  s ta n d a rd s .  R e te n t io n  f a c to r s  a s s o c ia te d  

w i th  p a r t i c u l a r  fu n c t io n a l  groups were th en  ex p ressed  as 

c h a r a c t e r i s t i c  c o n t r ib u t io n s  to  th e  s t e r o i d  number.



Mass sp e c tro m e try  i s  o f  g r e a t  v a lu e  in  con firm ing  s t r u c t u r a l  

a ss ignm ents  made on th e  b a s i s  o f  chrom atographic  m o b i l i t i e s .

I t s  va lu e  i s  a c c e n tu a te d  when i t  i s  used  in  d i r e c t  com bination 

•with a gas chrom atograph. A mass spectrum  d e r iv e d  in  t h i s  way 

may e i t h e r  be used  as a Hf  i n g e r p r i n t ’1 f o r  comparison w i th  t h a t  

o f  a r e f e r e n c e  compound, o r  i t  may be an a ly sed  w ith  the  aim of 

r e l a t i n g  observed  fragm ents  w i th  f rag m e n ta t io n  e sp e c ted  to  occur 

on the  b a s i s  o f  s t r u c t u r a l  f e a t u r e s .

Mass s p e c tro m e try  was f i r s t  a p p l ie d  to  s t e r o i d s  by de Mayo 

and Reed ( X9) w i th  p a r t i c u l a r  r e f e r e n c e  to  the  d e te rm in a t io n  o f  

m o lecu la r  'weight. S ince  then  many s tu d ie s  o f  th e  mass s p e c t r a  

o f  s t e r o i d s  have been c a r r i e d  outs fo r  i n s t a n c e ,  F r ie d la n d  e t  

a l . ( 2 0 ) d is c u s s e d  the  p r i n c i p a l  f r ag m en ta t io n  p ro c e s s e s  o f  a 

group o f  s t e r o i d  a lc o h o l s ,  w h ile  Bergstrom  e t  _al. ( 2 l )  emphasised 

i t s  use  in  the  d e te rm in a t io n  o f  th e  m o lecu la r  w e igh ts  o f  b i l e  a c id s .  

A more d e t a i l e d  d i s c u s s io n  o f  th e  f rag m e n ta t io n  p a t t e r n  of 

s t e r o i d s  has been p u b l i s h e d  by Ryhage and Stenhagen (2 2 ) .

The f rag m e n ta t io n  p ro c e s s e s  o f  th e  s a tu r a t e d  s k e le to n  

have been d e t a i l e d  (1 9 ,2 0 ,3 3 )  in  terms o f  the  hydrocarbon e h o le s ta n e .  

The r i n g  system of th e  n u c leu s  g ives  a  v e ry  com plica ted  fragmen

t a t i o n  p a t t e r n  in  th e  mass range below abou t m/e 2 0 0 : however,

in  th e  h igh  mass range c h a r a c t e r i s t i c  peaks appear which make 

th e  s p e c t r a  u s e f u l  f o r  i d e n t i f i c a t i o n  p u rp o se s .  One o f  the



i s  th e  e l im in a t io n  o f  th e  s id e  cha in  p lu s  42 mass u n i t s  d e r iv e d

from r i n g  3) (see  F ig .  l ) .

Such a f r a g m e n ta t io n  i s

re p r e s e n te d  by th e  navy

l i n e  in  th e .ab o v e  diagram .

Another no te?rorthy  f e a tu r e ->

A B
o f  th e  s p e c t r a  o f  s t e r o i d a l

hydrocarbons co rresponds  to F ig .  1

th e  lo s s  o f  the  C -iS  and C-19 a n g u la r  methyl s u b s t i t u e n t s .

Thus in  the  mass sx^ectrum o f  c h o le s ta n e  (M -  372), th e  base peak

abundant* Also e v id e n t  a re  ions a r i s i n g  from the  lo s s  o f  the

S t e r o l s  te n d  to  e l im in a te  th e  e lem ents  o f  i r a te r  in  the  mass 

s p e c t ro m e te r ,  an e f f e c t  "which i s  due p a r t l y  to  therm al p ro c e sse s  

and p a r t l y  to  e l e c t r o n  im pact. The r e s u l t i n g  s p e c t r a  c lo s e ly  

resem ble  th o se  o f  th e  c o rre sp o n d in g  o l e f i n s .  A c e ta te s  and o th e r  

e s t e r s  undergo a s i m i l a r  e l im in a t io n ,  b u t  th e  p ro c e ss  i s  l e s s  

marked r / i th  e th e r  d e r i v a t i v e s .  S a t i s f a c t o r y  s p e c t r a  o f  a lco h o ls  

can , hot/ever, be o b ta in e d  by t h e i r  in t r o d u c t io n  in to  th e  mass 

s p ec tro m e te r  v i a  a gas chromatograph i n l e t  system , or b e t t e r  by 

convers ion  to  t r i m e t h y l s i l y l  e th e r  d e r iv a t iv e s  (se e  b e lo v ) .

occurs  a t  m/e 217 M -  (CgH^,, -  42) and an (M-15) s p e c ie s  i s

s id e  ch a in  ( i . e .  M -  C gH ^) a t  m/e 259 and th e  s id e  cha in  p lu s  

r i n g  A a t  m/e 203.
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U n lik e  t h a t  o f  s t e r o l s ,  th e  f rag m e n ta t io n  o f  s t e r o i d a l

k e to n es  i s  f r e q u e n t ly  u n p r e d ic ta b le  and ex trem ely  complex.

These compounds o f te n  undergo rea rran g em en ts  d u r in g  f rag m e n ta t io n .  

Such a p r o c e s s ,  an ezcai^ple o f  th e  more genera,! HM cL affer tyn type 

o f  rea r ra n g em e n t ,  i s  i l l u s t r a t e d  below.

The mass s p e c t r a  o f  s t e r o i d a l  k e to n es  have been e x te n s iv e ly

The su ccess  o f  mass s p e c tro m e try  in  the  a n a ly s i s  o f  s t e r o i d s  

has been l a r g e l y  due to  the  in t r o d u c t io n  o f  s p e c i f i c  d e r iv a t i v e s  

to  p r o t e c t  l a b i l e  f u n c t io n a l  groups and to  promote a r e g u la r  

p a t t e r n  o f  f r a g m e n ta t io n .  F r e q u e n t ly  d e r iv a t i v e s  a re  chosen 

which a lso  give good gas chrom atographic  c h a r a c t e r i s t i c s  and 

th e se  a re  e s p e c i a l l y  u s e f u l  in  the  GC-FS com bination in s tru m e n t .

e th e r  d e r i v a t i v e .  These d e r iv a t i v e s  were in tro d u ce d  by 

Sharkey  (26) in 195T w ith  the  o b je c t  o f  o b ta in in g  b e t t e r  

m o lecu la r  ions than  were n o rm a lly  o b ta in e d  from a lc o h o ls  and 

t h e i r  e s t e r  d e r i v a t i v e s .  L a te r  th e se  d e r iv a t iv e s  were shown 

by Luukkainen e t  a l . (27) to  have e x c e l l e n t  gas chrom atographic

This mode o f f rag m e n ta t io n bond.

s tu d ie d  by D j e r a s s i  and co-w orkers  (2 3 ,2 4 ,2 5 ) .

For s t e r o l s  such a d e r i v a t i v e  i s  the  t r i m e t h y l s i l y l  (ThSSi)
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s e p a r a t i o n  p r o p e r t i e s , and s in c e  then  th e y  have become e x te n s iv e ly  

used  in  t h i s  f i e l d .  The mass s p e c t r a  o f  TMSi e th e r s  a re  

c h a r a c t e r i s e d  by lo s s e s  o f  90 mass tm i t s  co rre sp o n d in g  to  

t r  ime th y l  s i 1 ano 1 QCHgJgSiOH] a f e a tu r e  e a s i l y  re c o g n ise d  in 

such sp ec tra #  Perhaps  the  most v a lu a b le  f e a tu r e  o f  Tr.Si e th e r s  

in  mass s p e c tro m e try  i s  t h e i r  tendency  to  promote w e l l -d e f in e d  

modes o f  f r ag m e n ta t io n  w ith  the  fo rm ation  o f  r a t h e r  s t a b l e  ions 

o f  the  t r i m e t h y l s i l y l  oxonium ty p e .  F o r  example, where a  t r i -  

m e th y l s i l y l  e th e r  group occurs  in  th e  s id e  c h a in ,  as in  24 and 

2 5 -h y d ro x y ch o le s te ro l  bis- 'TI'Si e th e r s  th e  fo l lo w in g  p ro c e s s  i s  

t y p i c a l  o f  the  type  o f  f rag m e n ta t io n  which ta k e s  p la c e .

CH3 ch3
*4“

+
CHjOSi M63 CH=6siMe3

■CH-

/ C H X

One f e a tu r e  o f  th e  mass s p e c t r a  o f  t h i s  type  o f d e r iv a t iv e

which has been e s p e c i a l l y  u s e f u l  in  our own work i s  the

ex trem ely  h ig h  abundance o f  th e  m/e 129 ion in  th e  s p e c t r a  o f  

5A  -  3  (3 - t r i m e t h y l s i l y l o x y  s t e r o i d s .  This fragm ent has been 

e s t a b l i s h e d  to  c o n s i s t  o f  th e  T IS i e th e r  g rouping  and carbon 

atoms 1, 2 and 3 o f  the  s t e r o i d  n u c leu s  (3 1 ,2 8 ) .  A fragmen

t a t i o n  o f  the  fo l lo w in g  type has been sug g es ted  fo r  the  

fo rm ation  o f t h i s  ion .



17 - T r im e th y l s i ly lo x y  s t e r o i d s  o f  the  an d ro s tan e  and o e s tra n e

s e r i e s  a lso  give an in te n s e  peak a t  m/e 129, b u t  a re  r e a d i l y

5d i s t i n g u i s h e d  from th e  A  -  3(3 - t r i m e t h y l s i l y l o x y  s t e r o i d s  ivhich 

a lso  g ive  an in te n s e  peak  a t  M-129 (3 1 ,3 2 ) .

D e r iv a t iv e s  a re  a lso  - ex trem e ly  u s e f u l  in  prom oting  r e g u la r  

f rag m e n ta t io n s  o f  k e t o - s t e r o i d s  and f o r  t h i s  pu rpose  e th y le n e  

k e t a l  (29) and 0-m ethy l ox ime d e r iv a t iv e s  (30) are  e s p e c i a l l y  

u s e f u l .  The GLC b ehav iou r  o f  u n s u b s t i t u t e d  oxime d e r iv a t iv e s  

i s  g r e a t l y  improved by th e  fo rm ation  o f  O - i r im e t h y l s i l y l  

oximes ( 3 l ) .  The s p e c t r a  o f  th e s e  compounds a re  c h a r a c te r i s e d
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by the  lo s s  of 89 mass u n i t s  due to  e l  in  in a t  ion o f  the  

t r i m e t h y l s i l y l o x y  group.

S t r u e  t u r  a l  Iden 1 1 f  ic  a t  ion

I f  co m p le te ly  new types  o f  compound a re  en co u n te red ,  

s t r u c t u r a l  i d e n t i f i c a t i o n  s t i l l  rem ains a m ajor problem  even 

w i th  a l l  th e  te ch n iq u es  d e sc r ib e d  above. A p o s s ib le  approach 

in  such a case  i s  e x te n s iv e  c h a r a c t e r i s a t i o n  and l i m i t a t i o n  of 

p ro b a b le  s t r u c t u r e s  by TLC and GLC under v a r io u s  c o n d i t io n s  

fo llow ed  by low r e s o l u t i o n  mass sp e c tro m e try  o f  the  compound 

and o f  s u i t a b l e  d e r i v a t i v e s  and chem ical t r a n s fo rm a t io n  p ro d u c ts .  

The developm ent o f  m icro  in f r a r e d  and I'IMFL sp ec tro sco jjy  has a lso  

proved  ex trem e ly  u s e f u l  in  g iv in g  s t r u c t u r a l  in fo rm a t io n .
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CTION X)

EXPEIi IMSNTAL METHODS



1 • S o 1 'yen t s  and E x t ra c  t s

A ll  s o lv e n t s  used  in  t h i s  "work b o th  in  e x t r a c t i o n  and 

in chrom atography tfere o f  a n a l y t i c a l  grade and "were f r e s h l y  

d i s t i l l e d  b e fo re  u s e .  F in a l  o rg an ic  e x t r a c t s  "were d r i e d  over 

anhydrous sodium s u lp h a t e ,  ex ce p t  as o th e rw ise  s t a t e d ,

2° P r e p a r a t io n  o f  T issue

F ig u re  7 .

cut
cut
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(a )  The i n i t i a l  method

A ll  a o r t a s  were r e c e iv e d  open (see  F igs*  7 and 8 ) w i th in  

24 h r .  p o s t  mortem, They were washed in  normal s a l i n e  s o lu t io n  

(150 r a i l l i - e q u i v a l e n t s  sodium c h lo r id e  p e r  l i t r e )  fo r  a few 

m inutes to  remove a d h e r in g  b lood , . The th r e e  la y e r s  ( in t im a ,  

media and a d v e n t i t i a )  were c l e a r l y  v i s i b l e .  The f a t t y  o u te r  

l a y e r  ( th e  a d v e n t i t i a )  was p e e le d  o f f  leng thw ise  and d is c a rd e d .

The d i f f e r i n g  t e x tu r e  o f  th e  in d iv id u a l  la y e r s  made t h i s  

s e p a r a t io n  a f a i r l y  sim ple  p ro c e d u re .  The rem ainder o f  th e  

a r t e r y  ( in t im a  p lu s  m ed ia ) ,  u s u a l l y  in  th e  re g io n  o f 30-40 g. 

o f  t i s s u e  was c u t  in to  sm all p ie c e s  (ca» 2  cm x 2  cm) in  

p r e p a r a t io n  f o r  hom ogenisation  and e x t r a c t i o n ,

a )  F a u l t s  o f  th e  i n i t i a l  t i s s u e  p r e p a r a t io n .

As was p o in te d  o u t  by T/einhouse and H irsch  (see  page 17 ) ,  

when an in t im a l /m e d ia l  p r e p a r a t io n  i s  u sed , u n d isea sed  t i s s u e  is  

in c lu d ed  w i th  p a th o lo g ic a l  t i s s u e .  Hence l i p i d  changes due to  

a normal ageing  p ro c e ss  a re  n o t  d i s t in g u i s h e d  from the  changes 

caused by a t h e r o s c l e r o s i s .

(c) Improved t i s s u e  p r e p a r a t io n .

The a d v e n t i t i a  was p e e le d  from th e  a o r t a s  in  one p ie c e  a,s 

d e sc r ib e d  above. The m edia, o r  c en tred  l a y e r ,  was then  removed 

in  sm all s t r i p s  a c ro ss  th e  a o r t a  le a v in g  the  in tim a  c o n ta in in g  

the  p la q u e s .  The p laq u es  were v i s i b l e  as bu lges  o f  ye llow  l i p i d  

m a te r ia l  on an a lm ost t r a n s p a r e n t  background o f  r e l a t i v e l y



u n d ise a se d  in t im a l  t i s s u e .  A f te r  ro n o v a l , th e  p laq u es  were- c u t  

in to  sm all p i e c e s ,  exposing  the  y e llo w  l i p i d  m a t e r i a l ,  and added 

to  a c o n ic a l  f l a s h  c o n ta in in g  th e  e x t r a c t i n g  s o lv e n t .

3. E x t r a c t i o n  o f  T issue  L ip id s

Many s o lv e n t  e x t r a c t i o n  p ro ced u res  have been developed  

f o r  th e  removal o f  a " t o t a l  l i p i d "  f r a c t i o n  from d i s i n t e g r a t e d  

t i s s u e  and t h e i r  e f f e c t i v e n e s s  has been d is c u s s e d  in  g r e a t  

d e t a i l  by S p e r ry  (1) and Entenman ( 2 ) .  The use  o f  a m ix tu re  of 

ch lo ro fo rm  and methanol i s  non however the  g e n e r a l ly  p r e f e r r e d  

method. In  th e  p r e s e n t  work th e  l i p i d s  found in  an e x t r a c t  

made w i th  t h i s  s o lv e n t  system in c lu d e  hydrocarbons, c h o le s t e r o l  

e s t e r s ,  c h o l e s t e r o l  and o th e r  s t e r o l s ,  mono-, d i -  and 

t r i g l y c e r i d e s ,  wax e s t e r s ,  f r e e  f a t t y  a c id s ,  most p h o s p h o l ip id s ,  

and f a t  -  s o lu b le  v i ta m in s  and p igm en ts .

(a) I n i t i a l  e x t r a c t i o n  p rocedure

Homogenisation was c a r r i e d  o u t  a t  room tem pera tu re  in  a 

" P a l a d i n "  m echanical l i q u i d i s e r ,  w i th  c u t t i n g  b lad es  d r iv e n  from 

th e  bottom o f  th e  c o n ta i n e r ,  f o r  f i v e  m inutes a-t f u l l  speed w ith  

two s e p a ra te  300 ml. p o r t i o n s  o f  ch loroform -m ethanol (2 :1 . v /v ) .  

The e x t r a c t s  were then  f i l t e r e d ,  combined, and washed w ith  one 

f i f t h  t h e i r  t o t a l  volume o f  d i s t i l l e d  w a te r .  The phases  were 

then  a llow ed  to  s e p a ra te  o v e rn ig h t  in  a r e f r i g e r a t o r  a t  4 C,

The upper aqueous-m ethanolic  l a y e r ,  c o n ta in in g  n o n - l i p id  m a te r ia l
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■was removed by s u c t i o n  acco rd in g  to  the  method o f  Fo ich  e t  a i . ( 8 ) .

(b) P r e s e n t  rjroce-thire

The use o f  th e  m echanical homogeniser i/as abandoned, as

i t  in tro d u ce d  im p u r i t i e s  from the  lu b r i c a n t s  irhich r e r e  n e c e s s a ry

on th e  s p in d le  o f  th e  c u t t e r .  I t  vas  found t h a t  an e q u iv a l e n t  or

s u p e r io r  e x t r a c t i o n  cou ld  be o b ta in e d  by manual comminution of

th e  p laq u es  and immersion o f  th e se  t i s s u e  fragm ents in  6G0 ml. o f

ch loroform -m ethanol ( 2 s 1 . v/v) o v e rn ig h t  ( c a .  15 h r . )  in a

s to p p e red  c o n ic a l  f l a s k .  To m inim ise the  r i s k  o f a r t e f a c t

fo rm a tio n ,  th e  f l a s k  v a s  f i l l e d  i r i th  n i t r o g e n  b e fo re  c lo su re  and 
os to r e d  a t  -20  C in  the  dark .

The e x t r a c t  -was f i l t e r e d  and c a u t i o u s ly  reduced  to  dryness

on a r o t a r y  e v a p o ra to r  a t  40°C. The l i p i d s  rrere then  s e l e c t i v e l y

r e - e x t r a c t e d  from th e  y e llo ir  s e m i- s o l id  r e s id u e  “w ith  600 ml. o f

d ie th y l  e th e r -h e x an e  ( 1 : 1  v /v )  and Tfashed r r i th  2 0 0  m l. o f

d i s t i l l e d  iv a te r .  The i ra te r  "washing removes v a t e r  s o lu b le  non-
x

l i p i d  con tam inan ts  le a v in g  the  m ajor l i p i d  c l a s s e s  b eh ind .

This p ro ced u re  f o r  th e  s e p a r a t io n  o f  n o n - l i p i d  m a te r i a l  seems 

p r e f e r a b l e  to  th e  F o lc h  (3) method ( s e p a r a t io n  o f  th e  m ethano lic  

la y e r )  s in c e  some o f  th e  i n t e r e s t i n g  p o la r  s t e r o l s  a re  

a p p re c ia b ly  s o lu b le  in  methanol and may be l o s t .

j
Some l i p i d  c o n ta in in g  compounds i / i l l  be removed in  th e  v a t e r  
•wash, f o r  example g a n g l io s id e s  and some c e r e b ro s id e s .  For a  
complete d is c u s s io n  o f  the  e x t r a c t i o n  o f  th e se  compounds, see 
Entenman ( 2 ) .



T o ta l  v e t  
■weight o f  
a o r t a  

(g - )

"Weight o f  
p laque  
t i s s u e  

(g * )

W eight o f  
p u r i f i e d  
1 ip id  
e x t r a c t  

( g . )

118 .5 6 . 8 0 .5

87 .2 10*23 1 . 0

130.2 16.8 2 .5
77 .5 12.5 1 .25
95.0 14.0 1*7

6 0 .5 9 .5 0 .25

4 9 .5 7 .2 0 .3

Trro o f  the  most s e v e r e ly  d is e a s e d  a o r ta s  en coun te red  gave 

3*8 and 4*5 g. o f  p u r i f i e d  l i p i d  m a te r i a l  r e s p e c t i v e l y ,  b u t  th e se  

■were q u i t e  u n u s u a l , and th e  t i s s u e  p r e p a r a t io n  p ro b a b ly  co n ta in ed  

some media as v e i l  as in t im a ,  s in c e  most o f  th e  p laq u es  p e n e t r a t e d  

throiigh th e  m edia l l a y e r .

4 .  Column Chromatography

(a) S i l i c i c  Acid

S i l i c i c  a c id  o f  uniform  chrom atographic  behav iour from 

b a tch  to  b a tc h  can o n ly  be o b ta in e d  i f  i t s  p r e p a r a t io n  i s  c a r r i e d  

o u t  in  a m e ticu lo u s  v ay . The im p o rtan t v a r i a b l e s  a r e ,  p a r t i c l e  

s i z e ,  m e ta l l i c  io n s ,  pH and m o is tu re  c o n te n t .  The method o f 

p r e p a r a t io n  used  in  our work vas  t h a t  d e sc r ib e d  by Horning e t  a l . (4 )
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v h ic h  r e s u l t s  in  a m a te r i a l  w i th  a m o is tu re  c o n te n t  o f  9  -  1 0  

p e r  c e n t .

S i l i c i c  a c id  chrom atography was used  to  d iv id e  th e  t o t a l  

l i p i d  e x t r a c t  in to  i t s  major c l a s s e s .  I t  was c a r r i e d  o u t  in  a 

g la s s  column o f  d im ensions 60 cm. x 6  cm. ( ID .)  which was surrounded 

by a l a y e r  o f  aluminium f o i l  to  minimise exposure o f  the  c o n ten ts  

to  l i g h t .  The column was f i l l e d  by the  slow a d d i t io n  o f  a s l u r r y  

o f  s i l  i c i c  a c id  in  hexane and c lo se d  by a d ry in g  tube  to  p re v e n t  

the  e n t r y  o f  d u s t .  Before  lo a d in g  w i th  l i p i d ,  the  column was 

washed w i th  500 ml. o f  hexane. An a d d i t io n a l  200 m l. f r a c t i o n  

o f  hexane vas  c o l l e c t e d  and examined f o r  l i p i d  im p u r i t i e s  a f t e r  

e v a p o ra t io n  to  d ry n e s s .

The b e s t  s e p a r a t io n s  on t h i s  type  o f  column were o b ta in e d  

when a lo a d  o f  ap p ro x im a te ly  1 0  mg. o f  l i p i d  p e r  g. o f  s i l i c i c  a c id  

was u s e d .5" H igher lo a d s ,  a l th o u g h  g iv in g  adequate  s e p a r a t io n s  o f  

some o f  th e  l i ja id  c l a s s e s ,  tended  to  cause e lu t i o n  o f  c h o le s t e r o l  

e s t e r s  to g e th e r  w i th  th e  hydrocarbon f r a c t i o n s .  E lu a te s  were 

c o l l e c t e d  in  long -neck  round bottom  f l a s k s  and the  s o lv e n t  was 

removed by a w a te r  pump vacuum w i th  v e ry  g e n t le  h e a t in g  (■‘C.40°€) 

to  p re v e n t  the  fo rm atio n  o f  ic e  on th e  o u ts id e  o f  th e  f l a s k .

The e l u t i n g  s o lv e n t s  employed a re  shown in  Table 8  and in  F ig .  10. 

This i l l u s t r a t e s  th e  s te p -w ise  e l u t i o n  o f  a t y p i c a l  s i l i c i c  a c id

X Horning e t  a l . ( 4 ) recommend a lo ad  o f  5 — 17 m g . / g . , whereas 
Wren (5) su g g es ts  50 m g ./g .
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Table 8 . E l u t i o n  o f  a t y p i c a 1 s i l i c i c  a c i d  column

Y/eight o f  p u r i f i e d  l i p i d  e x t r a c t  ** 3 .8  g.

Weight o f  s i l i c i c  ae id  (Horning s tan d a rd )  -  260 g

Column, load  « 15 mg. /g*

F r a c t io n
No.

E l u t i n g
S o lv e n t

Volume 
Ell .

R e s u l t  o f  micro 
TLC exam ination

1 - 5 hexane 1 0 0 0 hydrocarbons

6 , 7 V/o ch lo ro fo rm  in  
hexane

300 hydrocarbons

8 5  9 Vfo ch lo ro fo rm  in 
hexane

300 s t e r o l  e s t e r s

10-15 5$ ch lo ro fo rm  in 
hexane

1 2 0 0 s t e r o l  e s t e r s

16, 17 10jo ch lo ro fo rm  in  
hexane

400 s t e r o l  e s t e r s

18-22 15% ch lo ro fo rm  in 
hexane

1 0 0 0 s t e r o l  e s t e r s

23-25 2 0 % ch lo ro fo rm  in  
hexane

600 s t e r o l  e s t e r s  
(sm a ll  amount)

28-29 40% ch lo ro fo rm  in  
hexane

800 s t a r t  o f  
t r i g l y c e r i d e s

30-37 60% ch loroform  in 
hexane

1600 t r i g l y c e r i d e s  
p lu s  s t e r o l

38-39 ch lo ro fo rm 400 s t e r o l s

40-43 e th y l  a c e ta t e 800 s t e r o l s
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F ig n re  9 . TLC of S i l i c i c  Acid  Coluirji E lu a te a

fn 19 fr a c t io n s  26-35 

std. i 20 r ^  t  stds.

cholesterol s te a r a te  
tri p a l m i t i n

cholesterol

s p r a y s -  1 $  e e r i e  s u lp h a t e  in  1 0 $  s u lp h u r ic  a c id
. F ig u re  10. Flotv diagram o f  S i l i c i c  Acid Chromatography
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column. The q u a l i t a t i v e  c o n te n t  o f  each f r a c t i o n  was r a p id ly  

d e term ined  by t h i n - l a y e r  chromatography on microscope s l i d e s  ( 6 ) .  

The e a r l y  f r a c t i o n s  su sp e c ted  to  c o n ta in  hydrocarbons •were 

chrom atographed in  hexane:benzene (9 7 :3  v /v )  -while th e  l a t e r  

f r a c t i o n s  ire re  examined on micro TLC p l a t e s  developed in  

benzenes e th y l  a c e t a t e  (2 0 s1 v / v ) .  The TJX appearance o f  a group 

o f  s u c c e s s iv e  f r a c t i o n s  frcm th e  above s i l i c i c  a c id  i s  i l l u s t r a t e d  

in  F ig u re  9.

( t )  F l o r i s i l

F l o r i s i l  (K och-Light L a b o ra to r ie s  L td .  60/100 mesh) -was 

used  •without p r e - t r e a tm e n t  ex cep t  in  the  case  o f  chromatography 

o f  p o l a r  s t e r o l s  where i t  was d e a c t iv a te d  by th e  a d d i t io n  of 

w a te r  (7 fo v/w) ( 7 ) .  Columns were p re p a re d  in  the  normal manner 

by s l u r r y i n g  in  hexane and a l i p i d  load  o f  ap p rox im ate ly  20 m g./g  

o f  a d so rb e n t  was u sed .

5. P r e p a r a t io n  o f  t h i n - l a y e r  chrom atographic  p l a t e s

(a )  Normal p l a t e s

G lass  p l a t e s  (a ce to n e  washed) o f  dim ensions 20 cm. x 20 cm. 

and 20 cm. x 5 cm. were coa ted  to  a th ic k n e ss  o f  250 -  300JUL w ith  

MN-Kieselgel G-KR.3' u s in g  a Shandon s p re a d e r .  The a d so rb en t  was 

a p p l ie d  to  th e  p l a t e s  as a s l u r r y  o f  30 g. K ie s e lg e l  in  60 ml. 

o f  d i s t i l l e d  w a te r .  A f te r  a i r - d r y i n g  f o r  30 m in u tes ,  th e  p l a t e s

X Macherey, Nagel & Co. 516 P u ren ,  Germany, ( a  p u r i f i e d  ad so rb en t ,  
more s u i t a b l e  f o r  p r e p a r a t iv e  TLC than  K ie s e lg e l  G su p p l ie d  by 
M erck).



105

■were a c t i v a t e d  a t  100~10o°C f o r  15 m in u te s  end s to r e d  in  a g la ss  

c a b in e t  c o n ta in in g  b lue  s i l i c a  ge l as d ry in g  ag en t .

(b) Micro TLC p l a t e s

M icroscope s l i d e s  (7«5 x 4 cm.) were co a ted  w ith  

M N-Kieselgel G-HR a ls o  u s in g  a Shandon s p re a d e r .  The s l i d e s  were 

m ois tened  and p r e s s e d  on to  20 x 20 cm. g la s s  p l a t e s  h e ld  in  the  

s p re a d e r  so as to  cover the  e n t i r e  s u r f a c e .  They were sp read  

len g th w ise  to  a th ic k n e s s  o f  250JX  and d r ie d  in  the  atmosphere 

f o r  15 m inutes  a f t e r  which th e y  were a c t i v a t e d  a t  100~105°C fo r  

5 m in u tes .  The p l a t e s  th u s  made were developed in  screw-cap 

j a r s  w i th  m eta l f o i l  s e a l s  d u r in g  chromatography.

(c )  S i l v e r  n i t r a t e  im pregnated TLC p l a t e s

S i l v e r  n i t r a t e  p l a t e s  were p re p a re d  acco rd in g  to  th e  method 

o f  Claude (S)s 8 g. o f  s i l v e r  n i t r a t e  (A nalar) was d is s o lv e d  in  

60 ml. o f  d i s t i l l e d  w a te r  and made in to  a s l u r r y  w i th  30 g, o f  

MN-Kieselgel G-BP-. F iv e  20 cm, x 20 cm. p l a t e s  o f  250-300/1  

th ic k n e s s  were p re p a re d  u s in g  t h i s  m ix tu re .  A f te r  s p re a d in g ,  

the  p l a t e s  were a llow ed to  s e t  in  th e  dark  f o r  30 m inutes and 

were then a c t i v a t e d  f o r  2 hours a t  50°C. They were s to r e d  in  

the  da rkness  in  a g la s s  c a b in e t  c o n ta in in g  a  d ry in g  ag en t  and 

could  be s to r e d  in  t h i s  manner f o r  about 3 days w ith o u t  

d e t e r i o r a t i o n .

P l a t e s  w i th  a lower p e rc e n ta g e  o f  s i l v e r  n i t r a t e  

(approx . 5fo) were found to  be ex trem ely  u s e f u l  f o r  the. s e p a ra t io n



r a t h e r  then  S g. o f  s i l v e r  n i t r a t e  and could  be s to re d  in  the  

dark  f o r  s e v e ra l  weeks w i th o u t  a p p re c ia b le  d e t e r i o r a t i o n .

TLC sp ra y  r e a g e n t

U nless  o th e rw is e  s t a t e d  a l l  t h i n - l a y e r  

chromatograms were v i s u a l i s e d  by s p ra y in g  w ith  a 1$ 

s o l u t i o n  of e e r i e  s u lp h a te  i n  10$ s u lp h u r ic  a c id  and 

h e a t i n g  a t  110°C f o r  5-10 m in u te s .

c o n c e n t ra te d  s u lp h u r ic  a c id  and sodium hydroxide as a b so rb e n ts .  

The r e s id u e  was then  d is s o lv e d  in 10—100^(41. o f  ch loroform  or 

e th y l  a c e t a t e  in  p r e p a r a t i o n  fo r  t h i n - l a y e r  o r  g a s - l i q u id  

chromatography.

(b) T r im e th y l s i ly l  e th e r s  (9 ,  10)

The s t e r o l  (10-100JX g*) was d is s o lv e d  in  p y r id in e  (5JH1.) 

in  a micro t e s t - t u b e  and t r e a t e d  w i th  20^U,1. o f  hexam ethyl- 

d i s i l a z a n e  (HKDS) and 2^X1. o f  t r im e th y lc h lo r o s i l a n e  (TMCS).

The m ix tu re  was s to p p e re d ,  shaken and s e t  a s id e  fo r  approx im ate ly  

4 hours  a t  room te m p e ra tu re .  The r e a g e n ts  were then  e i t h e r  

e v ap o ra ted  in  a vacuum d e s ic c a to r  or blown o f f  under a s tream  of 

n i t r o g e n .  The r e s id u e  was then  d is s o lv e d  in  0 .5  ml. o f  c h lo ro 

form and th e  in o rg a n ic  suspension  removed by f i l t r a t i o n  through 

a m ic r o - s in t e r  g la s s  f i l t r a t i o n  tu b e .  For lo ng -te rm  s to ra g e  the
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■ferinethy I s i l y l  e t h e r s  v e r e  e i t h e r  d is s o lv e d  in  hexane or l e f t  in 

th e  r e a c t i o n  m ix tu re .  T r im e th y l s i ly l  e th e r  d e r iv a t i v e s  of 

e x t r a c t e d  m a te r i a l  v e re  no rm a lly  sublim ed (150°, 0 .2  mm. Hg) 

im m edia te ly  a f t e r  p r e p a r a t i o n .

(c )  P ro p io n a te s  (8)

The s t e r o l  (1 -20  mg.) was t r e a t e d  iv ith  0 .5  ml. of 

p ro p io n y l  c h lo r id e  in  a sm all t e s t - t u b e .  The r e a c t io n  m ix tu re  

was h e a te d  ex trem e ly  b r i e f l y  in  a lo v  micro bunsen flame to  a id  

s o l u t i o n  o f  th e  s t e r o l 5 and then  a llo ired  to- cool fo r  te n  m inu tes ; 

10 ml. o f  hexane iras then  added and th e  o rg an ic  phase  washed w ith  

10 ml. o f  d i s t i l l e d  w a te r ,  fo llow ed  by 10 ml. o f  10fo sodium 

b ic a r b o n a te  s o lu t i o n  and f i n a l l y  by 10 ml. o f  d i s t i l l e d  w a te r .

The p re se n c e  o f  any rem ain ing  p ro p io n ic  a c id  was e a s i l y  d e te c te d  

a t  t h i s  s ta g e  by i t s  sm ell and i f  n e c e s s a ry  the  s o lu t io n  was 

re v ash ed  w i th  b ic a rb o n a te  and d i s t i l l e d  w a te r ,

(d) T r im e th y l s i l y l  e th e r  o f  a h in d e re d  hydroxyl group

The s t e r o l  (1 0 - 1 0 0 l ig . )  was d is so lv e d  in lO^ttl. o f  

h e x a m e th y ld is i la s a n e  in  a c a p i l l a r y  m e lt in g  p o in t  tube s e a le d  a t  

one end; 20^jU,l. o f  t r i r n e th y lc h lo r o s i l a n e  was added and the  

r e a g e n ts  v e re  c a r e f u l l y  mixed. The tube was s e a le d  and h ea ted  

i n  an oven a t  150°C f o r  15 h o u rs .  The c a p i l l a r y  tube  was then  

broken in s id e  a  t e s t - t u b e  c o n ta in in g  0 .5  ml. o f  ch lo ro fo rm  or 

e th y l  a c e t a t e  and th e  s o lu t io n  f i l t e r e d  and c o n c e n tra te d  under a 

s tream  o f  n i t r o g e n  as r e q u i r e d .  P y r id in e  was n o t  used  as a



R e a g e n ts .

HAnal&Rn p y r id in e  end a c e t i c  anhydride  yrere employed in  the  

p r e p a r a t i o n  o f  d e r i v a t i v e s , b o th  b e in g  r e d i s t i l l e d  b e fo re  u se .

The p y r id in e  had been p r e v io u s ly  d r i e d  over sodium hydroxide 

p e l l e t s *  P ro p io n y l c h lo r id e  (A ld r ic h  Chemical Co,) g/us 

d i s t i l l e d  t v i c e  b e fo re  u se ,  Hexane i h y l d i s i l a z a n e  (Kocii~Light) 

and t r i r n e th y lc h lo r o s i l a n e  (llopkin and T . ' i l l ia a s )  yrere bo th  xised 

ar i t  ho u t  f u r t h e r  p u r i f i c a t i o n .

7 . P r e p a r a t i o n of. t h i o u r ea adduct. o f  squa lene  ( 11)

S qualene  r a s  d i s s o lv e d  in  a s a tu r a t e d  m ethano lic  s o lu t io n  

o f  a r e c r y s t a l l i z e d  t h io u r e a .  The s o lu t io n s  yrere s e t  a s id e  a t  

room tem p era tu re  fo r  1 day d u r in g  v h ic h  the  th io u r e a  adduct 

c r y s t a l l i z e d  o u t .  The hydrocarbon r a s  re g e n e ra te d  by t r e a t i n g  

th e  adduct ■with h o t  w a te r ,  and r a s  e x t r a c t e d  w i th  hexane and 

trashed w i th  w a te r  a f t e r  c o o l in g .  The hexane e x t r a c t  was- d r ie d  

over anhydrous sodium s u lp h a te .  The re g e n e ra te d  p ro d u c t  shoved 

no d i f f e r e n t  TIC, GLC o r GC-1S p r o p e r t i e s  from th e  s t a r t i n g  m a te r i a l .

8. P rep a r a t i o n  of f a t t y  a c id  methyl e s t e r s

F a t t y  a c id s  irere m e th y la ted  by the  a d d i t io n  o f  an e th e r e a l  

s o lu t io n  o f  d iazo n e th an e  (1 2 ) .  The r e a c t io n  was judged to  be 

complete when a p e r s i s t e n t  ye llow  co lo u r  a f t e r  shad ing  in d ic a te d  

an excess  o f  r e a g e n t .  The r e a g e n t  r a s  removed by f lu s h in g  w ith  

n i t r o g e n .
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9• Hydrolys i s  o f  1 ip id ei.:lra c t s

(a) A lk a l in e  h y d ro ly s is

M ethano lic  p o ta ss iu m  hydroxide  was p re p a re d  by d i s s o lv in g  

po ta ss iu m  hydrox ide  (5*6 g .)  in methanol (100 m l , ) .  E x t r a c t s  

were hy d ro ly sed  by r e f lu x in g  w ith  a m ix tu re  o f  the  a lk a l in e  

s o lu t io n  and benzene ( i s  2 v /v )  under an atmosphere o f  n i t r o g e n  

f o r  2 h o u rs .  A f te r  com ple tion  o f  th e  r e a c t i o n ,  the  s o lv e n ts  

were removed under reduced  p re s s u re  and the  re s id u e  was d is s o lv e d  

in  w afe r .  The aqueous s o lu t io n  was then  e x t r a c te d  th re e  tim es 

w ith  e t h e r .

(b) R educ tive  h y d ro ly s i s

The e x t r a c t  was d is s o lv e d  in  anhydrous e th e r  and a sm all 

q u a n t i ty  o f  l i th iu m  aluminium h y dride  added and a llow ed to  r e a c t  

f o r  5 m in u te s .  The excess r e a g e n t  was d e s tro y ed  by th e  a d d i t io n  

o f  e th y l  a c e t a t e .  An equal volume o f  w ater was added and the  

o rg an ic  l a y e r  was removed w ith  a P a s te u r  p i p e t t e  a f t e r  shak ing .

The aqueous la y e r  was r e - e x t r a c t e d  w ith  an equal volume o f  e th e r  

and the  o rg a n ic  e x t r a c t s  combined.

(c) A lk a l in e  t r a n s e s t e r i f i c a t i o n  ( id )  p. 193.

The e s t e r s  were d is s o lv e d  in  the  minimum volume o f 

c h o lro fo rn  and an excess  o f  0 .5  N so lium  methoxide was added.

The m ix tu re  was b o i l e d  f o r  2 m inutes on a w a te r  b a th  and then  

n e u t r a l i s e d  w i th  10^ h y d ro c h lo r ic  a c id  s o l u t i o n .  The r e s u l t i n g  

a lco h o ls  and f a t t y  a c id  methyl e s t e r s  were tw ice e x t r a c te d  w ith  

e th e r  and th e  e x t r a c t s  combined.
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10 • Hydroxyl a t  ion  o f  a, double fo ojid_ i n a cliol o s t e n e  ( 13)

The c h o le s te n e  ( 10-20JU. g*) was d is s o lv e d  in  d ry  e th e r  

( d r i e d  over sodium) ( 20JUL1 .)  and 5JU.1. of d ry  p y r id in e  w as added. 

The s o lu t io n  was then  t r e a t e d  w i th  10^111. o f  a s o lu t io n  o f  2 mg. 

osmium t e t r o x i d e  in 1 ml. o f  d ry  e t h e r .  The m ix tu re  "was s e t  

a s id e  in  a s to p p e red  t e s t - t u b e  a t  room tem p era tu re  fo r  3 days.

The s o lu t io n  iras then  reduced  to  d ryness  in a s tream  o f  n i t r o g e n  

and the  r e s id u e  d i s s o lv e d  in  1 ml. o f  ch lo ro fo rm . The ch loroform  

s o l i i t io n  was shaken w i th  a 1 ml. aqueous s o lu t io n  c o n ta in in g  

500JUL g. p o ta ss iu m  h y d ro s id e  end 50(3,11 g. m ann ito l fo r  2 h o u rs .

The ch lo ro fo rm  la y e r  was then  removed, washed w ith  1 ml. o f  

d i s t i l l e d  w a te r  and e v ap o ra ted .

11. E p o s id a t io n  o f  c h o le s t -5 -e n e

The epoxide o f  c h o le s -5 -en e  was p re p a re d  acco rd in g  to  the  

method o f  Emmons (14) u s in g  p e r t r i f l u o r o a c e t i c  a c id  p re p a red  from 

t r i f l u o r o a c e t i c  anhydride  and 90/t> hydrogen p e ro x id e  in  .. 

methylene c h lo r id e  b u f f e re d  w i th  sodium c a rb o n a te .
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12. Iso x n e risa t io n  o f  c h o le s t -5 ~ o n 3 epo:-:ido

A benzene s o l u t i o n  c o n ta in in g  lOOjUig. o f  5 ,6 (X - epoxy -

5CX- c h o le s ta n e  t o s  t r e a t e d  w i th  one dro|3 o f  boron t r i f l u o r i d e  in

e th e r  as d e s c r ib e d  by Henbest and Y /rigley (15) and a llow ed to  

r e a c t  f o r  2 minutes* Water was added and the  e th e r  l a y e r  

removed and Trashed w i th  10jo sodium b ic a rb o n a te  s o lu t io n  fo llow ed  

by Trater* The r e s u l t i n g  procl.iiet5{3cholestan--6~one?was s e p a ra te d  

from o th e r  p rod 'ac ts  by p re p a ra t iv e -  TJX in benzene: e th y l  a c e ta t e  

(20 :1  v / v ) .  The TLC 3 GLC and th e  GC-LS behav iour o f  t h i s  

p ro d u c t  Trill be d is c u s s e d  l a t e r  on page 150.

13. C o n c e n tra t io n  o f  p o la r  s t e r o l s  r e l a t i v e  to  c h o le s t e r o l

The t o t a l  s t e r o l  f r a c t i o n  as o b ta in e d  from the  s i l i c i c

a c id  column was reduced  to  d ryness  under a vacuum* The re s id u e  

was d i s s o lv e d  in  th e  minimum amount o f  ch loroform  and a r e l a t i v e l y  

la rg e  volume o f  m ethanol added. The s o lu t io n  was then  concen

t r a t e d  _in vacuo in  a long-neck  round bottom f l a s k  w ith  a s p la s h -  

head. A w a te r  b a th  a t  40°C was used  to  p re v e n t  th e  fo rm ation
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o f  ic e  021 th e  o u t s i d e  o f  the  f l a s h .  C o n c e n t r a t i o n  was c o n t in u e d  

u n t i l  a w h ite  su sp en sio n  was v i s i b l e  in  the  f l a s k .  The 

p r e c i p i t a t e  vas  f i l t e r e d  o f f  u s in g  a g la s s  f i l t e r  s t i c k ,  and the 

p ro c e ss  "was r e p e a te d  u s i n g  th e  me the,no l i e  m o ih e r - l iq u o r • A 

v is co u s  y e llo w  o i l y  m a te r i a l  was o b ta in e d  a f t e r  ap p ro x im a te ly  

s i x  c r y s t a l l i s a t i o n s .  This o i l  was d is s o lv e d  in  hexanes e th e r  

(3 :1  v /v )  in  p r e p a r a t i o n  f o r  chromatography on a column o f 

d e a c t iv a t e d  F l o r i s i l  which was employed to  remove th e  rem ainder 

o f  th e  c h o l e s t e r o l .

14. Gas-1 iera.id chroma,fography

In s t ru m e n ts ;  Iso th e rm a l C tL C  was c a r r i e d  o u t  on a Pye 

Argpn Chromatograph u s in g  a 130 cm. s t r a i g h t  g la s s  column 

( i n t e r n a l  d ia m e te r  3 .5 - 4 .0  mm.) and a s ta n d a rd  Lovelock argon 

i o n i s a t i o n  d e t e c t o r  w i th  a s t ro n t iu m  90 so u rce .  The in s tru m e n t  

had been m o d if ied  to  in c o rp o ra te  a " f l a s h  h e a te r "  b lock  in  the

i n j e c t i o n  zone to  a id  r a p id  v o l a t i l i s a t i o n  o f  the  sample and t h i s

was m a in ta in ed  a t  25° -  35°C above the  column te m p e ra tu re .

The argon c a r r i e r  gas was n o rm a lly  m a in ta in ed  a t  an o u t l e t  flow

r a t e  o f  40 m l . /m in .  by an i n l e t  p r e s s u r e  o f  8-12 p s i .  and the  

d e t e c to r  was s e t  a t  1500v.

Temperature programmed GLC was c a r r i e d  o u t  on a s ta n d a rd  

Pye 104 in s tru m e n t  employing a 160 cm. c o i le d  g la s s  column 

( i n t e r n a l  d ia m e te r  3 .5  mm.) and a flame io n i s a t i o n  d e t e c t o r .  

N itrogen  was used  as c a r r i e r  gas and was m a in ta in ed  a t  a flow



Colmxas:  * The g l a s s  c o l v.:-:az wore s i l o n i s e d  w i t h  a 5p 

s o l u t i o n  ox d i n e i h y l d i c h l o r o s :i.lcaio in  t o l u e n e  end d r i e d  b e f o r e  

p a c k i n g .  The b u lk  o f  t h e  work was . c a r r i e d  o u t  u s i n g  two 

s t a t i o n e r y  p h a s e s ,  nam ely  Ip  SF -  SO and Ip  OF -  1, which  were • 

c o a t e d  on 80-100 mesh a c i d  washed ,  s i l a n i s e d  Gas Chrom P.

These p ack in g  m a te r i a l s  were bought read y  made and p r e - t e s t e d  

from A pplied  S c ien ce  L a b o ra to r ie s  I n c . , S t a t e  C o l l e g e ,

P ennsy lvan1a , U .S .A .

Samples? S o lu t io n s  of known c o n c e n t r a t io n  ( u s u a l ly  1-5 

m g ./m l.)  were p re p a re d ,a n d  where th e se  were e x t r a c t s  p a r t i c u l a r  

a t t e n t i o n  was p a id  to  d ry in g  the  s o l u t i o n .  Chloroform  was found 

to  be th e  b e s t  s o lv e n t  f o r  the  Pye Argon in s tru m en t and e t h y l -  

a c e ta te  was used  f o r  th e  Pye 104. Samples of 0 .2  -  2.0JUL1. were 

in je c te d  in to  the  in s tru m en ts  u s in g  a Hamilton s y r in g e .

15. GO i n s t rumen t

U n less  o th e rw ise  s ta te d ,m a s s  s p e c t r a  were o b ta in e d  u s in g  

an LK'B model 9000 gas chroraatograph-raa.ss sp ec tro m e te r  (LKB 

ProG utte r  AB, S tockholm ). This in s tru m en t i s  f i t t e d  w ith  a 

2 -s tep  j e t  s e p a r a to r  o f  the  Becker—Byhage ty p e .  The mass 

sp ec tro m ete r  i s  a s in g le  fo cu s in g  type  equipped w ith  a 60° s e c to r ,  

20 cm, ra d iu s  m agnetic  a n a ly se r  and a sweep g e n e ra to r  f o r  the  

f a s t  scann ing  o f s o e c t r a .  The c o n d i t io n s  used were as f o l l o w s : -
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C a r r i e r  gas; helium  a t  25 -  30 m l./ra in .

E le c t r o n  energy ; 70 ev.

A c c e le r a t in g  v o l ta g e s  2 .5  -  3,0 lev.

oTemperature o f  ion so u rce :  275 C.

Temperature o f  m o lecu la r  s e p a r a to r :  275°C.

16 o Ge n e r a l  working p rocedure  f o r  GC -  MS«

1) Samples were p re p a re d  f o r  gas chromatography in th e  manner 

d e sc r ib e d  above and d e r i v a t i v e s  -were chosen -which produced  th e  

d e s i r e d  GIG s e p a r a t io n s  and -which gave s u i t a b l y  c h a r a c t e r i s t i c  

mass s p e c t r a l  f r a g m e n ta t io n s .

2) The GLC behav iour o f  an a l i q u o t  o f  th e  sample was e s t a b l i s h e d  

u s in g  a Pye Argon Chromatograph and th e  c o n d i t io n s  were 

d u p l ic a te d  in  the  chromatograph o f  the  LEGS GC -  MS in s t ru m e n t .

3) S o lu t  ions o f  s u i t a b l e  c o n c e n t ra t io n  were in j e c t e d  in to  the  

in s tru m en t and th e  approxim ate  chrom atographic  behav iour o f  the  

sample was r e g i s t e r e d  on the  ’’t o t a l  ion c u r r e n t ” r e c o rd  -which 

a lso  in d ic a te d  th e  p o in t s  a t  which mass s p e c t r a l  scans were 

o b ta in ed .

4) T/here p o s s ib l e  ^ sev e ra l  scans were taken  d u r in g  the  emergence 

of each chrom atographic  peak ^ in  o rd e r  to  a s s e s s  and to  e l im in a te  

the  p o s s i b i l i t y  o f  ’’b ia s e d ” s p e c t r a  which do n o t  r e p r e s e n t  the  

t ru e  r e l a t i v e  d i s t r i b u t i o n  o f  ion abundance c h a r a c t e r i s t i c  o f  a 

p a r t i c u l a r  compound.



i d e n t i c a l  c o n d i t io n s  \ras a lso  tak en  in  o rd e r  to  c o r r e c t  f o r  

mass s p e c t r a l  peaks cine to  the  chrom atographic  pack in g  m a te r i a l .

6) S p e c t r a  •were '’coun ted11 in th e  normal manner s t a r t i n g  a t  the  

lOTV mass numbers "with e a s i l y  r e c o g n isa b le  peeks due to  a i r  

background. For masses over 400, c o u n tin g  becomes d i f f i c u l t  

o^ing to  an u n fav o u rab le  s i g n a l - t o - n o i s e  r a t i o  and c o u n tin g  o f 

the  h igh  masses i s  a id ed  by b le e d in g  in  a knovm ’’m arker” substance  

d u r in g  the  time t h a t  th e  spectrum  i s  re c o rd e d .  The u s u a l  marker 

i s  p e r f lu o ro k e ro s e n e  (PFK) -which g iv e s  a la rg e  number o f  

re c o g n isa b le  p e ck s .  Mass v a lu es  a re  then  o b ta in e d  by i n t e r 

p o la t io n  from m arker p e ak s .
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PART I

HYDROCARBONS
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Hydro c a r  o ons ar© co n sid e red  by many au th o rs  bo be v i t h o u t  

b io lo g ic a l  s i g n i x i c o n c e 5 hovever, "there is  an in c re a s in g  amount 

o f  ev idence  to  su g g e s t  t h a t  t h i s  i s  n o t  so and t h a t  th ey  p la y  an 

im portan t r o l e  in  th e  p l a n t  and animal kingdoms as v e i l  as in 

many m arine form s.

P a r a f f i n i c  h y d ro c a rb o n s 1 P a r a f f i n i c  hydrocarbons have been 

found to  have an e s p e c i a l l y  v id e  d i s t r i b u t i o n  in f r u i t  and 

v e g e tab le  v a se s  ( l ,  2 ) and in  i n s e c t  v ases  (3 - 5 ) .  In the  

animal kingdom, t h i s  type  o f  compound has been found in 

b u t t e r  ( d ) , in v oo l vax  (? )  and in  th e  human sk in  su r fa c e  and 

blood (8--10). Very l i t t l e  i s  knovn about the  o r ig in  or 

m e tabo lic  fu n c t io n  o f  th e se  compounds.

Iso p re n o id  h y d ro c a rb o n ss Iso p re n o id  hydrocarbons a re  p r e s e n t  in

r e l a t i v e l y  l a rg e  q u a n t i t i e s  in  a v id e  v a r i e t y  o f  p l a n t s  and t r e e s .

Farnesene f o r  in s t a n c e ,  has been i d e n t i f i e d  in hop o i  1 ( l l )  and

limonene in  o i l  o f  lemon (12) v h i l e  the  hydrocarbon C t -  p inene has

been shovn to  make up 78 p e r  c e n t  o f  the  o i l  from J m ip e r u s

phoenicea  (1 3 ) .  None o f  th e se  compounds has hovever been shovn

to  be p r e s e n t  in  human o r  animal t i s s u e .

The Con i s o p re n o id  hydrocarbon squalene i s  p ro b ab ly  the 
oU

most v i d e l y  s tu d ie d  hydrocarbon in mammalian t i s s u e  and f l u i d s .
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I t  i s  e s p e c i a l l y  i n t e r e s t i n g  because of the  r o le  i t  p la y s  in 

s t e r o l  b i o s j n c h e s t s .  I t  was f i r s t  i s o l a t e d  from shark  l i v e r  

o i l  in 1918 by T su j in o to  (1 4 ) .  S ince  then  i t s  p re sence  has been 

dem onstra ted  in  human h a i r  f a t  (15) , in human end r a t  b lood  (16) 

and in th e  b r a in  t i s s u e  o f  bo th  humans (17) and c a t t l e  (1 8 ) .

C aro ten es  a re  w e ll  e s t a b l i s h e d  components of many members 

o f  th e  p l a n t  kingdom (19 , 20) and have a lso  been i d e n t i f i e d  in 

mammalian t i s s u e s  ( 2 1 , 2 2 ; as w e ll  as in human blood (2 3 ) .

P r i s t a n e  ( 2 ,6 ,1 0 ,1 4  — te tra m e th y lp en tad ecan e )  and phytane 

(2 ,6 ,1 0 ,1 4  “  te tram e ih y lh ex ad ecan e )  have been i d e n t i f i e d  in  a 

la rg e  v a r i e t y  o f  m arine sources  (24 , 25) as w e ll  as in  many s i t e s  

in bo th  man and anim als  (2 8 ) .

EYDROCjyiBONS OF THE ATKSROHATOTJS PLAQUE

We have approached the  problem o f the  compos i t i o n  o f  the  

hydrocarbon f r a c t i o n  w i th  a com ple te ly  open mind as no p rev io u s  

in v e s t ig a t i o n  o f  th e s e  compounds had been c a r r i e d  o u t .  I t  was 

known, however, t h a t  s i l i c i c  a c id  column chromatography, as w e ll  

as s e p a r a t in g  hydrocarbons from o th e r  l i p i d  c la s s e s ,  a lso  g ives  

some f r a ,c t io n a t io n  w i th in  t h i s  group based  on the  degree of 

u n s a tu r a t io n  e x i s t i n g  in  the  m olecu le . I t  has been shown (27,28) 

u s ing  a m ix tu re  o f  r e f e re n c e  compounds t h a t  th e  fo l lo w in g  e lu t io n  

sequence can be drawn up f o r  hydrocarbons on s i l i c i c  a c i d : -  

a cy c l ic  a lk a n e s ; c y c lo a lk a n e s ; s t r a i g h t - c h a i n  monoenes; po lyenes .
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E lu t io n  o f  p laq u e  hydrocarbons

The ex trem ely  d e l i c a t e  s e p a ra t io n  mentioned above fo r  

pure hydrocarbons cou ld  n o t  be ach ieved  when d e a l in g  w ith  a 

t o t a l  l i p i d  e x t r a c t  as  d e sc r ib e d  e a r l i e r  on page 102 . I t  was 

p o s s i b l e ,  however, to  o b ta in  th re e  major hyd ro ca rb o n -co n ta in in g  

f r a c t i o n s  ( f r a c t i o n s  1, 2 and 3) which were com ple te ly  f r e e  from 

s t e r o l  e s t e r s .  The column. was monitored, by TLC on microscope 

s l i d e s  which su g g es ted  the  e x is te n c e  o f  two major compounds in 

f r a c t io n  1 (d e s ig n a te d  A and B ) , one in  f r a c t io n  2 and one in 

f r a c t i o n  3 ( c a l l e d  C end B r e s p e c t i v e l y ) .  TLC m o b i l i t i e s  and 

co lour r e a c t i o n s  o b ta in e d  on a f u l l - s i z e  chromatogram 

( 2 0  cm. x 2 0  cm.) a re  reco rd ed  in t a b l e  9 below.

Table 9

TLC o f  p laq u e  hydrocarbons in  hexane ? benzene (97?3 v / v ) .  

a d s o r b e n t? -  MN -  K ies e l  ge l G -  HE.

F r a c t io n Compound Colour r e a c t io n  
w ith  e e r i e  su lp h a te

1 A 0.82 Maroon

B 0.75 brown

2 C 0.47 Brown, becoming 
maroon on s tan d in g

3 D 0.23 Yellow w ith o u t  
sp ra y in g ,  brown 
a f t e r  sp ray in g



chroma wo gr ap ny 1 i r s t l y  on the  n o n - s e le c t iv e  phase $2-30 ( F ig .  11) 

and then  on the  p o l a r  phase DF-1 (F ig .  12). F r a c t io n  3 gave no 

s a t i s f a c t o r y  GLC b e h a v io u r , however, i t s  TLC and UV c h a r a c t e r i s t i c  

c lo s e ly  p a r a l l e l e d  t h a t  o f  ,6 -  c a ro te n e .  No f u r t h e r  c h a r a c te r 

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

By comparison w ith  a v a i l a b le  re fe re n c e  hydrocarbons, end 

in the  l i g h t  o f  p re v io u s  worlc on human blood ( lo )  and t i s s u e s  (17) 

we su sp e c ted  - t h a t  compound C in  f r a c t i o n  2 m ight be squalene  and 

f u r th e r  ev idence  was c o l l e c t e d  to  su p p o r t  t h i s  t e n t a t i v e  

i d e n t i f i c a t i o n .  F i r s t l y ,  the  e x t r a c te d  compound was shown to

form a t h io u r e a  adduct (see  page 108) a r e a c t io n  c h a r a c t e r i s t i c  

o f  the  n a t u r a l  a l l - t r a n s isomer o f  sq u a len e ,  and o f  o th e r  

isopreno id  h y d ro ca rb o n s .

S econd ly  an i n f r a - r e d  spectrum  o f compound C was reco rd ed ,

u s in g  a p o o led  sample from twelve a o r t i c  e x t r a c t s ,  and t h i s  was

compared w i th  t h a t  o f  a r e fe re n c e  sample of squalene,, The

s p e c t r a  o b ta in e d  bo th  showed a c h a r a c t e r i s t i c  carbon-carbon
-1

double bond s t r e t c h i n g  frequency  band a t  166 5 cm , and were 

e s s e n t i a l l y  th e  same ex cep t  fo r  two e x t r a  peahs a t  1745 cm and 

770 cm”*1 in  th e  e x t r a c t  which have been a t t r i b u t e d  to  the  p resence  

of i n p u r i t i e s .  These peaks were l a r g e l y  removed a f t e r  

p u r i f i c a t i o n  o f  the  e x t r a c te d  m a te r ia l  through the  th io u r e a  

adduc \j ( s e e  i.’ ig  ■» 13 ( a) ) .
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1.0
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The f ig u r e s  re c o rd ed  under th e  peaks a re  the  r e t e n t io n  
times, r e l a t i v e  to  5 C<-ch o le s tane .
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A v e ry  s i m i l a r  spectrum  -was reco rded  by I s l e r  jet a l .  (28) fo r  

p u r i f i e d  n a t u r a l  sq u a le n e .

more cie i in  i t  i  vre p ro o f  o f  tlie s t r u c tu r e  o f compound C was 

o b ta in ed  by mass sp e c tro m e try  f i r s t l y  w ith  an MS—9 ins tru m en t u s in g  

a pooled  sample and l a t e r  w ith  the  LKB 9000 gas chroma to  g raph- 

mass sp ec tro m e te r  u s in g  the  e x t r a c t s  from a s in g le  a o r t a .  A l in e  

diagram o f  th e  mass spectrum  o f the  e x t r a c t  ob ta in ed  on the  MS-9 

in s tru m en t i s  shown in  F ig .  14.

F ipure  14-

Mass spectrum  of a o r t i c  squalene  (M3-9 ins trum en t)

XIO

149

P-A
341137 410273 367

69
authentic squalene

X10

149

341137
205 410367273 299

This mass spectrum  was shown to  be i d e n t i c a l  to  t h a t  o f  a u th e n t ic  

squalene and shews c h a r a c t e r i s t i c  f ragm en ta tion  in to  i s o 

p reno id  m o ie t i e s .  This i s  seen in  an i n i t i a l  lo s s  o f  68 mass
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u n i t s  ironi tn e  m o lecu la r  ion fo r  a te rm in a l  i s  op non© u n i t  and

then by s u c c e s s iv e  lo s s e s  o f  68 mass u n i t s  fo r  o th e r  C non-
5

te rm in a l  f r a g m e n ts « The o th e r  ions due to  t h i s  mode of 

f rag m en ta t io n  can be seen  a t  in/e 273, 205, 137 and 69 (base p e ak ) .

On th e  b a s i s  o f  th e  above evidence compound C is  i d e n t i f i e d  

as a l l - t r a n s  sq u a le n e .

GC-l-S exam ination  o f  hydrocarbon f r a c t i o n 1

The adven t o f  gas chromatography-mass sp ec tro m e try  in  a 

combined in s tru m e n t  nade th e  i d e n t i f i c a t i o n  o f  the  components of 

f r a c t io n  1 p o s s ib l e  on th e  e x t r a c t s  from one a o r t a .  Such an 

i d e n t i f i c a t i o n  would n o t  have been p o s s ib le  in  th e  e a r ly  s tag es  

of t h i s  work, where t h i s  in s tru m en t was n o t  a v a i l a b le .

The la rg e  ’’s o lv e n t  peak ” given by t h i s  f r a c t io n  (see  

F ig s .  11 and 12 on pages  125,126) was thought to  be due to  the  

p resence  o f  u n re so lv ed  s a tu r a te d  hydrocarbons and was removed by 

p re p a ra t iv e  t h i n - l a y e r  chromatography on la y e r s  o f  s i l i c a  ge l 

impregnated w i th  5/£ o f  s i l v e r  n i t r a t e ,  u s in g  hexane : benzene 

(97i3  v /v )  as d ev e lo p in g  s o lv e n t .  The s a tu r a te d  hydrocarbons 

thus o b ta in e d  were examined by g a s - l i q u id  chromatography u s in g  

tem perature  programming to  compensate fo r  the  r e l a t i v e l y  la rg e  

range o f m o lecu la r  w e ig h ts .  A t y p i c a l  chromatogram ob ta ined  

is  shown in  F ig .  15. The e x is te n c e  of two homologous s e r i e s  

was in d ic a te d .  The m ajor o f  th e se  was composed o f  n -a lk a n es
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F ig u re  15

PLAO'UE HYDROCARBONS 

IV. SE -30

60 -*225 6 /m in .,

so lv e n t’blank”

between and w i th  no p a r t i c u l a r  b ia s  fo r  odd or even

numbers o f  carbon atoms. The second s e r i e s ,  p r e s e n t  in much 

sm alle r  q u a n t i t i e s ,  gave sm all peaks in te rm e d ia te  between 

success ive  members o f  th e  l a r g e r  s e r i e s  and a re  though t to  be 

b ranched -cha in  hyd ro ca rb o n s .  A ll  o f  th e se  assignm ents have been 

made on th e  b a s i s  o f  GLC r e t e n t i o n  d a ta .  A GC-MS s tu d y  has n o t  

been c a r r i e d  o u t  because  o f  th e  com plex ity  o f  the  f r a c t i o n  and 

because mass s p e c t r a  o f  hydrocarbons o f  t h i s  type a re  n o t  very  

in fo rm ativ e .  A ttem pts  a re  b e ing  made to  s im p l i fy  t h i s  f r a c t i o n  

by r e s o lv in g  i t  in to  s t r a i g h t —chain  and branched—chain hydrocarbons 

u s ing  m o lecu la r  s ie v e s  (29 , 30) and u re a  in c lu s io n  complexes (31).
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w; e co sy  cure, as  e v e  from  c i th er  the 

s i l i c i c  cc:.{ i'i' O ..-.0 s w;: c g e e l v o u t  has  been r u l e d  cut .  

ij^.uii - 1   ̂uJij- c~ •.■.! * . > s * ooiore xoucii-iiy 'oils column

with l i p i d  has  r e v e a l e d  t h a t  a l th o u g h  s a t u r a t e d  hydrocarbons are 

p re s e n t  i n  th e  s o lv e n t  th e y  e re  p r e s e n t  in  in ch  sm a lle r  quantities. 

The b l u n t s  were a ls o  q u a l i t a t i v e l y  d i s t i n c t  s in c e  th ey  appeared

to c o n t a i n  o n l y  t h e  even carbon  a t o n  hydrocp.rbc-ns, C, , C, , C14 I S 1 225

C24’ C23 £’nd C23*

A i to r  t h e  removal o f  .the b u lk  of the  p a r a f f i n i c  hydro-

carbons  5 f r a c t i o n  1 ? c o n t a i n i n g  compounds A and B, was examined 

by GO-1.3 on an 113 9000 in s tru m e n t  £in& F i g 9 IS r e p r e s e n t s  the 

" t o t a l  ion  c u r r e n t "  t r a c e  o f GIB behaviour t h u s  o b ta in ed . The 

peak due to  compound A was scanned t r i c e  to  t e s t  fo r  homogeneity 

(scan 2 ? ■* 0 ,08 end scan 3, t ^  » 1,01 ? where t^ -  r e t e n t io n

t in e  r e l a t i v e  to  c h o lc s ta n e )  and a comparison of the  two sp e c t ra  

ob ta ined  is  given in  Fig® 17, The mass s p e c t r a l  behaviour of 

pea-- B i s  r e p r e s e n te d  by scan 4 , a l i n e  diagram of which is  shown 

in F ig , 18-> No s a t i s f a c t o r y  s p e c t r a  were ob ta ined  froup scans 15 

5 and 8 in- F ig ,  16, b u t  r e t e n t i o n  d a ta  sugges t  t h a t  they  are  p a r t  

o f a homologous s e r i e s  o f  n — a lh a n e s .  The TIB and GLC 

m o b i l i t i e s  o f  compound A were c lo s e ly  s im i la r  to  those ox 5ey

eholes tane  : how ever? exam ination  o f i t s  mass spectrum showed 

th a t  A. had a m o lecu la r  w eigh t of 370, 2 mass u n i t s  le s s  tnan  5dr 

c h o le s ta n e . S i m i l a r i t i e s  ' in  the  f  ragmen t a t  ion of tne  two
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F i gure 16 T o ta l  ion c u r r e n t  chroma to  grata o f  f r a c t io n  1.

1% SE -30

210

0 8 18 min. 24 32

substances  su g g es ted  t h a t  the  former might be a c h o le s te n e .

A re fe re n c e  sample o f  c h o l e s t —5--ene was found to  have s im i la r  

r e te n t io n  d a ta  to  th e  i s o l a t e d  hydrocarbon and i t s  mass spectrum 

(shown in  Fig* 17) i s  a lm ost i d e n t i c a l  to  t h a t  o f  th e  e x tra c te d  

hydrocarbon A. S i m i l a r l y  compound B, m olecu lar w eight 368, 

gave a mass s p e c t r a l  f rag m e n ta t io n  p a t t e r n  which bears  a s t r i k i n g  

resemblance to  t h a t  o f  c h o le s t a —3 ,5 —diene as can be seen in 

F ig . 18. The n a tu r e  o f  some o f  the  most abundant ions in the 

sp ec tra  o f  compounds A and B a re  d iscu ssed  on page 278.
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F ig u re  17

a.

109

W  )47 2)5

il£

IS) 257

230 247
_J L

275 20 )

J  L

sca n  2

J70

3S5

AX) 200 300 4 00

370scan  3

355

109 215
135

C .

KD9

135
M7)6t

2 /5

& n h.

257

230 247

l&L.

275
3 0 )

100 200 J00

370

355

40C

Mass s p e c t r a  (UC8 S000 GC-MS instrum ent) of
(a )  compound A (scan  2)
(b) compound A (seen  3)
(c )  c h o le s t  -  5 -  ene
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F ig u re  18

a 368

.Oil

147

161 213
247

l . m;
2 55

1260

353

Mass s p e c t r a  (O B  9000) o f
(a) compound B (scan  4)
(b) c h o le s t a  -  3, 5 -  d iene

368

iii Ll

147

145

161 213 247 2 55

In ., r i l L . i . l i i i l i . - i k i .  J n .H .1 J i i j i i . iii... . i  c L  L i L

260
353

326
.._i_



135

Fiffliro 19. Ti..L o f  e x t t ac heel hydrocarbons

extracts

reference cm p d s.

I

cholestene 

ch o lestad ien e

I squalene  

^ -ca ro te n e

s o lv e n t  s y s te m :-  hexane : benzene (97 :3  v /v )
a d s o r b e n t : -  MN" -  IC iese lge l G -  HR. ■
s p r a y : -  \°/o  e e r i e  s u lp h a te  in  10^ s u lp h u r ic  a c id
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Trie eiccrao'&ed compounds v e re  "then re-exam ined -by TLC and 

GLC and compered d i r e c t l y  ~rith a u th e n t ic  compounds. The QIC 

r e t e n t i o n  d a t a  re c o rd ed  fo r  A,- B and C irere found to  be id e n t i c a l  

to  those  r e c o rd e d  f o r  ch o les t~ 5 ~ en e9 c h o le s ta -3 ,5 -d ie n e  and 

squalene  r e s p e c t i v e l y .  F ig .  19 shoe's a comparison o f the  TLC 

behaviour o f  th e  e x t r a c t e d  compounds v i t l i  the  a u th e n t ic  hydro

carbons m entioned above and s t r e n g th e n s  the  t e n t a t i v e  i d e n t i 

f i c a t i o n s  o f  A and B«

C h a r a c t e r i s a t i on o f  th e  doub le  bond in  the  e x t r a c te d  c h o le s te n e .

A f t e r  th e  use  o f  mass sp ec tro m etry  had e s t a b l i s h e d  th a t  

•compound A vas  a c h o le s t e n e , fou r approaches v e re  adopted to  

lo c a te  th e  p o s i t i o n  o f  th e  double bond ip  the  molecule and these  

Tare re  as f o l l o w s : -

1, T h in - la y e r  chrom atography on s i l i c a  gel impregnated v i t l i  

s i l v e r  n i t r a t e j

2, g a s - l i q u i d  chrom atography on s e v e ra l  d i f f e r e n t  phases both 

s e l e c t i v e  and n o n - s e l e c t i v e ;

3. mass s p e c tro m e try ,  u s in g  a s e r i e s  o f  a u th e n t ic  cho les ten es  

f o r  com parison, and

4. s p e c i f i c  r e a c t i o n s  o f  th e  double bond to  produce oxygenated 

compounds Tfhich g ive  more c h a r a c t e r i s t i c  mass s p e c t r a l

f r a  gmen t  a t  i o n .
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Method I s -  T h in - la y e r  chrom atography.

TIC on s i l i c a  g e l  u s in g  hexane : benzene (9 7 s 3 v /v )  

as s o lv e n t  system  -was l a r g e l y  u n s u c c e s s fu l  in  s e p a r a t i n g  a 

m ix tu re  o f  r e f e r e n c e  c h o le s te n e s  and c o n se q u e n tly  was o f  l i t t l e  

use in  l o c a t i n g  th e  double  bond in  th e  e x t r a c t e d  c h o le s te n e .  

However, good s e p a r a t i o n s  have been dem o n stra ted  f o r  s t e r o l s  

d i f f e r i n g  o n ly  in  double  bond p o s i t i o n , u s i n g  la y e r s  c f  s i l i c a  

ge l im pregnated  w i th  s i l v e r  n i t r a t e  (32 , 03). A hydrocarbon 

e x t r a c t  was compared w i th  a s e r i e s  o f  known c h o le s te n e s ,  on TIC 

p l a t e s  w hich had been im pregnated  w i th  5/i o f  s i l v e r  n i t r a t e ,  

u s in g  hexane : benzene (9 7 s 3 v /v )  as s o lv e n t  system . A ty p i c a l  

r e s u l t  o b ta in e d  i s  shown b e lo w 'in  Fig* 20.

F ig u re  20 . TLC OF CHOLFSTSHSS.

a d s o r b e n t s -  MN -  K ie s e lg e l  GER/5/o AgN0o 

s o l v e n t s -  hexane s benzene (9 7 i3  v /v )
reference cm pds.

A  '2 3 4  5 8(9) 3,5' ext.

s p r a y I -  1$ e e r i e  s u lp h a t e  i n  10$ s u lp h u r ic  a c id

alkanes

ch o le sten e

ch o le sta d ien e
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From t h i s  chromatogram we con see t h a t  th e  r e f e r e n c e  hydrocarbons 

f a l l  i n to  th r e e  m o b i l i t y  groups and t h e i r  Rp v a lu e s  a re  r e c o rd e d  

in  Table 10. The m o b i l i t y  d i f f e r e n c e s  o b ta in e d  f o r  th e se  

compounds would appear to  be e x p la in e d  by p ro p o s in g  t h a t  th e  ions 

in  th e  a d so rb e n t  would complex to  th e  g r e a t e s t  e x t e n t  w i th  th e  

l e a s t  s t e r i c a l l y  h in d e re d  double  bonds making th e s e  compounds the  

l e a s t  m o b ile .  However, on th e  o th e r  hand, c o n s id e r a t io n  o f  the  

e l e c t r o n  d e n s i t y  abou t th e  double  bonds would su g g e s t  t h a t  

c h o le s t~ 8 (9 )~ en e  shou ld  be th e  most p o l a r  which i s  th e  r e v e r s e  o f  

what was found e x p e r im e n ta l ly .  The v a l i d i t y  o f  th e se  t h e o r e t i c a l  

c o n s id e r a t io n s  rem ains  to  be d e te rm in ed .

Table 10 . TLC OF CHOLESTENSS

(MN -  IC iese lg e l G -  E E /5 / AgNOg -  hexanes benzene 97 :3  v /v )

COMPOUND . R*

c h o le s t - 2 - e n e  0 .4 1  )

c h o le s t - 3 - e n a  0 .4 2  J
c h o le s t - 4 - e n e  0 .5 7  “)

c h o le s t - 5 - e n e  0 .5 9  J

c h o le s h -8 ( 9 ) - e n e  0 .8 2

c h o l e s i a - 3 ,5 - d i e n e  0 .3 3

EXTRACT

c h o le s te n e  A 0 .5 7
c h o le s ta d ie n e  B 0 .3 3

a lk an e s  0 .8 5
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The c h o le s te n e  h i th e  e x t r a c t e d  m a t e r i a l  ( s e e  F ig .  20, extreme 

r ig h t-han -d  lan e )  i s  c l e a r l y  d i s t i n c t  i r o n  cho 1 e s i - 8 ( 9 ) - e n e , 

- 2 —ene and —3-ene b u t  i s  n o t  d i f f e r e n t i a t e d  from th e  / \"  

and iso m e rs .

Method 2s— Gas—l i q u i d  chrom atography.

S in c e  no s e p a r a t io n s  cou ld  be d em o n stra ted  between th e  

f i v e  a v a i l a b l e  r e f e r e n c e  c h o le s te n e s  on th e  n o n - s e l e c t i v e  phase  

SE -  30, s e v e r a l  s e l e c t i v e  p h ases  namely OP -  1, OV -  17 and 

OV -  22 were t e s t e d .  These a l s o  f a i l e d  in  most in s ta n c e s  to  

p roduce  s e p a r a t i o n s  u s e f u l  in  c h a r a c t e r i s a t i o n  as  can be seen 

from th e  r e t e n t i o n  d a ta  p r e s e n te d  in  Table 11.

Table  11. GLC OF CIIOLESTSl'SS

A

2P -  1 0Y -  17 0Y -  22

I I % X

2 2950 1.02 2910 1 .0 3 2800 1 .02
3 2S30 1 .05 2920 1 .07 2805 1 .05
4 2925 0 .9 4 2910 1 .02 2300 1.02

! & 2980 0.93 2935 1 .12 2810 1.06'
8(9) 2935 1.C0 2980 1.10 2815 1 .07

t  Ti

I  ss r e te n t io n -  index
tp  ** r e t e n t i o n  tim e r e l a t i v e  to  5c4—c h o le s ta n e

GLC c o n d i t i o n s : -  1$ £F -  1 (5  f t . )  a t  1S0°C 2
1% 0Y -  17 (4  f t . )  a t  200°C
1$ OY -  22 (5  f t . )  a t  195°C 2

Fye 104 in s t ru m e n t .
The d a ta  r e c o rd e d  f o r  th e  e x t r a c te d  c h o le s te n e  were i d e n t i c a l  to
th o se  o f  a u th e n t i c  c l io le s t- ls .
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Method 3:-“ Mass s p e c t ro m e try .

E x am ina tion  o f  th e  mass s p e c t r a  o f  th e  a v a i l a b l e  pu re  

r e f e r e n c e  c h o le s te n e s  (F ig .  2 l)  shows t h a t  th e y  can a l l  be 

a d e q u a te ly  d i f f e r e n t i a t e d .  C h o le s t  -  2 -  en e ,  because  o f  i t s  

a b i l i t y  to  undergo a r e t r o  -  D ie l s  A lder  f r a g m e n ta t io n  p ro c e s s  

y i e l d s  a m ajor ion  a t  m/e 316 due to  th e  e l im in a t io n  o f  

b u ta d ie n e  (54 mu.) as shown b e lo w :-

B

This  ion  was c o m p le te ly  a b se n t  from th e  s p e c t r a  o f  a l l  o th e r  

c h o le s te n e s  examined, in c lu d in g  t h a t  o f  the  e x t r a c t .  The 

i s o l a t e d  c h o le s te n e  (F ig .  1 7 ) ,  c h o l e s t  -  5 -  ene and 

c h o l e s t  -  2 -  ene a l l  p o s s e s s  abundant ions a t  m/e 275 and 

m/e 301 which a re  n o t  p r e s e n t  in  any o f  th e  o th e r  s p e c t r a  

s tu d ie d .  S in ce  ire have a l r e a d y  e l im in a te d  c h o l e s t  -  2 -  ene 

from c o n s i d e r a t i o n ,  c h o l e s t  -  5 -  ene i s  l e f t ,  as a p o s s ib l e  

i d e n t i t y .  The mass spectrum  o f  t h i s  compound is  indeed  c lo s e l y  

s i m i l a r  to  t h a t  o f  th e  a o r t i c  c h o le s te n e  as can be seen in  

F ig .  17. A c e r t a i n  amount o f  c a u t io n  must however be e x e r c is e d  

in  t h i s  a ss ignm en t s in c e  the  s u p e r im p o s i t io n  o f  th e  f rag m e n ta t io n  

of  two o r  more c h o le s te n e s  as a consequence o f  u n re so lv e d



1 4 1 .

F ig u r e  2 1 . M ass s p e c t r a  o f  a u t h e n t i c  c h o le s t e n e s

370
215 316

147
203 355176

257

275 3.01

370

95
215

135.
207

20/ 230 281247
108

329

355

147 355135 215
257

231
201 247

370

K 7

275
JO/

247

370

95
355

109 135 ,(?2
147

kJl I ' !

215

203
231 257

juJ ElL

8(9)



GLC' peaks could  b u i ld  up a com posite  spec-trim n o t  u n l ik e  t h a t  . 

o f  one o f  th e  p a re  cho 1 c a t e n a s «, I t  i s  a lso  im p o r tan t  to  c o n s id e r  

t h a t  one o f th e  u n a v a i l a b le  i s o n e r s  m ight g ive  a mass spectrum  

■which can n o t he d i s t i n g u i s h e d  from t h a t  o f  c h o l e s t  — 5 -  ene.

Method A t-  S p e c i f i c  r e a c t i o n s  o f  th e  double  bond.

Tiro r e a c t io n s  -were a t te m p ted  and th e se  a re  o u t l i n e d  be lour ~

C (CFoCOLO 9\  BFQ/Et00 b I -------- 3— 2 ^  \ 0  — 3 — 4 ,

H2 ° 2  C = 0

4 . (a) H ydroxy la tions  -  Crude a o r t i c  c h o le s te n e  ttus t r e a t e d  w ith  

osmium t e t r o x i d e  and the  r e s u l t i n g  e s t e r  h y d ro ly sed  to  form a 

c h o le s ta n e  G iol in  th e  manner d e s c r ib e d  on page 110 .

T r im e th y l s i ly l  e th e r s  irere p re p a re d  from the  r e s u l t i n g  d i o l  and
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p u r i f i c a t i o n  m s  e f f e c t e d  by s u b l im a t io n  (140°C; 0 .1  inn).

The GLC b eh av io u r  o f  t h i s  f r a c t i o n  end t h a t  o f  th e  ThSi e th e r  

o f  5&C ~ c h o le s ta n e  -  5, 6(X — d i o l  p roduced  from a u th e n t i c  

c h o l e s t  — 5 — ene by th e  same r e a c t i o n  sequence i s  sho rn  in  

F ig .  22.

U n f o r tu n a te ly ,  th e  p ro d u c t  o b ta in e d  from th e  e x t r a c t  m 3 

i n s u f f i c i e n t l y  pu re  f o r  d i r e c t  GC-mS exam in a tio n .  H o m v er,  gas 

chrom atography gave a d d i t i o n a l  ev idence  fo r  the  id e n t i f i c o / t io n  

o f  th e  e x t r a c t e d  m a t e r i a l  as c h o l e s t  -  5 -  ene s in c e  the  

r e t e n t i o n  tim es  o f  th e  p r i n c i p a l  peaks  o f  th e  p ro d u c ts  from 

e x t r a c t  and a u th e n t i c  i e r e  i d e n t i c a l .  The i s o l a t e d  c h o le s te n e  

m s  p u r i f i e d  by p r e p a r a t i v e  TLC on s i l i c a  g e l  im pregnated  r r i th  

s i l v e r  n i t r a t e  -with th e  aim o f  o b ta in in g  a f r a c t i o n  -which m u l d  

be s u i t a b l e  f o r  GC-IdS a f t e r  t r e a tm e n t  v i t h  osmium t e t r o x i d e .

F ig .  23 shorn th e  r e s u l t  o f  a GLC exam ination  o f a  p u r i f i e d  

c h o le s te n e  c o n ta in in g  f r a c t i o n  and F ig .  24 t h a t  o f  th e  r e s u l t i n g  

d io l  (a s  TLSi e th e r )*  I t  m s  found t h a t  th e  GLC b ehav iou r  o f  

the  m ajor peak  o f  t h i s  sample cou ld  n o t  be d i s t i n g u i s h e d  from 

t h a t  o f  th e  TLSi e t h e r  o f  5 OC- c h o le s ta n e  -  5, 6<X- d i o l .

A s e r i e s  o f  c h o le s ta n e  d io l  TLSi e th e r s  m s  examined by 

GIC in  o rd e r  to  e s t a b l i s h  t h a t  th e  p o s s ib le ,  d io l s  produced  by 

the  'a c t io n  o f  osmium t e t r o x i d e  on a group o f  c h o le s te n e s  (2 -  ene;

3 -  ene; 4 -  ene; 5 -  ene; 6 -  ene; 7 -  ene and 8 (s )  -  ene) could 

a l l  be d i s t i n g u i s h e d  by GIC m o b i l i t y , 'a l t h o u g h  l i t t l e  o r  no



F ig u r e  22 144

196

2-55
2-85

66

cholestane

on, 2.86 2.55
(a )  th e  TllSi e th e r s  o f  th e  m ix tu re  produced by th e  a c t io n  of 

osmium t e t r o x i d e  o f  a crude e x t r a c t  c o n ta in in g  c h o le s te n e  and
(b) th e  TiJ3i e th e r  o f  5oC- c h o le s ta n e  -  5, 6 oC-  d i o i .

H e te n t io n  tim es r e l a t i v e  to  c h o le s ta n e  a re  g iven  under th e  peaks .



F ig u r e  23

1% QF-1 ; 190 

ch o lesten e

cholestad iene
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The GLC b eh av io u r  o f  an e x t r a c t  c o n ta in in g  c h o le s te n e  a f t e r  
p u r i f i c a t i o n  by TJLC on l a y e r s  im pregnated  w i th  s i l v e r  n i t r a t e .

F ig u re  24

GLC o f  T;.1Si e th e r s  o f  p u r i f i e d  c h o le s te n e  e x t r a c t  a f t e r  
t r e a tm e n t  w i th  osmium t e t r o x i d e .  The r e t e n t i o n  tim es under 
the  peaks  a re  r e l a t i v e  to  c h o le s ta n e .



Table  12. GLC o f  rjv.iSi e t h e rs  o f  c h o le s ta n e  d i o l s  

( l fo SE 80 5 225°C)

C01T0UM) *11 I

5o(*“ c h o le s ta n e  - 2<X, 3(X“ d i o l  TILSi 3.40 3220

5 O S c h o le s ta n e  - 2 (3 ? 3 (3 -  d i o l  Ti.3i 4 .4 7 3310

5 0 ( -  c h o le s ta n e  - c5CO 4CX™ d i o l  TLBi 3 .85 3250

5(X~ c h o le s ta n e  - 3 0 , 4 3 -  d i o l  TILS i 5.11 3350

5 c h o l e s t a n e  - 4oC, 5 ~ d i o l  TLSi 2 .47 3120

5 ^ -  c h o le s ta n e  - 4 p , 5 -  d i o l  TIiSi 3,42 3220

5 o ( -  c h o le s ta n e  — 5, 6(X -  d i o l  TIB i 2.83 3160

5(X- c h o le s ta n e  - 6C* s 7C<“  d i o l  Hi-Si 2 .2 3 3080

5D(- c h o le s ta n e  — 7 (3 , 8 3 -  d io l  ThSi 1 .73 29S0

50(^- c h o le s ta n e  - 8 2  5 9 2  -  d i o l  ThSi 1 .95 3025

t ^  ® r e t e n t i o n  tim e r e l a t i v e  to  c h o le s ta n e

I  « r e t e n t i o n  index
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s e p a r a t i o n  e x i s t s  between th e  p a r e n t  h y d ro ca rb o n s .  Table 12 

shows t h a t  c o n s id e ra b le  s e p a r a t io n s  do e x i s t  between th e  m a jo r i ty  

o f  th e  d e r i v a t i v e s  and t h a t  5(X~ c h o le s ta n e  -  5, 6oC~ d i o l  TMSi 

co rre sp o n d s  in  r e t e n t i o n  tim e to  t h a t  formed from th e  e x t r a c t e d  

c h o le s te n e  and i s  marlcedly d i f f e r e n t  from most o th e r  iso m ers .  

However, s in c e  o n ly  a v e ry  l im i t e d  number o f  th e  p o s s i b l e  c i s -  

g ly c o l s  ¥as  a v a i l a b l e  we canno t say  w i th  c e r t a i n t y  t h a t  some 

o th e r  d i o l  would n o t  g ive  th e  same r e t e n t i o n  time under th e se  

c o n d i t i o n s .  N e v e r th e le s s  th e  ev idence  to  d a te  s u g g e s ts  t h a t  

th e  d i o l  p ro d u ced  from th e  e x t r a c t e d  c h o le s te n e  on t r e a tm e n t  

w i th  osmium t e t r o x i u e  i s  5c£- c h o le s ta n e  -• 5, GO\~ d i o l  which is  

known to  be formed from c h o l e s t  -  5 -  ene .

The r e f e r e n c e  sample o f  5o(? 6 cA- d io l  and th e  d io l  

p roduced  from th e  a o r t i c  c h o le s te n e  were then  b o th  examined by 

GC-1IS as  t h e i r  T!23i e t h e r s  and t h i s  q u ic k ly  e s t a b l i s h e d  t h a t  

b o th  compounds had formed mono- r a t h e r  than  b i s - d e r i v a t i v e s .

This r e s u l t  was n o t  co m p le te ly  u n expec ted  s in c e  p re v io u s  work 

on 5c<- c h o le s ta n e  -  3(3? 5? 6(3 -  t r i o l  had shown t h a t  

5oC- hydroxy l groups do n o t  e t h e r i f y  under normal c o n d i t io n s .

Line d iagram s o f  th e  mass s p e c t r a  o b ta in e d  a re  shown in  F ig .  25.

The s p e p t r a  a r e  a lm os t i d e n t i c a l  and a re  com patib le  w i th  th e  

f ra g m e n ta t io n  o f  6c^ - t r i m e t h y l s i l y lo x y - 5 c * ~ c h o le s t a n - 5 - o l .

The p re s e n c e  o f  a f r e e  hydroxyl and a t r i m e t h y l s i l y l  e t h e r  group 

in  b o th  compounds i s  i n d i c a t e d  by th e  e l im in a t io n  o f  w a te r  (P-$8)
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and t r i m e th y l s  i l a n o l  (P~90) r e s p e c t i v e l y  from the  m o le c u la r  io n ,  

th e  l a t t e r  e l im in a t io n  b e in g  a t t e s t e d  by th e  p re se n c e  o f  a s t ro n g  

m e ta s ta b le  ion a t  m/e 295*5 c o rre sp o n d in g  to  th e  t r a n s i t i o n  

m/e 458 to  in/e 35 8 .

The bis-TMSi e t h e r  o f  S c i - c h c le s  ta n e - 5 ,6  o ( - d io l  can be 

formed under s t r o n g e r  e t h e r i f i c a t i o n  c o n d i t io n s  (se e  page 107) 

and t h i s  compound, in  agreem ent w i th  th e  r e s u l t s  f o r  

5 C (-cho les tam e-3  j3 , 5, 6 p - t r i o l ,  was found to  have a s h o r t e r  

GLC r e t e n t i o n  tim e th an  th e  mono-TMSi e th e r*

F ig u r e  25 . Mass s p e c t r a  o f  5 cX -cho  1 e s t a u e - 5 ,6 ck -clio 1 6-TMSi e th e r  

(a )  E x t r a c t

321
461

161
386197 476. 458

I

(b) A u th e n t ic

458

4QOJOOzoo
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A sm al l  q u a n t i t y  o f  t h e  M s - d e r i v a t i v e  i s  formed under normal 

e t h e r i f i c a t i o n  c o n d i t i o n s  and t h i s  a p p e a r s  as peak  2 in  th e  

chromatogram shown in  Fig* 2 2 ( b ) . The c o rre sp o n d in g ,  h u t  

p r o p o r t i o n a l l y  l a r g e r  peak  in  th e  chromatogram d e r iv e d  from 

th e  e x t r a c t e d  m a t e r i a l  appears  to  r e p r e s e n t  a m ix tu re  o f  compounds 

su g g e s te d  to  be th e  bis-TM Si e th e r  o f  5 ct-~ c h o le s ta n e  — 5, 6oC“ 

d i o l  p lu s  t h a t  o f  a n o th e r  u n i d e n t i f i e d  c h o le s ta n e  d io l*  This

s u g g e s ts  t h a t  th e  e x t r a c t e d  c h o le s te n e  was n o t  e n t i r e l y  

homogeneous®

This i s  c o n s id e re d  to  be f a i r l y  c o n c lu s iv e  ev idence  o f  

th e  p re s e n c e  o f  c h o l e s t  -  5 -  ene in  th e  e x t r a c t  s in c e  a 

com bina tion  o f  gas ch rom atograph ic  and mass sp e c t ro m e tr ic -  

in fo rm a t io n  has  a llow ed  p o s i t i v e  i d e n t i f i c a t i o n  o f  any o f  the  

s t e r o l s  so f a r  examined in  our work® A second double  bond 

r e a c t i o n  was a t te m p te d  to  e s t a b l i s h  t h i s  i d e n t i f i c a t i o n  beyond 

doubt*

4 . ( b )  I s o m e r i s a t io n  o f  c h o le s te n e  e p o x id e s -  

P e r t r i f l u o r o a c e t i c  a c id  was used  to  form epoxides  from the  

e x t r a c t e d  c h o le s te n e  and a r e f e r e n c e  sample o f  c h o l e s t  — 5 -  ene. 

These compounds were t r e a t e d  w i th  boron t r i f l u o r i d e  in e th e r  in 

th e  manner d e s c r ib e d  on page 110® U sing  t h i s  r e a c t i o n  Henbest 

and Y /rig ley  (84) were a b le  to  form c o p rc s ta n  -  6 -  one 

(oJo~ c h o le s to n  ~ 6 -  one) from c h o l e s t  -  5 -  ene. The p ro d u c ts  

o b ta in e d  in  th e  p r e s e n t  work were examined by GLC and the
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F ig u r e  2 8 . GLC o f  C o p r0 3 ta n  - . 6  — one

Upper chromatogram d e r iv e d  from th e  p ro d u c ts  o f  th e  
e x t r a c t e d  c h o le s t e n e .

Lower chromatogram d e r iv e d  from th e  p ro d u c ts  o f  a u th e n t i c  
c h o l e s t  -- 5 -  ene .

F ig u re  27 . Mass spec trum  o f  C opros tan  ~ 6 -  one

5KH01E STAN-6-ONE

386

123

273
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chromatograms o b ta in e d  a re  shovn in  F ig ,  23, Peak B in  the  

GLC t r a c e  o f  th e  a u t h e n t i c a t e d  m a t e r i a l  has been shoim by GC-'IS 

to  be c o p ro s ta n  -  6 -  one and peak  C to  be c h o le s ta n  — 6 -  one,

A l i n e  d iagram  o f  th e  mass spec trum  o f  peak  B i s  i l l u s t r a t e d  in  

F i g .  27 and t h i s  has been shoTm to  be i d e n t i c a l  to  a  l i t e r a t u r e  

mass spec trum  o f  c o p ro s ta n  -  6 -  one (3 5 ) .  The f r a c t i o n  produced  

from th e  e x t r a c t e d  c h o le s te n e  i s  as y e t  i n s u f f i c i e n t l y  p u re  f o r  

GC-MS ex am in a t io n ,  hoivcver, th e  r e t e n t i o n  tim es o f  th e  m ajor peaks 

co rre sp o n d  to  th o se  p roduced  from c h o l e s t  -  5 -  ene . I t  i s  hoped 

t h a t  p u r i f i c a t i o n  by p r e p a r a t i v e  TLC m ight en ab le  a  GC-MS s tu d y .

• This a d d i t i o n a l  ev idence  a g a in  su g g e s ts  t h a t  th e  b u lk  o f  

th e  e x t r a c t e d  c h o le s te n e  i s  a lm os t c e r t a i n l y  c h o l e s t  — 5 -  ene.

Assignment o f  th e  p o s i t i o n  o f  th e  double  bonds in  the

The e x t r a c t e d  c h o le s ta d ie n e  has been shoun to  be co n ju g a ted  

s in c e  i t  p o s s e s s e s  a s t r o n g  u l t r a - v i o l e t  a b s o r p t io n .  E a r l y  

d e te rm in a t io n s  trere hampered by an i n a b i l i t y  to  remove o th e r  

hydrocarbons from th e  f r a c t i o n  b e in g  examined. Development o f  

p u r i f i c a t i o n  methods in v o lv in g  th e  use  o f  s i l v e r  n i t r a t e  TLC has 

r e c e n t l y  e n ab led  more s a t i s f a c t o r y  measurements to  be made.

The r e s u l t s  o b ta in e d  a re  sho'.m beloiir:-

e x t r a c t e d  c h o le s ta d ie n e

(a p p ro x .) £  (a p p ro x .)

227 -  230 17 -  20 x 10 3

234 -  239 18 -  20 x 10 3
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A lthough  o n ly  ap p ro x im a te ,  th e s e  -values a re  f a i r l y  c lo se  to  the  

l i t e r a t u r e  v a lu e s  f o r  c h o le s t a  -  3 ,5 “d ien e  (3 8 ) ,  However, 

because  o f  th e  ran g es  o f  w aveleng th  and i n t e n s i t y  re c o rd ed  

c h o le s t a  -  4 ,6 - d ie n e  c an n o t  be e x c lu d ed  from c o n s id e r a t i o n .

I t  i s  hoped t h a t  t h i s  p roblem  w i l l  be ^solved by th e  use  o f  

m o le c u la r  r o t a t i o n  s in c e  i t  i s  known t h a t  th e  isom ers m entioned  

above have w id e ly  d i f f e r e n t  o p t i c a l  r o t a t i o n s  (3 9 ) .  This 

te ch n iq u e  however, r e q u i r e s  a f a i r l y  la rge , p u re  sample and so 

work i s  in  p r o g r e s s  to  c o l l e c t  such  a sam ple.

Q u a n t i t i e s  o f  hydrocarbons

S qua lene  vas  th e  m ajo r hydrocarbon  in  a l l  p la q u e  t i s s u e  

examined. The q u a n t i t i e s  o f  t h i s  compound o b ta in e d  v a r i e d  q u i t e  

m arked ly  from sample to  sam ple, b u t  appeared  to  be g r e a t e s t  in  

the  s e v e r e s t  c a se s  o f  th e  d i s e a s e .  However, t h i s  in c re a s e d  

amount m igh t have r e s u l t e d  from th e  in c lu s io n  o f  p a r t s  o f  m ed ia l 

as w e l l  as in t im a l  t i s s u e ,  s in c e  in  th e s e  case s  p la q u e s  f r e q u e n t ly  

ex tended  th ro u g h  th e  m edia . In th e s e  examples th e  media could  

n o t  be s e p a r a te d  from th e  in t im a .  An average  v a lu e  was o f  th e  

o rd e r  o f  50 -  lOOJLi g. o f  sq u a len e  p e r  g . o f  l i p i d .

have emerged r e l a t i n g  to  the  hydrocarbons  o f  th e  human a r t e r y

C h o le s t  -  5 -  ene was p r e s e n t  a t  c o n c e n t r a t io n s  o f  about 

J jU g ./g . l i p i d  and c h o le s ta d ie n e  a t  abou t l O ^ g . / g *  

D u rin g  th e  co u rse  o f  o u r  worlc two p u b l i c a t i o n s  (36 , 37)
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w a l l .  The f i r s t  o f  th e s e  a r t i c l e s  has confirm ed  th e  p re se n c e  

o f  sq u a len e  in  the  a o r t a  u s in g  t h i n - l a y e r  chrom atography -vfhile 

th e  o th e r  d e s c r ib e s  an i n v e s t i g a t i o n  o f  the  hydrocarbons  o f  

human fem ora l a r t e r i a l  p laques*  U s in g  TLC th e  a u th o rs  have 

t e n t a t i v e l y  i d e n t i f i e d  n -  o c tad ecan e  end n -  o c tad e c en e ,  

Hotvever, s in c e  o n ly  one method o f  c h a r a c t e r i s a t i o n  u a s  used  

i t  i s  p o s s i b l e  th e  compounds a c t u a l l y  p r e s e n t  t e r e  a s e r i e s  

o f  a lh an e s  and a c h o le s t e n e .

A summary o f  th e  compounds i d e n t i f i e d  in  t h i s  s e c t i o n  

i s  g iven  in  Key 1 on page 120.
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POLAR ESTERS
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" POLAR ESTERS”

In  column chrom atography o f  l i p i d s ,  th e r e  i s  a grave danger 

t h a t  minor l i p i d  groups may rem ain u n re s o lv e d ,  u n le s s  th e  v a r io u s  

f r a c t i o n s  o b ta in e d  a re  s u b je c te d  to  f u r t h e r  chrom atography.

The n e c e s s i t y  f o r  c ro s s -c h e c l i in g  i s  i l l u s t r a t e d  by. th e  d e t e c t i o n ,  

in  e x t r a c t s  o f  th e  a therom atous  p la q u e ,  o f  g ly c e r y l  e th e r  

d i e s t e r s  ( l )  in  th e  s o - c a l l e d  " t r i g l y c e r i d e ” f r a c t i o n  as i s o l a t e d  

by column chrom atography. Minor l i p i d  c l a s s e s ,  p o s s i b l y  o f  g r e a t  

m e ta b o l ic  s i g n i f i c a n c e ,  can f r e q u e n t l y  be dem o n stra ted  by t h i n -  

l a y e r  chrom atography a l th o u g h  n o t  a p p a re n t  in  column e l u t i o n  

h is to g ra m s .  The common p r a c t i c e  o f  exam ining t o t a l  l i p i d  

e x t r a c t s  by TLC a lone  a l s o  f r e q u e n t l y  le a d s  to  c e r t a i n  groups 

o f  compounds e sc a p in g  d e t e c t i o n  a l th o u g h  th e y  a re  p r e s e n t  in  

a p p r e c ia b le  q u a n t i t i e s .

At th e  s t a r t  o f  our s e a rc h  f o r  minor l i p i d s  in  the  

a therom atous  p laq u e  ivre v e re  g r e a t l y  encouraged  by a r e c e n t  

i d e n t i f i c a t i o n  o f  a ne-w type  o f  s t e r o l  e s t e r  in  b lo o d  by C ra s te s  

de P a u l e t  and C r a s te s  de P a u le t  ( 2 ) .  This neiv type  o f  l i p i d  -was 

d e te c te d  in  th e  b lood  o f  p a t i e n t s  s u f f e r i n g  from h y p e r-  

c h o le s t e r o le m ia ,  b u t  co u ld  n o t  be d em o n s tra ted  in  normal b lood . 

Having r e g a r d  to  th e  " i n f i l t r a t i o n  th e o r y ” o f  p laq u e  fo rm a tio n ,

A d i s e a s e  in v o lv in g  an e x c e p t io n a l ly  h ig h  c o n c e n t r a t io n  o f  
c h o l e s t e r o l  in  th e  b lood  and c l o s e l y  r e l a t e d  to  a t h e r o s c l e r o s i s .
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i t  seemed p o s s i b l e  t h a t  t h i s  type  o f  e s t e r  m igh t be o f  im portance 

in  th e  a therom atous  p la q u e .

On ex am ina tion  o f  column e l u a i e s  o f  h y p e rc h o le s te ro le m ia  

b lo o d  l i p i d  by p a p e r  chrom atography C ra s te s  de P a u l e t  ( 2 ) 

d e m o n s tra ted  th e  p re s e n c e  o f  s e v e r a l  p r e v io u s ly  u n i d e n t i f i e d  

compounds o f  p o l a r i t y  in te rm e d ia te  between c h o l e s t e r o l  e s t e r  

and c h o l e s t e r o l .  One o f  th e s e  compounds gave th e  c h a r a c t e r i s t i c  

b r i g h t  b lu e  c o lo u r a t io n  o f  a 7 -h y d ro x y c h o le s te ro l  when sp rayed  

w i th  a  ch lo ro fo rm  s o l u t i o n  o f  antim ony t r i c h l o r i d e .  This 

compound was i s o l a t e d  and i t s  i n f r a r e d  spectrum  examined. This 

sp ec tru m  was v e ry  s i m i l a r  to  t h a t  o f  a  c h o l e s t e r o l  e s t e r ,  e x cep t  

t h a t  i t  i n d i c a t e d  th e  p re s e n c e  o f  a f r e e  hydroxyl group.

H y d ro ly s is  o f  th e  e x t r a c t e d  e s t e r  y ie ld e d  a compound which was 

c h ro m a to g ra p h ic a l ly  i d e n t i c a l  w i th  a sample o f  a u th e n t i c  

7 0 ( -h y d ro x y c h o le s te ro l*  U ndepressed  mixed m e l t in g  p o in t s  were 

c a r r i e d  o u t  b o th  as th e  f r e e  s t e r o l  and as th e  d ib e n z o a te .

The a u th o r s  were aware o f  th e  p o s s i b i l i t y  t h a t  such a compound 

m igh t be formed by a u to x id a t io n  o f  a  c h o le s t e r o l  e s t e r }b u t  r u le d  

t h i s  o u t ?s in ce  i f  th e  e s t e r  i s o l a t e d  was an a r t e f a c t  i t s  fo rm ation  

m ig h t  be ex p ec te d  d u r in g  e x t r a c t i o n  and chrom atography o f  normal 

b lood  e x t r a c t s ,  however, th e  compound was found o n ly  in  c ase s  o f  

h y p e r l ip e m ia .

Boyd ( 3 ) ^ u s in g  l i p i d  e x t r a c t s  o f  human and r a t  b lood  made 

u nder  s t r i c t l y  a n a e ro b ic  c o n d i t io n s  was ab le  to  i d e n t i f y  th e
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same compoxmd. lie a l s o  p r e p a r e d  a s e r i e s  o f  3 /B acy l  e s t e r s  

o f  7CK~hydroxycho 1 e s i e r o  1 and d e m o n s t r a te d  t h a t  th e s e  compounds 

ivere c h r o m a to g r a p h i c a l l y  i d e n t i c a l  to  the  e x t r a c t e d  m a t e r i a l .

U s in g  i n f r a r e d  s p e c tro s c o p y  he was a b le  to  e s t a b l i s h  t h a t  i t  vas 

th e  3 -  r a t h e r  then, th e  7 -hydroxyl group t h a t  -was e s t e r i f i e d .

E n co u rag in g  r e s u l t s ,  on p o l a r  e s t e r s  o f  t h i s  type  o b ta in e d  

in  o u r  otui l a b o r a to r y  (4) u s in g  h y p e rc h o le s te ro le m ic  b lood  a lso  

added impetus to  ou r p i  aque s tu d y .

The p r e s e n t  work

On th e  b a s i s  o f  th e  f in d in g s  d e s c r ib e d  above, Tfe s e t  o u t  

to  look  f o r  e s t e r s  o f  t h i s  type  in  e x t r a c t s  o f  th e  a therom atous 

p la q u e .  I t  had been shoun by p re v io u s  w orkers  (2) t h a t  th e  

•’p o l a r ” e s t e r s  were  e lu t e d  from a s i l i c i c  a c id  column a f t e r  the  

normal c h o l e s t e r o l  e s t e r s  b u t  b e fo re  c h o l e s t e r o l ,  Ue th e r e f o r e  

c a r e f u l l y  m o n ito red  s i l i c i c  a c id  column e lu a f e s  in  t h i s  

ch rom atograph ic  r e g io n  by TLC,and F ig .  28 i l l u s t r a t e s  a  t y p i c a l  

chromatogram o b ta in e d .  I t  shovs t r a c e s  o f  u n i d e n t i f i e d  

compounds in  th e  Rp range  0 .3  to  0 .7  in  f r a c t i o n s  16 to  20.

The extrem e r i g h t  and l e f t - h a n d  la n e s  o f  the  chromatogram shour 

a r e f e r e n c e  m ix tu re  o f  c h o le s t e r o l  s t e a r a t e  (Rp ~ 0 .85) and 

c h o l e s t e r o l  (Bp "  0 .1 S ) .  In  a d d i t io n  to  " p o la r ” e s t e r s ,  

f r a c t i o n s  16 and 17 c o n ta in  an a p p re c ia b le  q u a n t i t y  o f
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F i g u r e  28 TLC o f  s i l i c i c  a c i d  column c l u g t e a .

cholesterol s tea r a te  

cholesterol

sp ra y * -  1 $  e e r ie  su lp h a te  in  10$ su lp h u r ic  a c id
S o l v e n t : -  benzene s e th y l  a c e t a t e  (20 s 1 v /v )  
ads o vb e n i  s-  MN-K i  e oe1ge1 G-HRe

t r i g l y c e r i d e ,  i /h e reas  f r a c t i o n s  IS to  20 c o n ta in  c h o le s t e r o l  

w ith  l i t t l e  o r  no t r i g l y c e r i d e .

A t t h i s  p o i n t  we had two a l t e r n a t i v e  methods o f  

c o n c e n t r a t in g  th e s e  minor compounds,

(1) by  p r e p a r a t i v e  t h i n - l a y e r  chrom atography, or

( 2 ) by column chrom atography.

In most in s ta n c e s  column chrom atography was th e  method chosen 

s in ce  th e  q u a n t i t y  o f  m a te r i a l  invo lved  (as  h ig h  as 1 g. in 

some in s ta n c e s )  was u s u a l l y  r a t h e r  l a r g e  f o r  TLC. F r a c t io n  IS 

in th e  esample shown in  F ig .  28 was however co n s id e re d  to  be an

fractions 16-20
stds. a stds.



.e x c e p t io n a l  case  and traa s e p a r a t e l y  p u r i f i e d  by p r e p a r a t iv e  

TLC u s in g  bensene i e th y l  a c e t a t e  (20 s 1 v /v )  as s o lv e n t  

system .

F l o r i s i l  v a s  chosen fo r .  th e  column chrom atography 

( s e e  page 104) and th e  s o lv e n t s  u sed  to  e l u t e  th e  v a r io u s  

components a re  shoT/n in  th e  floT/ d iagram  belo^r ( F ig .  2 9 ) .  

F ig u re  29 F l o r i s i l  column chrom atography.

(Ol
ih.

E t , 0

Hexane

cholesterol
ester

triglyceride

fractions 1S-20

FIORISH. co'.o'.-m
Clir.'OM ATOG.

2 S \
in He>f-at\S

triglyceride

polar sterol esters

Etp

sterol
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TABLE 13. F I or i s  i  1 co 1 m i  

50 g F l o r i s i l

ch rona to  gr 

raid 1 .04  g

e/ohy 

1 in icl

F r a c t i o n
No.

F l u t i n g
s o lv e n t

V o lime 
n l .

R e s u l t  o f  
m icro TIE 
exam ination

1 - 6 10% E tpO :
Hexane

300
(6 x 50)

c h o l e s t e r o l
e s t e r s

7 25y E t o0: 
Hexane*5

50 tiro s p o ts  in 
c h o l e s t e r o l  e s t e r  
r e g io n  and a l i t t l e  
t r i g l y c e r i d e

.8 25jo E t  Os
TT 2Hexane 50 t r i g l y c e r i d e s  and 

s t a r t  o f ’p o l a r  
e s t e r s ”

9 25fo EtgO: 
Hexane

50 t r i g l y c e r i d e s  and 
" p o la r  e s t e r s ”

10 25% EtgO:
Hexane

50 " p o la r  e s t e r s ” and 
f r e e  s t e r o l s

11 25$ EtgOs 
Hexane

50 s t e r o l s

12 25c/o E t  Os 
Hexane

50 s t e r o l s

13 E t 20 100 s t e r o l s
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Table  13 i l l u s t r a t e s  t y p i c a l  s o lv e n t  volumes used  in  the  

e l u t i o n  o f  a F l o r i s i l  column and a l s o  the  r e s u l t s  o f  a micro 

TIC exam in a tio n  o f  each  f r a c t i o n .  E l u t io n  o f  s t e r o l s  was 

q u ic k ly  com pleted  ■with e th y l  a c e t a t e  when TLC showed t h a t  a l l  

o f  th e  " p o la r  e s t e r "  m a te r i a l  had been removed from th e  column.

F u r th e r  p u r i f i c a t i o n  o f  " p o la r  e s t e r s "

F r a c t i o n s  9 and 10 from the  F l o r i s i l  column c i t e d  above 

c o n ta in e d  th e  b u lk  o f  th e  " p o la r  e s t e r "  m a te r i a l  and t h e i r  TLC 

b eh av io u r  i s  shown in  F i g .  30. From t h i s  chromatogram i t  can 

be seen  t h a t  f r a c t i o n  9 c o n ta in e d  a c o n s id e ra b le  amount o f  

c h o l e s t e r o l  and t r i g l y c e r i d e s  in  a d d i t io n  to  p o l a r  e s t e r s ,  

whereas f r a c t i o n  10 showed o n ly  c h o l e s t e r o l  as im p u r i ty  and 

c o n ta in e d  a s m a l le r  q u a n t i t y  o f  " p o la r  e s t e r s " .  Both samples 

were f u r t h e r  p u r i f i e d  by p r e p a r a t i v e  TIC in  benzenes e th y l  

a c e t a t e  ( 2 0 s 1 v / v ) .



F ig u r e  SO TLC o f 1 1 po I a r  e a t e y M f r a c t i o n s  9 end 10 

( a f t e r  .F l o r i s i l  column chromatography)

cholesterol p a lm ita te

triglycerides

"polar esters"

ch olestero l

sp ra y * -  V f0 e e r ie  su lp h a te  in  10^ su lp h u r ic  ac id

s o l v e n t : -  benzene : e th y l  a c e t a t e ( 2 0 : 1  v /v )  
a d s o r b e n t :— IdN-K ie  s e 1 ge 1 G-IIR
The extrem e r ig h t - h a n d  lane  shews f r a c t i o n  S a f t e r  
removal o f  c h o l e s t e r o l  by p r e p a r a t i v e  TLC,

fractions 

stds.10 9 9 
I '

L L _____



F ree  ny d ro xy l groups in t h s ,!p o l a r  c 3 t e r s "

The p re se n c e  o f  u n e s t e r i f i e d  hydroxyl groups in  th e  b u lk  

o f  th e  m a t e r i a l  in  p u r i f i e d  f r a c t i o n s  9 and 10 was dem onstra ted  

by com parison o f  th e  TLC m o b i l i t i e s  of th e se  e x t r a c t s  b e fo re  and 

a x te r  a ce fcy la t io n .  The marked r e d u c t io n  in  p o l a r i t y  o f  f r a c t i o n  

9 fo l lo w in g  e s t e r i f i c a t i o n  i s  shorn  in  F ig .  31 below. In  t h i s  

chromatogram th e  l e f t - h a n d  lan e  shows a r e f e r e n c e  m ix tu re  o f  

c h o l e s t e r o l  and c h o l e s t e r o l  s t e a r a t e ,  the  c e n t r e ,  f r a c t i o n  9 and 

th e  r i g h t - h a n d  lane  th e  same p o l a r  e s t e r  sample a f t e r  a c e t y l a t i o n ,  

FIGURE 31 TLC o f " P o la r  e s te r "  f r a c t i o n  G

cholesterol 
stearate

stds. fr.9 fr.9 acet,

cholesterol

s o l v e n t s -  benzene: e th y l  a c e t a t e  (20 :1  v /v )  
s p r a y  j -  1$ c e r i o  s u lp h a t e  i n  10$ s u lp h u r i c  a c id

i
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When ru n  on TLC anti sp ray ed  w i th  an a c id i c  s o l u t io n  o f  

e e r i e  s u l p h a t e ,  f r a c t i o n  9 showed a s e r i e s  o f  p re d o m in a n t ly  

red-brow n s p o ts  broken  by two s p o ts  w i th  an in te n s e  b lue  

c o l o u r a t io n  (Rp v a lu e s  o f  0 ,59  and 0 ,3 8  in  b e n z e n e :e th y l  a c e t a t e  

20s 1 v /v )  ♦ The more m obile  o f  th e s e  two b lu e  co lo u re d  components 

was p r e s e n t  in  a c o n s id e r a b ly  l a r g e r  q u a n t i t y .  In  c o n t r a s t ,  

f r a c t i o n  10 appea red  to  c o n ta in  o n ly  th e  e s t e r s  which gave th e  

red -b row n c o lo u r a t i o n .

In  an a t te m p t  to  s im p l i f y  m a t t e r s  an a l i q u o t  o f  f r a c t i o n  9 

was d iv id e d  in to  two p o r t i o n s ,  d e s ig n a te d  9N ( l e s s  p o l a r )  and 

9P (more p o l a r )  by p r e p a r a t i v e  TLC u s in g  the  c o n d i t io n s  d e sc r ib e d  

above* Use o f  t h i s  p r e p a r a t i v e  s e p a r a t i o n  c o n f in e d  th e  l a r g e r  

b lu e  s p o t ,  th o u g h t  to  be due to  th e  e s t e r s  o f  7oC-hydroxy- 

c h o l e s t e r o l ,  to  a l i q u o t  9N#

R ed u c t iv e  h y d r o ly s i s

P o l a r  e s t e r  a l i q u o t s  9P and 9N were r e d u c t i v e l y  h y d ro ly sed  

u s in g  th e  method d e s c r ib e d  on page 109. When such  a p ro ced u re  is  

employed th e r e  a re  two problem s w hich a r i s e .  F i r s t l y ,  any k e to  

group p r e s e n t  w i l l  be c o n v e r ted  in to  a hydroxyl group d u r in g  the  

r e a c t i o n .  S e c o n d ly ,  a f t e r  r e d u c t iv e  h y d r o ly s i s ,  th e  f a t t y  a c id  

p o r t i o n s  o f  th e  e s t e r  m olecu les  w i l l  e x i s t  in  th e  form o f  th e  

c o r re sp o n d in g  f a t t y  a l c o h o l s .  A p a r t  from th e se  d is a d v a n ta g e s  the  

method i s  e x tre m e ly  a t t r a c t i v e  because  o f  i t s  r a p i d i t y  and th e  ease  

o f  w ork-up,' and because  o f  i t s  a b i l i t y  to  p r e v e n t  th e  e l im in a t io n  

o f  l a b i l e  hyd roxy l groups ( e . g .  th e  7^-hydroxyl group o f  7o(-hydroxy- 

c h o l e s t e r o l )  which m ight ensue from th e  use  o f  s t r o n g  a l k a l i .



T h in - la y e r  chromato grams o b ta in e d  from the  p ro d u c ts  o f  

th e  t r e a tm e n t  o f  9N and 9P ■vrith l i t h iu m  a 1 no in  ium h y dride  a re  

shown in  F ig ,  32,

FIGURE 32

N
-  - ' t  ■ - ■ .

.. A ... ,
^  ®; ■■■■• ■' *wn(r*tr' is:50; ':fcy
•t:

*
§

2/kO^-OH

73-OH

P S

i

i

c h o le s te r o l

26-OH

S o lv e n t  s y s te m :-  c h lo ro fo rm :e th y l  a c e t a t e  (3 :1  v /v )  
N « f r a c t i o n  92'J a f t e r  t r e a tm e n t  w i th  L i  A1 H4  

P “  f r a c t i o n  9P a f t e r  t r e a tm e n t  w i th  L i A1 H4  

S *» r e f e r e n c e  s t e r o l s
s p r a y : -  1*/° o e r io  su lp h ate  in  10$> aulphurio  aoid  [
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F r a c t i o n  9N :- F r a c t i o n  9N y ie ld e d  compounds which co rresponded  

to  c h o l e s t e r o l  (Up «* 0 ,66  , marjoon) 5 2 8 -h y d ro x y c h o le s te ro l '

(Rp 0*28, maroon) and 7 jB - h y d r o x y c h o le s te r o l  (Up = 0 ,1 8 ,  b lue)  

in  b o th  m o b i l i t y  and c o lo u r  r e a c t i o n ,  when th e  chromatograms were 

d ev e lo p ed  in  ch loroform s e th y l  a c e t a t e  ( 3 s l  v /v )  and sp rayed  w ith  

on a c i d i c  s o l u t i o n  o f  e e r i e  s u lp h a t e .  These t e n t a t i v e  

i d e n t i f i c a t i o n s  were c o r ro b o ra te d  by exam ina tion  o f  t h i s  f r a c t i o n  

by  TIC a f t e r  c o n v e rs io n  to  th e  t r i s e t h y l s i l y l  e t h e r  d e r i v a t i v e s ,  

( F ig ,  33)• The s o lv e n t  system s used  in t h i n - l a y e r  chrom atography 

were as  fo l lo w s :

s t e r o l s  -  ch lo ro fo rm s e t h y l  a c e t a t e  ( 3 s1 v /v )

TldSi e t h e r s  -  hexanes benzene ( 2 s l  v / v ) .

F r a c t i o n  9 P s -  T rea tm en t w i th  l i t h iu m  aluminium h y d rid e  in  t h i s  

case  y i e ld e d  two s t e r o l s  (Fig* 82; which on th e  b a s i s  o f  TIC 

ev id en ce  b o th  in  th e  f r e e  form end as  th e  TMSi e t h e r s  appeared
Xto  be c h o l e s t e r o l  and 28 -  h y d ro x y c h o ie s te ro l ,

CrhC E x am in a tio n

The r e d u c t io n  p ro d u c ts  o f  9N and 9P were s tu d ie d  by 

gas—l i q u i d  chrom atography ( Vfo SE—301 225°C) as TMSi e th e r s  and 

th e  chromatograms o b ta in e d  a re  i l l u s t r a t e d  in  F ig ,  34, where

28 -  H y d ro x y c h o ie s te ro l  was b e in g  c o n c u r r e n t ly  s tu d ie d  in  
r e l a t i o n  to  th e  u n e s t e r i f i e d  s t e r o l s  p r e s e n t  in  th e  
a th e ro m ato u s  p la q u e .



reference cm pds.

• I
i .

cholesterol TMS

26-OH cholestero l TMSi

7/3-OH ch o lestero l TMSi

S o lv e n t s -  hexane : benzene ( 2 s 1 v /v )  
a d s o r b e n t s -  M N-Kieselgel G-HE.

sp r a y s -  1 °/o o e r ic  su lp h ate  in  10^ su lp h u r ic  aoid



17

( a) end (b ) r e c o r d  th e  b eh av io u r  o f  ON a t  tiro d i f f e r e n t  

c o n c e n t r a t io n s  under th e  same c o n d i t i o n s .  The peaks  in  

t h i s  f r a c t i o n  have been l a b e l l e d  N . l  to  N.5 and th o se  in  

9P ( F ig .  34 ( c ) ) ,  Pol to  P«8. R e te n t io n  tim es r e l a t i v e  to  

e h o le s ta n e  a re  g iven  under th e  m ajor p eaks  and in  Table 14.

T ab le  14.

COMPOUND
%

TENTATIVE IDENTITY ON THE 
BASIS OF TIC AND GLC EVIDENCE.

N.2 2.50 C h o le s te r o l  TMSi

N. 3 3.66 7 'p -  OH C h o le s te r o l  TMSi

N .4 5 .35 240C~ OH C h o le s te r o l  TMSi

N, 5 6 .6 5 26 -  OH C h o le s te r o l  TMSi

P .3 2.50 C h o le s te r o l  TMSi

P . 7 5.67 25 -  OH C h o le s te r o l  TMSi

P o 8 6 .7 0 26 -  OH C h o le s te r o l  TMSi

where tp  »  r e t e n t i o n  time r e l a t i v e  to  5(X*cholestane.



FIGU GLC C iiiCTirv

5-J5

( a f t e r  LA

l^SE-30 225

TMSi e th e r s
( a f t e r  LA.H. )

r e t e n t i o n  tim es r e l a t i v e  to  c h o le s ta n e  a re  g iven 
under the  mo.jor peo h s .
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GC -US Exami n a t i on

Mass s p e c t r a  '."ere re c o rd e d  f o r  tlie m ajor peaks  in  th e  

chromatograms shown in  Fig* 84 u s in g  an LKB 9000 in s t ru m e n t .  

F r a c t i o n  9N

Peak N*2 :-~ A l i n e  . d iagram  o f  th e  mass spec trum  o f  peak  N.2 

i s  shown in  F ig .  35.

FIGURE 35. MASS SPECTRI3H OF COiAPOUMD N.2

129

73

458255
li !j, 213

1L.:.'!.i iJ.I.LA.llLl.
443

In  agreem ent w i th  ch rom atograph ic  ev idence  t h i s  mass spectrum  

was found to  he i d e n t i c a l  to  t h a t  o f  c h o l e s t e r o l  ( c l i o l e s t -  

5 -  en -  SjS" o l )  TMSi e th e r  as r e c o rd e d  by o u rs e lv e s  and o th e r  

w orkers  ( 6 , 7 ) .  The i d e n t i f i c a t i o n  o f  c h o l e s t e r o l  in  t h i s  

f r a c t i o n  p o se s  a  new prob lem . I t  f i n a l l y  d i s p e l s  any id e a  

t h a t  th e  m ajor s t e r o l  in  t h i s  f r a c t i o n  cou ld  be 7 -dehydro -  

c h o l e s t e r o l  r e s u l t i n g  from d e h y d ra t io n  o f  an e s t e r  o f  

7<X-'hydro:cycholesterol d u r in g  h y d r o ly s i s .  No d e t e c t a b l e  

q u a n t i t y  o f  7  -  d e h y d ro c h o le s te ro l  t r i m e t h y l s i l y l  e t h e r  cou ld  be 

dem onstra ted  in  t h i s  f r a c t i o n .  On th e  o th e r  hand, a l l
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u n e s t e r  i f  ie d  c h o l e s t e r o l  had been re  hot© cl from th e  o r i g i n a l  p o l a r  

e s t e r  f r a c t i o n  b e fo re  t r e a tm e n t  w i th  l i th iu m  aluminium h y d r id e .

Y/e t h e r e f o r e  have to  p o s t u l a t e  the  p re se n c e  in  th e  e x t r a c t  o f  a 

’’p o l a r  e s t e r "  which w i l l  y i e l d  c h o l e s t e r o l  on h y d r o ly s i s .  Two 

ty p e s  o f  compound which cou ld  p o s s i b l y  y i e l d  c h o l e s t e r o l  on 

r e d u c t iv e  h y d ro ly ,s is  and have th e  c o r r e c t  TLC m o b i l i t y  a r e s -

(a )  a  hydroxy f a t t y  a c id  e s t e r  o f  c h o l e s t e r o l ,  o r  

00 a normal f a t t y  a c id  e s t e r  o f  a compound such as

cholestane-'*3j3 ,5 ( o r  6 ) -  d i o l ,  which m ight e l im in a te  w a te r  to

form a double  bond in  th e  5-8 p o s i t i o n  o f  th e  s t e r o i d  nuc leus*  

H ypo thesis  (b) seems u n l i k e l y  s in c e  5 o ^ -c h o le s ta n e —3 j3 , 

5 - d i o l ,  5 c sv -c h o le s ta n e -3  (3 ,6j3 - d i o l  and 5 o C -c h o le s ta n e -3 ^  , 6 0 ^ -  

d io l  a l l  f a i l  to  d e h y d ra te  to  c h o l e s t e r o l  on t r e a tm e n t  w i th  

l i th iu m  aluminium hydride*  I t  was th u s  im p o r tan t  to  examine 

th e  f a t t y  a c id s  p roduced  by a l k a l i n e  h y d r o ly s i s  o r  the  f a t t y  

a lc o h o ls  formed by r e d u c t iv e  h y d r o ly s i s  o f  a p o l a r  e s t e r  f r a c t i o n .  

Yfork o f  t h i s  k in d  i s  d e s c r ib e d  l a t e r  on page 188,

Peak N , 3 s -  The mass spec trum  o b ta in e d  f o r  peak  N03 i s  shown

below in  F ig .  38. S in c e  th e  fragm en ts  a t  m/e 458 and 73 dwarf 

a l l  o th e r  i o n s ,  th e  l i n e  d iagram  has been drawn w ith  th e se  peeks 

a t  one t e n t h  o f  t h e i r  t r u e  i n t e n s i t y  to  b r in g  o u t  th e  d e t a i l s  o f  

the  f r a g m e n ta t io n .  The spectrum  r e p r e s e n t s  a d ihyd roxy  

c h o le s te n e  b is -T k S i  e t h e r  (m o lecu la r  w e ig h t 548), On th e  b a s i s  

o f  i t s  TLC b eh av io u r  end in te n s e  b lue  c o lo u r  r e a c t i o n  w i th  e e r i e
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s u lp h a t e  t h i s  compound vras th o u g h t to  r e p r e s e n t  a t r i n e  th y  Is  i l y l  

e t h e r  o f  a 7 ~ h y d ro x y c h o le s te ro l . Comparison o f th e  spec trum  of 

compound No 3 Y/ith th o se  o f  TCA- and 7 (?)--hydroxy c h o l e s t e r o l  

t r i m e t h y l s i l y l  e th e r s  te n d s  to  f u r t h e r  th e  vieYf e x p re s se d  above 

s in c e  a l l  t h r e e  s p e c t r a  a re  v e ry  s i m i l a r .  The most s t r i k i n g  

f e a t u r e  i s  th e  p rep o n d eran ce  o f  th e  m/e 453 frag m en t,  and a lso  

th e  r e l a t i v e l y  sm all  i n t e n s i t y  o f  th e  m/e 3.29 fragm ent in  

c o n t r a s t  to  m ost o th e r  |5 ~-ol t r i m e th y l s  i l y l  e t h e r s .

U n f o r t u n a t e ly ,  mass s p e c t ro m e try  i s  un ab le  to  d i f f e r e n t i a t e  

behireen th e  ep im e r ic  7cA- and 7(3- h y d r o x y c h o le s t e r o l s : however,

th e y  can be d i s t i n g u i s h e d  by TJX and GLC in  th e  f o r a  o f  t h e i r  

TMSi e t h e r s  as i s  shoT/n in  Table 15 and F ig s .  87 and 38.

Table 15

COMPOUND h Rp
C olour r e a c t io n  Y.ri t h  
e e r i e  s u lp h a te

7 Cs-OH c h o l e s t e r o l  
bis-TM Si

2 .62 0 .5 3 b lu e

7 A - 0 H c h o l e s t e r o l  
r  bis-TM Si

3 .69 0.16 b lu e

N .3 3.66 0 .17 b lu e

«* r e t e n t i o n  tim e r e l a t i v e  to  c h o le s ta n e  
on 1 jo SE -  30 a t  225°C.

v a lu e s  were re c o rd e d  u s in g  hexane:benzene  ( 2 s 1 v /v )  
a s  s o lv e n t  system .



cholesterol TMSi

i

7c*-OH cholesterol TMSi

7(S-OHcholesterol TMSi

S o l v e n t  sy s te m s -  he:.roxiesbenzene ( 2 s l  v /v )  
s p r a y : -  Vfo e e r i e  s u lp h a t e  i n  1 0 ^  s u l p h u r i c  a c id

F1GUIIE 8S GLC CF 7C*AKD 7 3 -OH CHOLESTEROL TVS 1

1% OV-1 (10) 

240°

3-692-62

minutes
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From th e s e  ch rom atograph ic  m o b i l i t i e s  i t  can be seen t h a t  

compound. N3 i s  7 j§ -I iyd roxycho les te ro l t r i m e t h y l s i l y l  e th e r  r a t h e r  

th a n  th e  7(&-isomer. This i d e n t i f i c a t i o n  was confirm ed by

o x id a t io n  o f  N3 w ith  manganese d io x id e  and exam ination  o f  th e  

p ro d u c t  by u l t r a - v i o l e t  s p e c t ro s c o p y .  This c l e a r l y  dem onstra ted  

th e  p re s e n c e  o f  on C{, - u n s a tu r a t e d  ke tone  and was c l o s e l y  s im i l a r

to  t h a t  c f  a u th e n t i c  7-ke to  c h o l e s t e r o l  b o th  in th e  vrave le n g th  o f
..EtOH -  3 .

th e  maximum and i n t e n s i t y .  ^37 mJJL ; C “ 1 2  x 1 0  )

Peaks No4 a;nd N0 5; — Peaks N*4 and N»5 bo th  gave ina>ss s p e c t r a

w i th  a  m o le c u la r  ion  a t  m/e 548 which has been found to  be

c h a r a c t e r i s t i c  o f  a d ih y d ro x y c h o le s ie n e  b is -T F S i  e t h e r .

TIC and GJC ev idence  s iiggested  t h a t  compound N„5 m ight be

26 -  l iy d ro x y c h o le s te ro l  bis-TT.ISi e t h e r .  This t e n t a t i v e

i d e n t i f i c a t i o n  was confirm ed  by exam ina tion  o f  th e  mass

spec trum  re c o rd e d  fo r  t h i s  compound and by comparison o f  t h i s

•vrith t h a t  o f  th e  a u th e n t i c  d e r i v a t i v e .  The l i n e  diagram s thus

o b ta in e d  a re  shown in  F i g .  39e

Compound N.4 was found to  have TLC p o l a r i t y  in te rm e d ia te  

between th e  TLISi e th e r s  o f  c h o l e s t e r o l  and 26 -  h y d ro x y c h o le s te ro l  

and to  be s i m i l a r  in  Rp v a lu e  to  2 4 $ ,-h y d ro x y c h o le s te ro l  

b is -T N S i e t h e r .  However, TLC in th e  form o f  t h i s  d e r i v a t i v e  in 

hexane-benzene  ( 2 s 1 v /v )  i s  unab le  to  d i s t i n g u i s h  between the  

24<^and 25 -  hyd roxy iso iaers .  On th e  o th e r  hand th e se  isom eric  

s t e r o l s  can be s e p a ra te d  on GLC b o th  as the  f r e e  s t e r o l  and as
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e n ab le d  ilie I d e n t i f i c a t i o n  o f peal: N .4 as 24CX—hydi’o x y e h o le s te ro l  

b i s  “-TMSi e t h e r ,  and l i n e  d iagram s o f e x t r a c t e d  and r e f e r e n c e  

d e r i v a t i v e s  a re  i l l u s t r a t e d  in  F ig .  40. S in c e  no r e f e r e n c e  

sample o f  the  24(3 -h y d ro x y e p in e r  ( c e r e b r o s t e n d io 1) tras a v a i l a b l e  

we can n o t  say  w i th  c e r t a i n t y  t h a t  we co u ld  d i f f e r e n t i a t e  between 

t h i s  coapovind and th e  24(X-hydroxy compound. N e v e r th e le s s ,  our 

e x p e r ie n c e  w i th  e p i c e r i c  p a i r s  o f  s t e r o l s  shows t h a t  th e y  a re  a lm ost 

i n v a r i a b l y  s e p a ra b le  by TLC or GLC in  the  form o f  th e  TMSi e t h e r s .  

T his  e f f e c t  p ro b a b ly  r e s u l t s  from th e  f a c t  t h a t  t h i s  b u lk y  e i l ie r  

g roup ing  g r e a t l y  enhances th e  s te r e o c h e m ic a l  d i f f e r e n c e s  between 

epim ers* Examples from our own ex p e r ien c e  can be seen in  the  

GLC s e p a r a t i o n s  ( i p  S3 80 ) o f  th e  TMSi e th e r s  o f  th e  fo l lo w in g  

p a i r s !  7cAand 7(3 - h y d r o x y c h o le s t e r o l ; cho 1 e s t - 5 - e n - 30(,-o 1 and. 

cholest-5~-en--3(o - o l ; 5 0 \ - cho 1 e s ta j i~ 7 o 1 end 5c4-“C ho lesian -7 (3  - o l ; 

5 o ( - c h o l e s t a n - 5 ,6 o ( - d i o l  and 5 o ( -c h o le s ta s i -5 ,6  (3- d i o l . ( s e e  

Appendix I ,  page 269)•

F r a c t i o n  9P„

In a s i m i l a r  manner, GC-M3 used  in  c o n ju n c t io n  w i th  TLC 

and GLC e s t a b l i s h e d  t h a t  th e  main components o f  f r a c t i o n  SP were 

th e  TMSi e th e r s  o f  c h o l e s t e r o l  and 23 -  h y d ro x y e h o le s te ro l  w ith  

t r a c e s  o f  7(3 ~ and 25 -  h y d r o x y c h o le s te ro ls .
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h y d r o ly s i s  5 s in c e  i t  i s  p o s s i b l e  t h a t  some o f  the  s t e r o l s  

( e . g .  7(3 - -h y d ro x y ch o les te ro l  end 2 4 c ^ -h y d ro x y c h o le s te ro l )  found 

fo l lo w in g  th e  use  o f  th e  l a t t e r  te ch n iq u e  co u ld  have r e s u l t e d  by 

r e d u c t io n  o f  th e  c o r re sp o n d in g  keto-com pounds. An a d d i t i o n a l  

advan tage  r e s u l t i n g  from th e  use  o f  th e  a l k a l i n e  method i s  t h a t  

th e  s t e r o l s  and f a t t y  a c id  p o r t i o n s  o f  th e  e s t e r  m o lecu les  a re  

i s o l a t e d  s e p a r a t e l y .

B ea r in g  in  mind th e  f a c i l e  d e h y d ra t io n  o f  3(3- a c y l  e s t e r s  

o f  7 0 ( -h y d ro s :y ch o Ie s te ro l  observed  by Boyd ( s ) ,  a v e ry  m ild  

a l k a l i n e  h y d r o ly s i s  was c a r r i e d  o u t  on an a l i q u o t  o f  f r a c t i o n  9 

in  an a t te m p t  to  m inim ise  th e  r i s k  o f  such  an e l im in a t io n  ( s e e  

page 109 ). The n e u t r a l  r e a c t i o n  p ro d u c ts  were examined by TLC 

in  c h lo ro fo r m :e th y l  a c e t a t e  (3 :1  v /v )  and th e  t h r e e  main s t e r o l s  

found had i d e n t i c a l  b eh av io u r  to  c h o l e s t e r o l ,  26—hydroxy- 

c h o l e s t e r o l  and a 7 - l iy d ro x y c h o le s te ro l  (see  Appendix I  on page 267). 

F ig .  41 shoves a t h i n - l a y e r  chromatogram o f  th e  some s a p o n i f i e d  

p o l a r  e s t e r  f r a c t i o n  in  th e  form o f  th e  t r i m e t h y l s i l y l  e t h e r  

d e r i v a t i v e s .  C l e a r l y  v i s i b l e  in  t h i s  chromatogram a re  th e  

TMSi e t h e r s  o f  th e  s t e r o l s  t e n t a t i v e l y  i d e n t i f i e d  by TLC in  

th e  f r e e  f o r a .  However, what can n o t be seen in  t h i s  f ig u r e  

i s  th e  im p o r ta n t  c o lo u r  r e a c t i o n  which took p la c e  d u r in g  th e  

developm ent o f  the  s p o t  co rre sp o n d in g  to  c h o l e s t e r o l  TMSi e t h e r .
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1 6 :

cholesterol iMSi (7o<rOH)

#

26-OH cholesterol TMSi

73-OH cholesterol TMSi

S 0 I v e n t ; -  hexane%benzene (2*1 v /v )
s p r a y t -  1$ o e r io  s u lp h a t e  i n  10^ s u lp h u r i c  a c id

Dur ing  h e a t i n g  a b r i l l i a n t  b lue  s p o t  emerged a t  t h i s  p o s i t i o n  

and cou ld  s t i l l  be c l e a r l y  seen a f t e r  the  f u l l  co lo u r  development 

o f  c h o l e s t e r o l  .TMSi e t h e r .  This i s  th o u g h t  to  be due to  the  
p r e s e n c e  o f  7cX-hydroxychole .s te ro l  bis-TiSoi e t h e r  r/hieh has  been 

found to  have a TLC m o b i l i t y  c l o s e l y  s i m i l a r  to  the  c o r re sp o n d in g  

c h o l e s t e r o l  d e r i v a t i v e .  (see  F i g ,  ST on page ITS).  H y d ro ly s i s ,  
fo l lowed  by s e p a r a t i o n  of  the  T - h y d ro x y c h o le s t e ro l s  by p r e p a r a t i v e  

TLC and r e p r e p a r a t i o n  o f  the  TFSi e t h e r s  h a s ,  however, y i e l d e d  an 

u n e x p e c te d ly  smal l  s p o t  f o r  TOC—h y d r o x y c h o le s t e r o l  . XLSi on TLC,
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S tu d y  o f  F l o r i a i l  c o lu mn f r a c t i o n  10.

The work  on "pole, r  e s te r s "  o u t l i n e d  above r e l a t e s  to  the- 

s tu d y  o f  a F I o r i s i l  co luzn  f r a c t i o n  number 9 , w hereas the  

fo l lo w in g  s e c t i o n  d e s c r ib e s  th e  a n a ly s i s  o f  th e  n e x t  f r a c t i o n  

(No* 10) from th e  same column* As e x p e c te d ,  t h i s  sample 

c o n ta in e d  a p rep o n d eran ce  o f  e s t e r s  "which resem ble  th o se  in  

f r a c t i o n  9P. TLC, GLC and CC-13 -was c a r r i e d  o u t  on a l i q u o t s  

o f  t h i s  sample a f t e r  a l k a l i n e  and r e d u c t iv e  h y d r o ly s i s .  The 

m ajor compounds v/ere found to  be c h o l e s t e r o l  and 26-hydro  s y -  

c h o l e s t e r o l  i r i th  a much s m a l le r  q u a n t i t y  o f  7(3- h  y d r o x y c h o le s te r o l , 

A t r a c e  o f  2 4 0 ^ -h y d ro x y c l io le s te ro l  -which appeared  a f t e r  t r e a tm e n t  

v i t h  l i t h iu m  aluminiiim h y d r id e  i s  th o u g h t ,  on th e  b a s i s  o f  

ch rom atog raph ic  e v id e n c e ,  to  have r e s u l t e d  from r e d u c t io n  o f  

an e s t e r  o f  2 4 - h e to c h o le s t e r o l .  This has n o t  been confirm ed 

by mass s p e c tro m e try  oaring to  th e  v e ry  l im i t e d  su p p ly  o f  t h i s  

r e l a t i v e l y  m inor component.

A summary o f  th e  s t e r o l s  i d e n t i f i e d  a f t e r  h y d ro ly s i s  o f  

th e  v a r io u s  f r a c t i o n s  i s  g iven  in  Key 2 on page 158.
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The n e c e s s i t y  to  examine t,he f a t t y  a c id  m o ie t ie s  o f  the  

" p o la r  e s t e r s "  has a l r e a d y  been s t r e s s e d  in c o n n ec tio n  w i th  th e  

p ro p o se d  e x i s t e n c e  o f  a hydroxy f a t t y  a c id  e s t e r  o f  c h o l e s t e r o l .  

Three approaches  to  th e  problem  o f  th e  a n a ly s i s  o f  th e se  a c id s  

■were employed^and th e s e  mere d i c t a t e d  by th e  m e th o d s .o f  h y d r o ly s i s .  

Method 1 . A l k a l ine hyd r o I j s i s : -  A p o r t i o n  o f  " p o la r  e s t e r "  

r e p r e s e n t a t i v e  o f  th e  t o t a l  range  o f  compounds p r e s e n t  

(cf*  f r a c t i o n  9) -was h y d ro ly se d  u nder  a l k a l i n e  c o n d i t io n s  in  the  

manner d e s c r ib e d  on page 109. A f te r  e x t r a c t i o n  o f  the  a lc o h o ls  

th e  aqueous l a y e r  was a c i d i f i e d  and th e  a c id s  were e x t r a c t e d  w i th  

e th e r*  The a c id s  were m e th y la te d  w i th  diazom ethane (page 108) 

and were s c r u t i n i z e d  by TLC u s in g  b e n zen e : e th y l  a c e t a t e  (2 0 s i  v /v )  

as  s o lv e n t  system . A t y p i c a l  chromatogram o b ta in e d  in  t h i s  

manner i s  shown below in  F ig .  42. This  i n d i c a t e s  t h a t  th e  main 

components from th e  e x t r a c t e d  a c id s  resem ble  r e f e r e n c e  sam ples 

o f  mono-hydroxy f a t t y  a c id  m ethyl e s t e r s  in  ch rom atograph ic  

m o b i l i ty *  The e x i s t e n c e  o f  a  hydroxy l group in  th e  e x t r a c t e d  

a c id s  was in d ic a te d  by a marked r e d u c t io n  in  TLC p o l a r i t y  fo l lo w in g  

a c e t y l a t i o n .  A co rre sp o n d in g  in c re a s e  in  m o b i l i t y  was observed  

f o r  th e  a u th e n t i c  raono-hydroxy f a t t y  a c id  m ethyl e s t e r s .
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P IGI3K.S 4 2 . TLC o f  f a t t y  ac id  m ethyl e s t e r s

extract reference cm pds.

S o l v e n t : — benzene : e th y l  a c e t a t e  (£0 :1  v /v )

S p r a y : -  S a tu r a t e d  sodium p e r io d a t e  in  10/* s u lp h u r ic  a c id .

1. M ethyl e s t e r s  o f  f a t t y  a c id s  formed on a l k a l i n e  h y d ro ly s i s  of 
" p o la r  e s t e r s " .

2 . A c e ty la t io n  p ro d u c ts  o f  f r a c t i o n  in  lane  1.
3. 12-011 S t e a r i c  a c id  m ethyl e s t e r .
4 .  Methyl l a u r a t e .
5 . OC~OH K y r i s t i c  a c id  methyl e s t e r .
6 .  Methyl l i n o l e n a t e .
7. Me thyl. 1 aur a t e .
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F ig u r e  43 .shows a GLC s tu d y  o f  th e  f a t t y  a c id  m ethyl 

e s t e r s  d e r iv e d  from th e  p o l a r  e s t e r s ,  a f t e r  t r e a tm e n t  "with 

he same t h y I d i s i l a z a n e .

FIGURE 4 3 . GLC o f  np o l a r  e s t e r M f a t t y  a c id s

l%SE-30 ; i20°-> 230° 4/min. '

2070 .

2305

1695
2365

2105

2340

R e te n t io n  d a t a  s u g g e s t  t h a t  peaks A, B, C, D and E r e p r e s e n t  

c o n v e n t io n a l  f a t t y  a c id  m ethyl e s t e r s  and th e se  compounds were 

u n a f f e c t e d  by th e  a t te m p te d  t r i m e t h y l s i l y l a t i o n .  However,

peaks F ,  G and II showed a marked sh a rp en in g  and in c re a s e d  

r e t e n t i o n  tim es  s u g g e s t iv e  o f  the  e t h e r i f i c a t i o n  o f  hydroxyl 

g roups. GC-MS exam ination  confirm ed t h a t  peaks  C and D 

r e p r e s e n te d  normal f a t t y  a c id s  (C was found to  be methyl 

p a lm i ta t e  and B a m ix tu re  o f  methyl o l e a t e  and m ethyl l i n o l e a t e ) .
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Almost i d e n t i c a l  s p e c t r a  were o b ta in e d  from peaks  F and II 

s u g g e s t in g  t h a t  th e s e  m igh t be e p i n e r i c  compounds. A l i n e  

d iagram  o f  th e  mass spec trum  o f  peak  F i s  shoim in  F ig .^ 4 3 a .

F IGUhE 4 3a.. lh\SS SPECTRUM OF PEAK F .

225

130 335 351155 292
239

306 387

Fragm ents  a t  m/e 292 (P — 9 0 ) ,  m/e 351 (P -  31) and a t  m/e 73 

i n d ic a t e  t h a t  t h i s  i s  th e  spectrum  o f  a t r i m e t h y l s i l y l  e t h e r  

o f  a hydroxy a c id  m ethyl e s t e r .  A p o s s i b l e  form al s t r u c t u r e  

i s  shoim b e lo i r : -

m/e 225 <—

C9 Hl 5 - CH- j - ( CV 7-  C°2Ue
I I

0 S i  Meg

•where r e p r e s e n t s  a d iu n s a t u r a t e d  a lk y l  group and -where

the  abundan t fragm ent o f  m/e 225 r e p r e s e n t s  c leavage  o f  th e  

e s t e r  CAto th e  t r i m e t h y l s i l y l  e th e r  group as i s  in d ic a te d  above. 

This argument i s  based  on the  assum ption  t h a t  the  ion o f  m/e 225 

'c o n t a in s  th e  TllSi e t h e r  g roup ing . E xam ination  o f  th e  mass
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sp ec tru m  o f  th e  p e r d e n te r a t e d  TMSi e t h e r  d e r i v a t i v e  

( i . e .  It -  0 Si(CI>g) ) o f  t h i s  m olecu le  shows a s h i f t  o f  4- 9 mass 

u n i t s  o f  th e  m/e 225 ion which i n d i c a t e s  t h a t  t h i s  fragm ent 

c o n ta in s  th e  e t h e r  g ro up ing  ( 8 ) .  The l o c a t io n  o f  th e  p roposed  

doub le  bonds in  th e  11^ a lk y l  group has s t i l l  to  be s e t t l e d .

I t  i s  p ro p o sed  to  a t te m p t  t h i s  b y  th e  p ro ced u re  of Niehaus and 

Ityhage (9) v i s .  by h y d ro x y la t  ion w i th  osmium t e t r o x i d e  and 

c o n v e rs io n  compound to  th e  polym ethoxy m ethyl e s t e r .  E xam ination  

of th e  mass spec trum  o f  t h i s  e s t e r  sh o u ld  i n d i c a t e  th e  l o c a t io n  

o f  th e  double  bonds.

Method 2• R ed u e tiv e  h y d ro 1y s i s .

A s tu d y  was made o f  th e  a lc o h o l s  p roduced  on r e d u c t iv e  

h y d r o ly s i s  o f  a type  N p o l a r  e s t e r  f r a c t i o n .  The -work a l r e a d y  

d e s c r ib e d  has shown t h a t  t h i s  type  o f  f r a c t i o n  ( c f .  f r a c t i o n  9N) 

y i e l d s  c h o l e s t e r o l  and 7{3 -h y d r o x y c h o le s te r o l  as th e  m ajor s t e r o l s  

a f t e r  r e d u c t io n .  S in ce  th e  reduced  f r a c t i o n s  c o n ta in  f a t t y  

a lc o h o l s  as  w e l l  as  s t e r o l s ,  th e y  show a r e l a t i v e l y  l a rg e  range 

o f  m o le c u la r  w e ig h ts  and hence a re  b e s t  examined by GLC u s in g  

te m p e ra tu re  programming. F ig .  44 shows a t o t a l  ion  c u r r e n t  

r e c o r d  o f  th e  ch rom atograph ic  b eh av io u r  o f  th e  l i b e r a t e d  compounds 

as  t h e i r  t r i m e t h y l s i l y l  e t h e r s .

Peaks 7 and 8 in  F ig .  44 a re  on th e  is o th e rm a l  p a r t  of. 

th e  chromatogram and were shown by GC-M3 to  r e p r e s e n t  th e  TMSi 

e t h e r s  of c h o l e s t e r o l  and. 7(3 -t iy d ro x y c h o le s te ro l  r e s p e c t i v e l y .
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FIGUE3 44. TOTAL ION CURRENT CHP.Ol5A.TOGRfi?l

(2353)

-------     b-----
•  O
iso th e r m .~ ^ 2 4 0

1 jo SE-30 (9  f t . )  tem p e ra tu re  grogrannning from 
130 to  240° a t  3 / min.

R e t e n t i o n  i n d i c e s  g i v e n  i n  b r a c k e t s  o v e r  t h e  m a j o r  p e a k s
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The mass s p e c t r a  o f  th e s e  compounds have been d is c u s s e d  e a r l i e r  

on pages  174 and 175. Compounds 1 to  8 r e p r e s e n t  TMSi e th e r s  

o f  th e  red u ced  f a t t y  a c id  p o r t i o n s  o f  th e se  s t e r o l  e s t e r  m o le c u le s .  

Peak  2 v a s  found to  be p a l r a i ty l  (lGsO) a lc o h o l  TMSi and peak  3 

a  m ix tu re  o f  th e  TMSi e th e r s  o f  o l e y l  ( l 8 s l )  and l i n o l e y l  ( l8 s 2 )  

a l c o h o l s . .  Compounds 4 and 5 in F i g .  44 gave a lm ost i d e n t i c a l  

mass s p e c t r a  and a re  th o u g h t  to  be r e d u c t io n  p ro d u c ts  o f  compounds 

F and II in  F i g .  43. A l i n e  d iagram  o f  the  mass spec trum  o f  peak 

4 i s  sliovn in  F ig .  45. As can be seen  from th e  d iag ram , compound

4 c o n ta in s  an im p o r ta n t  ion a t  m/e 225 tvliich has a l r e a d y  been

d i s c u s s e d  v i t h  r e s p e c t  to  compound F in  F ig .  43. The change in

m o le c u la r  w e ig h t  in  go ing  from compound F to  compound 4 (+ 44 mass

u n i t s )  co rre sp o n d s  e x a c t l y  to  the  ex p ec ted  change f o r  th e  

co n v e rs io n  o f  a m ethyl e s t e r  g ro u p in g - ( -  CO^Me) to  th e  TMSi .e th e r  

d e r i v a t i v e  o f  a p r im a ry  a lc o h o l  ( -  CH^Si Me„). Thus, a p o s s ib l e  

FIGURE 45. HASS SPECTRUM OF FS4IC 4

peaks marked with an asterisk are 10 times true intensity

111

130

103

i l l  iLlklk L l L l .  ll'u  JlII li .1 MILL.

225 247

19 / *23 9  J * 265 
253 '

355

( P -90)\  «
336

4 2 6

369

383
/

4*
411
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s t r u c t u r e  f o r  compound 4 i s  as fo l lo w s :

<— -  m/e 225

Cn H1K“  ch9 I d i CH2 0 S i  Me3

0 S i  Me3

Method 3o A lk a l in e  t r a n s e s t e r i f i c a t i o n

A s i m i l a r ,  b u t  n o t  i d e n t i c a l  typo N f r a c t i o n  to  th e  one

d e s c r ib e d  above was s u b je c te d  to  a l k a l i n e  t r a n s e s t e r i f i c a t i o n  

w i th  sodium metho:d.de (s e e  page 109) , a r e a c t i o n  ex p ec ted  to

p roduce  f a t t y  a c id  m ethyl e s t e r s  and s t e r o l s  from " p o la r  e s t e r s " .  

Again due to  th e  la rg e  range  o f  m o le c u la r  w e ig h ts  e x p ec te d ,  the  

p r o d u c ts  were examined by GLC u s in g  te m p e ra tu re  programming.

F i g .  43 shows th e  chromatogram o b ta in e d .  R e te n t io n  d a ta  

su g g e s te d  t h a t  peaks  A and B in th e  chromatogram co rresponded  to  

normal f a t t y  a c id  m ethyl e s t e r s .  GC-MS confirm ed  t h i s ,  showing 

t h a t  'peeik A i s  m ethyl p a lm i t a t e  and peek  B i s  a m ix tu re  o f  m ethyl 

o l e a i e  and l i n o l e a t e .  A ttem pts  to  t r i m e t h y l s i l y l a t e  peaks C and 

D were u n su cc e ss fu l^ w h ic h  was u n ex p ec ted ,  s in c e  th e s e  were 

c o n s id e re d  to  a r i s e  from hydroxy f a t t y  a c id  m ethyl e s t e r s .

A mass spec trum  o f  compound C i s  shown below in  F i g .  47. From 

t h i s  i t  would ap p ea r  t h a t  we have formed a methoxy f a t t y  a c id  

m ethyl e s t e r  d u r in g  th e  t r a n s e s t e r i f i c a t i o n .  Assuming t h i s  the  

r e s u l t s  can th e n  be r e l a t e d  to  th o se  from th e  o th e r  two methods 

o f  h y d r o l y s i s .
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FIGURB 4 6 . QIC o f  p o l a r  e s t e r s  a f t e r  a lk a l i n e  t r a n s e s t e r i f i c a t i o n .

( 2180 )

1V.OV-1

(2380)

FIGURE 4 7 . Mass spec trum  o f  peaE C

COMPOUND C
167



A t e n t a t i v e  s t r u c t u r e  f o r  the  m olecu le  i s  shorn  b e lo w :-

0 He
1 *

C G h i 5 - —  c n - J - -  (C H g)  —  C 0 g  K e
I

m/e 187------- «<---- J

F ra g m e n ta t io n  o f  th e  m olecu le  C{ to  th e  methoxyl group as shorn  

in  th e  d iagram  m u  1 cl a cco u n t f o r  the  base  peak  (m/e 187) o f  the  

spectrum* The p re s e n c e  o f  a inetlioxyi group in  th e  m olecule  i s

su g g e s te d  by the  lo s s  o f  32 mass u n i t s  (isi/o 292) from the

m o le c u la r  io n ,  c o rre sp o n d in g  to  a l o s s  o f  m e th an o l,  an e s t a b l i s h e d  

frag m en t f o r  methoxy f a t t y  acid- e s t e r s  (lO)<>

E x am ina tion  o f  th e  mass s p e c t r a  in  F igs*  43a , 45 and 47 

shews t h a t  in  each  case  th e r e  i s  a lo s s  o f  71 mass u n i t s  from 

th e  m o le c u la r  ion 'which m ight co rre sp o n d  to  r u p tu r e  o f  th e  

m o lecu le  a d ja c e n t  to  a s i t e  o f  b ra n c h in g  (10) a  p o s s i b l e  fragm ent 

o f  71 mass u n i t  i s  as f o l l o w s : - .

CEL
I 3 ■

CHS -  CHg -  CEg  -  C H - i -
71 < -----

I f  t h i s  h y p o th e s i s  i s  c o r r e c t  a t e n t a t i v e  s t r u c t u r e  o f  th e  

o r i g i n a l  hydroxy f a t t y  a c id  methyl e s t e r  can be dravm up and 

i s  shown b e lo w :-  ^ ^  qjj

CH (CH ) -  CH -  CK s  CH -  CII 5 CII -  CH -  (CHg)7 -  CO,

T his  s t r u c t u r e  how ever? rem ains to  be v e r i f i e d .
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A lthough  hydrozrydieno id  f a t t y  a c id s  o f  t h i s  type  are  

unknown as c o n s t i t u e n t s  o f  mammalian t i s s u e , th e y  a re  w e l l  

e s t a b l i s h e d  components o f  seed  o i l s *  Dir.iorphecolic a c id  

( 9 -hydroxy- t r a n s , t r a n s  -  10,12 o c ta d s e a d ie n o ic  ac id )  has been 

i d e n t i f i e d  as th e  c h i e f  c o n s t i t u e n t  f a t t y  a c id  o f  Dim orohotheca 

Aur a n t  face, seed  o i l  (1 3 )•  The c o r re sp o n d in g  10 -  t r a n a ,  12- c i s  

has  been i d e n t i f i e d  in  C a len d u la  O f f i c i n a l i s  seed  o i l  (14) and a 

p o s s i b l e  b io s y n t h e t i c  ro u te  from l i n o l e i c  a c id  has been su g g es ted  

f o r  b o th  compounds ( lb ) *  The a l l y l i c  p o s i t i o n  o f  th e  hydroxyl

group in  th e s e  two p l a n t  a c id s  was d em onstra ted  by r a p id

c o n v e rs io n  to  th e  co r re sp o n d in g  methoxy compounds in  th e  p re sen ce  

o f  m ethanol and d i l u t e  a c id  (1 6 ) .  • A s im i l a r  r a p id  me th o x y 1a t  ion 

o f  th e  a c id  in  th e  p r e s e n t  worh d u r in g  t r a n s e s t e r i f i c a t i o n  w i th  

d i l u t e  a l k a l i n e  m ethanol su g g e s ts  t h a t  i t .m i g h t  a l s o  c o n ta in  an

a l l y l i c  hydroxy l group* I t  sh o u ld  be p o s s ib l e  to  e s t a b l i s h  t h i s

by o x id a t io n  and ex am ination  o f  th e  U.V. spec trum  o f  th e  r e s u l t i n g  

Xceto a c id .  P r e l im in a r y  a t te m p ts  have , however, f a i l e d  to  produce 

th e  r e q u i r e d  a b s o r p t io n  f o r  an <X , 2f - u n s a tu r a t e d  Icetone b u t  

t h i s  m igh t be e x p la in e d  by .the s t r o n g  tendoncy  o f  such an a l l y l i c  

a lc o h o l  to  d e h y d ra t io n  d u r in g  o x id a t io n .
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S y n t h e t i c  p o l a r  e s t e r s .

The irorh on p o l a r  e s t e r s  in  th e  a therom atous p laq u e  has 

shown t h a t  two b road  ty p es  o f  e s t e r  e x i s t : -  ' -

( a )  a  h y d ro x y c h o le s te ro l  w i th  one o f  i t s  hydroxyl groups 

e s t e r i x i e d  -with a f a t t y  a c id  and,

(b )  an e s t e r  o f  c h o l e s t e r o l  -with a p o l a r  a cy l  group presumed to

be from a-hydroxy  f a t t y  a c id .

S y n th e t i c  p o l a r  e s t e r s  re jD re se n ta t iv e  o f  (a )  and (b) -were 

p r e p a r e d  in  o rd e r  to  check t h a t  such compounds were in  th e  c o r r e c t  

ch ro m ato g rap h ic  range  to  co rre sp o n d  to  the  i s o l a t e d  m a t e r i a l .

7 0 l"*Hydroxycho!esteryl p a lm i t a t e  ( ty p e  a) ims p re p a re d  

from c h o l e s t e r y l  p a l m i t a t e  as d e s c r ib e d  by H enbest and Jo n es  ( l l ) .  

R e a c t io n  o f  c h o l e s t e r o l  a c e t a t e  w i th  1 2 ~ n y d ro x y s tea r ic  a c id  methyl 

e s t e r  in  th e  p re s e n c e  o f  sodium e t h y l a t e  (12) en ab le d  the  

p r e p a r a t i o n  o f  c h o l e s t e r y l  1 2 -h y u ro x y s te a ra te  ( ty p e  b ) • The TLC 

m o b i l i t i e s  o f  th e s e  s y n t h e t i c  e s t e r s  a re  g iven  in  Table 16.

T able  16• TLC o f  s y n t h e t i c  p o l a r  e s t e r s

COMPOUND
*F

C olour r e a c t i o n  
■with e e r i e  
s u lp h a te

c h o l e s t e r y l  12-OH s t e a r a t e 0 .4 3 Maroon

7C*-0II c h o l e s t e r y l  p a lm i ta t e 0 .40 Blue

c h o l e s t e r y l  a c e t a t e 0 .6 5 Maroon

c h o l e s t e r o l 0.16 Maroon

v a lu e s  Mere r e c o rd ed  in  b e n z e n e :e th y l  a c e t a t e  (20 :1  v /v )
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The e x t r a c t e d  e s t e r s  r a n  in  the  range  0 .3  to  0 .6 5  in th e  TLC 

c o n d i t io n s  d e s c r i b e d  above. Thus the  s y n t h e t i c  l i p i d s  a re  in  

th e  c o r r e c t  m o b i l i t y  zone to  co r re sp o n d  to  compounds in  the  

i s o l a t e d  m a t e r i a l .

Q u a n t i t i e s  o f  p o l a r  e s t e r s  i s o l a t e d

T y p ica l  q u a n t i t i e s  range from C. 5$ to  Vfo o f  th e  t o t a l  

p u r i f i e d  l i p i d  m a t e r i a l .  A r e c e n t  e x t r a c t  has g iven  

a p p ro x im a te ly  a 20 mg. m ix tu re  o f  p o l a r  e s t e r s  from 3 .9  g. 

o f  p u r i f i e d  l i p i d .
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PART I I I

STEROLS CLOSELY RELATED- TO CHOLESTEROL
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PLAQUE STLRCLS CLQAULY RULATLL TO CHQLE3TER0:
( 8/ p r  e 1 im in  a r  j  s tu&y )

In IS 30, c l io le s ta n o l  ( 5cG ~cholestane -  S |3~ o l)  was 

r e p o r te d  to  make up 5-5/t- o f  th e  s t e r o l s  p r e s e n t  in  the  

a therom atous  a o r t a  ( l ) .  L a te r  work (2 ;  su g g es te d  t h a t  th e  

q u a n t i t y  o f  t h i s  compound was n e a r e r  12fo o f  th e  s t e r o l  in  the  

d i s e a s e d  a r t e r y  w all*  R e c e n t ly  cho les ta .no! has been confirm ed 

a s  an a r t e r i a l  component by Mosbach e t  a l . (.3) and by Ihiroda 

e t  a l .  (4)

The o b j e c t  o f  our work in  t h i s  f i e l d  was to  scan  p laq u e  

e x t r a c t s  in  s e a rc h  o f  t h i s  end o th e r  c lo se  r e l a t i v e s  o f  c h o l e s t e r o l  

such  as 7 -  d e h y d ro c h o le s te ro l  ( c h o l e s t a  -  5 ,  7 -  d ien e  -  S|3 -  o l)  , 

which has been r e p o r te d  to  be p r e s e n t  in  v a r io u s  animal t i s s u e s  

( 5 ,  6) and in  human b r a in  ( 7 ) .  S i m i l a r l y ,  d e sm o s te ro l  

( c h o l e s t a  -  5, 24 -  d ien e  -  3jS~ o l )  has been i d e n t i f i e d  in  

human b r a in  (7) as w e l l  as  s k in  ( g ) .  P e rhaps  r e l e v a n t  to  th e  

p r e s e n t  i n v e s t i g a t i o n  i s  the  f a c t  t h a t  t r a c e s  o f  7 -  dehydro

c h o l e s t e r o l  and d e sm o s te ro l  have been d e te c te d  in th e  b lood  o f  

p a t i e n t s  s u f f e r i n g  from h y p e rc h o le s te ro le m ia  ( 9 ) .

The p r e s e n t  work 

The main problem  in t h i s  s tu d y  has been to  d e t e c t  v e ry  

sm all p e rc e n ta g e s  o f  s t e r o l s  in th e  p re s e n c e  o f  an overwhelming 

mass o f  t h e i r  c lo se  r e l a t i v e  c h o l e s t e r o l .  Small s e p a r a t io n s
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be tire en th e  l a t t e r  s t e r o l  -and th e  compounds m entioned  above a re  

p o s s i b l e  by c o n v e n t io n a l  methods when equal p r o p o r t io n s  e x i s t s  

however, when th e  q u a n t i t y  o f  c h o l e s t e r o l  i s  p e rh ap s  one hundred- 

t im es  g r e a t e r ,  new methods have to  be so u g h t .  Such a method, 

w hich e n a b le s  th e  d i f f e r e n t i a t i o n  o f  s t e r o l s  d i f f e r i n g  o n ly  in  

th e  number and p o s i t i o n  o f  t h e i r  double  bonds, in v o lv e s  

im p reg n a tio n  o f  th e  s i l i c a  ge l a d so rb e n t  used  in  TLC w ith  s i l v e r  

n i t r a t e  ( 1 0 ) .  F u r th e r  s e p a r a t io n  improvements ensue from the  

use  o f  t h i s  system  w ith  a c e t a t e  (1 1 , 13) o r  p r o p io n a te  (12) 

d e r i v a t i v e s .  The work d e s c r ib e d  below r e l a t e s  to  th e  use  o f 

s t e r o l  p r o p io n a te s  in  c o n ju n c t io n  w i th  m o d if ied  t h i n  l a y e r s  o f  

s i l i c a  g e l .

TLC o f  p la q u e  s t e r o l s  on m o d if ied  l a y e r s

The m a te r i a l  u sed  in  t h i s  i n v e s t i g a t i o n  was a t o t a l  

s t e r o l  f r a c t i o n  from th e  i n i t i a l  s i l i c i c  a c id  column (s e e  page 102) 

a f t e r  th e  p o l a r  s t e r o l s  had been s e le c t iv e ly  removed 

in  m e th an o l.  TLC exam ination  su g g es te d  t h a t  th e  o n ly  s t e r o l

p r e s e n t  was c h o l e s t e r o l .  P ro p io n a te  d e r i v a t i v e s  ivere p re p a re d  

(s e e  page 107) end th e  p ro d u c ts  p u r i f i e d  by s u b l im a t io n .  The 

p u r i f i e d  m a t e r i a l  was chrom atographed p r e p a r a t i v e l y  on 20 cm x 

20 cm. TLC p l a t e s  im pregnated  w i th  s i l v e r  n i t r a t e , u s i n g  hexanes 

benzene ( 5 s l )  v /v  as d ev e lo p in g  s o lv e n t .  Four a re a s  were 

sc ra p e d  from th e  p r e p a r a t iv e  p l a t e s  a f t e r  lo c a t io n  o f  th e  v a r io u s
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bands by com parison w i th  a s i m i l a r l y  run  a n a l y t i c a l  p l a t e .

Two bands more p o l a r  th an  c h o l e s t e r o l  p ro p io n a te  (band 2) and 

one l e s s  p o l a r  were i s o l a t e d .  So f a r  o n ly  band 4 , (Rp — 0 -  0 .3 ) ,  

has  been exam ined.

Band 4 (A rea Bp 0 -  0 .3  in c lu d in g  th e  o r i g i n  o f  the

c h r  omato gr am)

A f t e r  e l u t i o n  from th e  s i l i c a  ge l th e  e s t e r s  c o n ta in e d  

in  t h i s  f r a c t i o n  were examined by a n a l y t i c a l  TIC on unm odif ied  

s i l i c a  ge l u s in g  b en zen e : e th y l  a c e t a t e  (2 0 s 1 v /v )  as d e v e lo p in g  

s o lv e n t .  F ig .  48 shows th e  chromatogram o b ta in e d ,  th e  l e f t -  

hand lane  o f  th e  TLC p l a t e  c o n ta in in g  r e f e r e n c e  compounds 

( c h o l e s t e r o l  p r o p io n a t e ,  c h o le s t a  -  3, 5 -  d ien e  -  7 -  one and 

c h o l e s t e r o l ) , w h ile  th e  r i g h t - h a n d  la n e  shows band 4 . Compounds 

were found in  th e  e x t r a c t  which co rresponded  to  c h o l e s t e r o l  

p r o p io n a t e ,  d e sm o s te ro l  p r o p io n a te ,  c h o le s t a  -  3, 5 -  d ien e  — 7 — 

one and c h o l e s t e r o l  in  m o b i l i t y  and c o lo u r  r e a c t i o n .  A p a r t  from 

t h e s e  t h e r e  were s e v e r a l  u n i d e n t i f i e d  compounds which had p o l a r i t y  

in te rm e d ia te  between c h o l e s t e r o l  and c h o l e s t e r o l  p r o p io n a te .

Band 4 was s p l i t  in to  fo u r  s u b - f r a c t i o n s  A, B, C and D (see  

F i g .  4 8 ) ,  by p r e p a r a t i v e  TIC on l a y e r s  o f  s i l i c a  g e l ,  u s in g  

b e n z e n e :e th y l  a c e t a t e  (2 0 :1  v /v )  as s o lv e n t  system . Areas B 

and C were found to  c o n ta in  th e  compounds o f  g r e a t e s t  i n t e r e s t .  

F r a c t i o n  4Bs- This f r a c t i o n  c o n ta in e d  compounds which ju d g in g



F ig u r e  48 v. TLC o f  band 4 (p r o p i o n a t e s )

c h o le s ta -3,5 

-diene-7-one

choles-terol

A d s o r b e n t : -  M N-Kieselgel G-IIR (unm odified) 
s o l v e n t : -  benzene : e th y l  a c e t a t e  (20:1  v /v )

sp r a y :— V/o c e r io  su lp h a te  in  10^ su lp h u r ic  ac id

cho lestero l

prop ionate



oimd'j co rre sponded  in  b eh av io u r

s u b s t a n t i a t e  th e s e  t e n t a t i v e i d e n t i f i c a t i o n s  a g a s - l i q u i d

c h ro m a to g ra p h ic .s tu d y  was made o f  t h i s  f r a c t i o n ,  and th e  

chromatogram o b ta in e d  i s  shoim in  F ig .4 9 ( a ) *  Three m ajor 

compounds were found to  be p r e s e n t  and t h e i r  r e t e n t i o n  t im es

The r e t e n t i o n  t im es  o f  peaks 1, 2 and 3 were i d e n t i c a l  to  those  

o f  c h o l e s t a  -  3, 5 -  d ien e  -  7 -  one , c h o l e s t e r o l  p r o p io n a te  

and d e sm o s te ro l  p ro p io n a te  r e s p e c t i v e l y .

c o u n t e r p a r t s ,  a re  n o t  id e a l  d e r i v a t i v e s  f o r  mass s p e c tro m e try

mass s p e c t ro m e te r  g iv in g  on a p p a re n t  m o lecu la r  ion  a t  P -74  mass

a  s tu d y  o f  th e  s p e c t r a  o f  th e  r e s u l t i n g  hydrocarbons* The t o t a l  

ion  c u r r e n t  chromatogram o b ta in e d  from th e  LKB 9000 GO-423 

in s t ru m e n t  f o r  f r a c t i o n  433 i s  shorn* in  F ig * 4 9 (b ) .

Compound 1, which had p r e v io u s ly  been shown n o t  to  form 

a c e t a t e  o r  t r i m e t h y l s i l y l  e th e r  d e r i v a t i v e s ,  was s u sp e c te d  to  

be th e  u n s a tu r a t e d  k e to n e  c h o le s t a  - 3 ,  5 -  d iene  -  7 -  one from 

TLC and GLC m o b i l i t i e s .  The mass spec trum  o b ta in e d  f o r  th e  

i s o l a t e d  compound was i d e n t i c a l  to  t h a t  o f  a r e f e r e n c e  sample o f  

c h o l e s t a  -  3, 5 -  d ien e  -  7 -  one (F ig .  50 ) .

r e l a t i v e  to  c h o le s ta n e  a re  reco d under th e  a p p r o p r ia te  peaks

5  nP ro p io n a te  e s t e r s  o f  ^  “  3 p - s t e r o l s , l i k e  t h e i r  a c e t a t e

s in c e  in  many in s ta n c e s  th e y  e l im in a te  p ro p io n ic  a c id  in  th e

u n i t However, c o n s id e ra b le  in fo rm a t io n  can be o b ta in e d  from
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F ig u re  49

(a )

GLC o f  f r a c t i o n  4b .

1V.SE-30 : 225

4-4
4 0

tb) TIC TRACE o f  f r a c t i o n  4b.

desmosterol 
propionate

r e t e n t i o n  t im es  r e l a t i v e  to  5 c* -c l io le s ta n e  a re  g iven  under 
th e  pe a lis .
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F in rare 50 CCMPOUED 1, f r a c t i o n  4B

174 .

187

l  tJh I fli Ji.B.t a fa

•269

382

367
 L_

174
authentic cholesta -3.5-dien-7-one

382

187
269

367



F i g a r o  51 H aas s p e c t r a  o f  S t e r o l  p r o p i o n a t e s

F r a c t i o n  4B, peak  3

366

145
147 253

351

D esm oste ro l p r o p io n a te

iLLl

145
147

213
253

245

366

351
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Peak 2 gave a mass spectrum  s i m i l a r  to  t h a t  o f  the  

hydrocarbon  c h o l e s t a  -  3 ? 5 -  d ien e  ( s e e  F ig ,  18 on page 134 ), 

and i s  c o n s id e re d  to  r e s u l t  from c h o l e s t e r o l  p ro p io n a te  which 

has  e l im in a te d  p r o p io n ic  a c id  in  th e  mass s p e c t ro m e te r .  In  a 

s i m i l a r  manner peak  3 has been shown to  g ive  a spec trum  t y p i c a l  

o f  a c h o l e s t a - t r i e n e  o r  t r i e n e s  ( F ig .  51) as would be ex p ec ted  

i f  t h i s  conpound were de sm o s te ro l  p r o p io n a t e .  Almost i d e n t i c a l  

s p e c t r a  have been re c o rd e d  by Brooks je t  _ol. (14) and by G a l l i  

and l ia r  on i  (15) f o r  d e sm o s te ro l  a c e t a t e .

A d d i t io n a l  .p roof o f  th e  p re se n c e  o f  d e sm o s te ro l  p ro p io n a te  

was o b ta in e d  by a n a l y t i c a l  TLC o f  f r a c t i o n  4B on l a y e r s  o f  s i l i c a  

g e l  im pregnated  w i th  s i l v e r  n i t r a t e .  The chromatogram was 

d eve loped  u s in g  hexane:benzene  (5 ;1  v /v )  as s o lv e n t  system  and 

th e  two m ajor compounds in  th e  e x t r a c t  had th e  same Rp v a lu e s  as 

c h o l e s t e r o l  p ro p io n a te  (Rp = 0 „4 l)  and d esm o s te ro l  p r o p io n a te  

(Bp -  0 .2 2 ) .

F ig u r e  52 GLC b e h av io u r  o f  f r a c t i o n  4C

STEROL PROPIONATES

1% SE-30 240 TIC. chromatogram

8 05-3 6*524
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F r a c t i o n  4Cs~ The t o t a l  ion c u r r e n t  r e p r e s e n t a t i o n  o f  GLC 

b e h av io u r  o f  t h i s  f r a c t i o n  i s  shown in  F ig .  52. Peak 2 and 

p eak  5 from t h i s  chromatogram gave i d e n t i c a l  mass s p e c t r a  which 

were q u ic k ly  re c o g n is e d  as th e  f r a g m e n ta t io n  o f  c h o le s t a  — 3,

5 -  d ien e  -  7 -  one ( s e e  F ig .  5 0 ) .  Peak 2 has th e  c o r r e c t  GLC 

r e t e n t i o n  time to  be t h i s  u n s a tu r a t e d  k e tone  b u t  to  e x p la in  the  

same mass sp ec tru m ’ s b e in g  o b ta in e d  f o r  peak  5, coup led  w i th  the  

lo n g  r e t e n t i o n  tim e o f  t h i s  compound ( t ^  8*00)we have to  p o s t u l a t

th e  e x i s t e n c e  o f  a k e t o - s t e r o l  p ro p io n a te  which undergoes  an 

e l im in a t io n  o f  p r o p io n ic  a c id  in  th e  mass s p e c tro m e te r  to  g ive  a 

d ie n e  — one. 7 -K e to c h o le s te ro l  p ro p io n a te  was found to  g ive  th e  

same GLC and GC-FS d a t a ,  and on TLC co rre sponded  to  a p r e v io u s ly  

u n i d e n t i f i e d  component in  th e  e x t r a c t  ( s e e  F i g .  4 8 9 page 203).

Peaks 1, 3 and 4 a l l  gave i d e n t i c a l  s p e c t r a  w i th  an 

a p p a re n t  m o le c u la r  ion  a t  m/e 384. The p re se n c e  o f  a peak  a t  

m/e SS6 r e p r e s e n t i n g  a lo s s  o f  18 mass u n i t s  i s  th o u g h t  in  t h i s  

c ase  n o t  to  be due to  a lo s s  o f  w a te r  s in c e  t h i s  sh o u ld  e l im in a te  

b e f o r e  r a t h e r  th a n  a f t e r  p ro p io n ic  a c id .  I t  i s  t h e r e f o r e  

p o s s i b l e  t h a t  i t  r e s u l t s  from a k e to n ic  g ro u p in g . Peaks 3 and 4 

w i th  r e l a t i v e  r e t e n t i o n  tim es o f  5 .3  and 6 .5  r e s p e c t i v e l y  

t h e r e f o r e  m igh t r e p r e s e n t  ep im eric  k e t o s t e r o l  p ro p io n a te s  s in c e  

t h e i r  r e t e n t i o n  t im es  a re  c o n s id e re d  to  be too long  f o r  sim ple  

s t e r o l  p r o p io n a te s  b u t  too  s h o r t  f o r  d i o l  p r o p io n a t e s .  I f  t h i s  

th e o r y  were c o r r e c t  peals: 1 cou ld  th en  r e p r e s e n t  th e  co r re sp o n d in g
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u n s a t u r a t e d  k e to n e  r e s u l t i n g  from the rm a l e l im in a t io n  in the  

gas ch rom atograph . The s t r u c t u r e s  o f  th e se  u n i d e n t i f i e d  

compounds rem ain to  be e l u c i d a t e d ,

17ork i s  in  p r o g r e s s  to  m odify th e  p r e s e n t  method f o r  use 

w i th  d e r i v a t i v e s  o th e r  th an  p r o p io n a te s .  S |3ec ia l a t t e n t i o n  i s  

b e in g  p a id  to  d e r i v a t i v e s  •which have more s u i t a b l e  TLC, GLC and 

mass s p e c t r a l  c h a r a c t e r i s t i c s .  E xam ina tion  o f  th e  p r o p e r t i e s  

o f  TESi e t h e r s  has shown them to  be u n s u i t a b le  f o r  s i l v e r  n i t r a t e  

TLC. under th e  p r e s e n t l y  known c o n d it io n s*  however, p r e l im in a r y  

work w i th  t r i f l u o r o a c e t a t e s  has pro%red more s u c c e s s f u l  and has 

e n ab le d  th e  i d e n t i f i c a t i o n  o f  c h o le s ta n o l  in  p la q u e  e x t r a c t s  (1 6 ) .
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PART IV

POLAR STEROLS
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So f a r ,  ve have d i s c u s s e d  th e  l i p i d  groups examined in  o rd e r  

o f  t h e i r  i n c r e a s in g  ch rom atograph ic  p o l a r i t y ,  however, t h i s  

b e a r s  no r e l a t i o n s h i p  to  th e  a c tu a l  c h ro n o lo g ic a l  sequence in  

/which th e  v a r io u s  f r a c t i o n s  were s tu d i e d .  A lthough " p o la r  

s t e r o l s ” a re  d i s c u s s e d  l a s t ,  th e y  were th e  f i r s t  type  o f  minor 

component f o r  which we s ea rc h ed ,  and a re  th e  c l a s s  most f u l l y  

documented by p re v io u s  w o rk e rs .  By " p o la r  s t e r o l s ” we mean 

s t e r o l s  which a re  c h ro m a to g ra p h ic a l ly  more p o l a r  th an  th e  m ajor 

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

At th e  s t a r t  o f  our work th e r e  had been t h r e e  im p o r tan t  

s t u d i e s  on minor s t e r o i d a l  components in  th e  human a therom atous 

a o r t a ,  nam ely th o se  h j i -

(a )  H ardegger £ t  _al, ,  1943 (l.)

(b ) K a n t ie n g a r  and H o r to n ,1955 ( 2 )

(c )  H en d erso n ,1955 ( 3 ) .

Each o f  th e se  s t u d i e s  was s e v e r e ly  handicapped  by th e  

absence  o f  s u i t a b l e  te c h n iq u e s  f o r  th e  i d e n t i f i c a t i o n  o f  

microgram q u a n t i t i e s  o f  s t e r o i d s .  The work o f  H ardegger e t  e J .  ( l )  

i l l u s t r a t e s  th e  c l a s s i c a l  approach  to  th e  p rob lem , where huge 

amounts o f  t i s s u e  (a lm o s t  fo u r  hundred a o r t a s )  had to  be used  

in  o rd e r  to  o b ta in  s u f f i c i e n t  q u a n t i t i e s  o f  th e  minor s t e r o i d s  

t o  p e rm i t  i d e n t i f i c a t i o n  by th e  th en  a v a i l a b l e  m etnods.
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The auto.psy m a t e r i a l  u sed  in  t h a t  i n v e s t i g a t i o n  was c o l l e c t e d  

ov e r  a  p e r i o d  o f  two y e a r s ,  s to r e d  in  e th a n o l ,  b u t  n o t  e x t r a c t e d  

u n t i l  th e  c o l l e c t i o n  o f  t i s s u e  was com ple te .  T/hole a o r t a s  were 

u sed  r a t h e r  th a n  p la q u e s ,  th u s  in c lu d in g  m a te r i a l  c h a r a c t e r i s t i c  

o f  a g e in g  r a t h e r  them a t h e r o s c l e r o s i s .  The t o t a l  e x t r a c t  was 

s a p o n i f i e d  and th e  b u lk  o f  th e  c h o l e s t e r o l  removed from th e  

u n s a p o n i f i a b l e  f r e x t i o n  by  c r y s t a l l i s a t i o n  from m ethano l.

The m e th a n o l ic  mother l i q u o r  was th e n  chrom atographed on a 

column o f  d e a c t iv a t e d  a lum ina . Each m inor component -sms th en  

i d e n t i f i e d  on th e  fo lloT fing  e v id e n c e s -

( a )  A carbon  and hydrogen e lem en ta l  a n a ly s i s  to  e s t a b l i s h  th e  

e m p i r ic a l  fo rm u la .

(b )  M e l t in g  p o i n t  and mixed m e l t in g  p o i n t ,  irhere a r e f e r e n c e  

compound was a v a i l a b l e .

(c )  C hrom atographic  m o b i l i t y  on an a lum ina column.

(d )  D e r iv a t iv e  fo rm a tio n  ( in c lu d in g  a n a ly s i s  o f  th e  d e r i v a t i v e ,  

and a mixed m e l t in g  p o i n t  w i th  th e  a u th e n t i c  d e r i v a t i v e ) .

(e )  M o lecu la r  r o t a t i o n .

( f )  U l t r a v i o l e t  s p e c tro s c o p y .

Thus each  compound was i d e n t i f i e d  on sound chem ical and 

p h y s i c a l  ev idences  however, th e  n e c e s s a r i l y  p ro lo n g ed  n a tu r e  

o f  th e  i n v e s t i g a t i o n  in t ro d u c e s  th e  p o s s i b i l i t y  t h a t  some o f  

th e  compounds th u s  o b ta in e d  a re  a r t e f a c t s  r a t h e r  th an  genuine



components o f  th e  a therom aious  a o r t a .  The s tu d y  o f  p o o led  

a o r t a s  a l s o  lo s e s  th e  in d iv id u a l  in fo rm a t io n  p o t e n t i a l l y  

o b t a i n a b l e  from th e  ex am ina tion  o f  s in g l e  a r t e r i e s *

The s t e r o i d a l  compounds i d e n t i f i e d  in  th e  work o f  

H ardegger j r t  j l ,  w e r e ; -

(a )  c h o l e s t a  -  3, 5 ~ d ie n e  -  7 -  one ,

(b )  c h o l e s t a  -  4 ,  6 -  d ien e  -  3. — one,

(c )  5C{-  c h o le s ta n e  -  8j3 , 5, 6{3 -  t r i o l ,

(d )  7 j3~  h y d ro x y c h o le s te ro l  <,

The second s tu d y ,  t h a t  o f  K a n t ien g a r  and Morton ( 2 ) ,  

u sed  a  much s m a l le r  s c a l e .  P r e l im in a r y  work was c a r r i e d  o u t  

on p la q u e s  d i s s e c t e d  from one a o r t a ,  & l a r g e r  q u a n t i t y  o f  m inor 

components b e in g  o b ta in e d  l a t e r  u s in g  p o o led  p la q u e  e x t r a c t s .  

O nly  one compound, c h o le s t a  - 3 . ,  5 -  d ien e  -  7 -  one , was 

i d e n t i f i e d  u s in g  u l t r a - v i o l e t  s p e c tro s c o p y  a f t e r  r e p e a te d  

ch rom atography  on a lum ina .

Henderson (3) u sed  an in t im a l -m e d ia l  p r e p a r a t i o n  o f  th e  

a o r t a  and a l s o  o f  a r t e r i a l  t i s s u e  from s e v e r a l  o th e r  common 

s i t e s  o f  a t h e r o s c l e r o s i s ,  such as th e  coronary  and c e r e b r a l  

a r t e r i e s .  T issu e  e x t r a c t s  were s p l i t  in to  fo u r  f r a c t i o n s  by 

column chrom atography on s i l i c a  g e l ,  a f t e r  which th e y  were 

s a p o n i f i e d .  The s t e r o i d s  were c h a r a c t e r i s e d  by  v a lu e s  and 

c o lo u r  r e a c t i o n s  on p ap e r .ch ro m ato g rap h y .
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The compounds t e n t a t i v e l y  i d e n t i f i e d  w e re s -

(a )  7o( and 7 |3 -  h y d r o x y c h o le s te r o l ,

(b) 5ck-  c h o le s ta n e  — 3 ( 3 ,  5, 6 | S  -  t r i o l ,

(c )  a cornpoiuid su g g es te d  to  be 24— o r  25-hydroxy- 

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

In  our work we aimed to  r e t a i n  in d iv id u a l  in fo rm a t io n ,  

to  p ro c e s s  e x t r a c t s  as q u ic k ly  as p o s s i b l e ,  and to  avo id  d r a s t i c  

c o n d i t io n s  l i a b l e  to  i n i t i a t e  th e  fo rm a tio n  o f  a r t e f a c t s .  At 

th e  s t a r t  o f  our work we p la n n e d . to  use  r e c e n t l y  developed  

te c h n iq u e s  o f  t h i n - l a y e r  and g a s - l i q u i d  chrom atography to  

i d e n t i f y  th e  s e p a r a te d  s t e r o i d s .  The a v a i l a b i l i t y  o f  th e  

LKB 9000 gas chrom atograph -  mass s p e c tro m e te r  d u r in g  th e  l a t e r  

s t a g e s  o f  th e  work g r e a t l y  a id ed  th e s e  i d e n t i f i c a t i o n s .

The p r e s e n t  work on p o l a r  s t e r o l s  

The m a t e r i a l  u sed  in  t h i s  p a r t  o f  th e  i n v e s t i g a t i o n  was 

th e  e n t i r e  s t e r o l  f r a c t i o n  e lu t e d  from th e  i n i t i a l  s i l i c i c  a c id  

column chrom atography o f  th e  p laq u e  l i p i d  e x t r a c t  ( s e e  page 102).

In  a d d i t io n  to  s t e r o l s ,  each  f r a c t i o n  o f  t h i s  type  p ro b a b ly  

c o n ta in s  d ig l y c e r i d e s  and m o n o g ly ce rid es .  The b a s ic  problem  

has  been to  c o n c e n t r a te  th e  p o l a r  s t e r o l s  r e l a t i v e  to  an o v e r 

whelming mass o f  c h o l e s t e r o l .  F i e s e r  (4) and C a r g i l l  and Cook ( 5 ) ,  

a l s o  fa c ed  w i th  t h i s  p rob lem , employed re p e a te d  c r y s t a l l i s a t i o n  

o f  th e  s t e r o l s  from b o i l i n g  a c e t i c  a c id ,  th e  c h o l e s t e r o l
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(and  p e rh ap s  o th e r  nono-hydroxy s t e r o i d s ) ,  c r y s t a l l i s i n g  o u t  as 

th e  1:1 a c e t i c  a c id  complex and le a v in g  the  more p o l a r  s t e r o l s  

in  the  a c e t i c  a c id  m other l i q u o r .  B ea r in g  in  mind th e  r i s k  of 

a r t e f a c t  fo rm a t io n ,  ire have avo ided  th e  use o f  b o i l i n g  a c e t i c  a c id  

and have fav o u red  c r y s t a l l i s a t i o n  from m ethanol as su g g es te d  by 

H ardegger _et a l . ( i ) .  This s o lv e n t  was th o u g h t  to  be e s p e c i a l l y  

s u i t a b l e  s in c e  i t  i s  known to  s t a b i l i s e  c e r t a i n  l a b i l e  s t e r o i d s  

su ch  as 7 -  d e h y d ro c h o le s te ro l  ( 6 ) .

C o n cea itra t io n  o f  p o l a r  s t e r o l s

The t o t a l  s t e r o l  f r a c t i o n  it as r e p e a t e d ly  c r y s t a l l i s e d  

from m ethanol as d e s c r ib e d  in  th e  ex p e r im en ta l  methods s e c t i o n ,  

page  111. The m other l i q u o r ,  a f t e r  ap p ro x im a te ly  s i x  

s u c c e s s iv e  c r y s t a l l i s a t i o n s , iras red u ced  to  d ry n ess  under a 

■water pump vacuum, and th e  o i l y  r e s id u e  d i s s o lv e d  in  hexanes e th e r  

(3 :1  v /v )  and chrom atographed on a column o f  d e a c t iv a te d  

T l o r i s i l  (? )  ( s e e  page 104). A flow -d iag ram  g iv in g  th e  s o lv e n t s  

u sed  in  th e  e l u t i o n  i s  shown in  F ig .  53. The b u lk  o f  th e  

c h o l e s t e r o l  rem a in in g  was removed from the  column by e l u t i o n  

w i th  e t h e r ,  which a ls o  e lu t e d  l a t e r  a ye llow  o i l y  m a te r i a l  

c o n ta in in g  p o la r ,  s t e r o l s  ( p o la r  s t e r o l  f r a c t i o n  l )  . A second 

o i l y  m a te r i a l  was o b ta in e d  u s in g  e th y l  a c e t a t e  and was d e s ig n a te d  

p o l a r  s t e r o l  f r a c t i o n  2.
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FIGURE 53 FLORISIL COLUMN CHROMATOGRAPHY
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A n a ly s is  o f  fr a c t io n  1

P relim in ary  exam ination was ca rr ied  ou t by TIXJ u s in g  

chloroform  s e th y l a c e ta te  (3 :1  v /v )  as so lv e n t system . An 

e s p e c ia l ly  prom inent p o la r  s t e r o l  (A a t  Rp ■» 0 .3 0 ) gave a maroon 

co lo u ra tio n  s im ila r  to  c h o le s te r o l (Rp «  0 .6 6 ) when sprayed w ith  

an a c id ic  s o lu t io n  o f  e e r ie  su lp h a te . Other le s s  in ten se  sp o ts  

were in d ic a te d  a t  Rp »  0 .4 7  (dark brown) and Rp -  0 .1 9  (b lu e ) .

A ll sp o ts  on the chromatogram were p a r t ia l ly  obscured by a general 

brown s trea k  which accompanied a l l  fr a c t io n s  a t  t h is  sta g e  o f  

p u r if ic a t io n .  On th e  su g g estio n  o f  the work o f  Henderson ( 3 ) ,
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o f  p o l a r  s t e r o l s  in  th e  e x t r a c t e d

m a t e r i a l .  25 -  H y d ro x y c h o le s te ro l  (R^ « 0 .33 )  was found to  

have an Rp v a lu e  s l i g h t l y  g r e a t e r  th an  th e  m ajor p o l a r  s t e r o l  

in  th e  p laq u e  e x t r a c t ,  whereas 24Oi- bydroxy c h o l e s t e r o l

compounds gave d i f f e r e n t  c o lo u r  r e a c t i o n s  from th e  unknown when 

sp ra y ed  w i th  en a c i d i c  s o lu t io n  o f  e e r i e  s u lp h a t e .  A number 

o f  o th e r  s t e r o l s  were a l s o  t e s t e d  u nder  th e se  c o n d i t io n s  and 

t h e i r  TIC m o b i l i t i e s  and c o lo u r  r e a c t i o n s  a re  r e c o rd e d  on 

page 26 7 in  Appendix I .

p o l a r  s t e r o l  in  th e  p la q u e  was n e i t h e r  24— n o r  2 5 -h y d r o x y c h o le s te r o l .  

Th is  n o n - i d e n t i t y  was f u r t h e r  em phasised  in  a g as-ch ro m ato g rap h ic  

e x am in a t io n .  F i g .  54 i l l u s t r a t e s  th e  chromatogram o b ta in e d  in  

t h i s  i n v e s t i g a t i o n .  TIC had su g g es te d  t h a t  c h o l e s t e r o l  was 

s t i l l  p r e s e n t  in  th e  e x t r a c t  and GIC gave a peak  (peak C in  

F i g .  54) which co rre sp o n d ed  to  t h i s  s t e r o l  in  r e t e n t i o n  t im e .

The o th e r  m ajo r peaks  which appeared  were l a b e l l e d  A end B,

A b e in g  th e  l a r g e r  o f  th e  two. The r e t e n t i o n  tim es  o f  

components A, B and C r e l a t i v e  to  c h o le s ta n e  a re  shown in  th e  

f i g u r e ,  a l s o  r e c o rd e d  a re  th e  r e l a t i v e  r e t e n t i o n  tim es  o f  24 -  

and 25 -  h y d ro x y c h o le s te ro l  chrom atographed under i d e n t i c a l  

c o n d i t i o n s .  From th e se  r e s u l t s  i t  con be seen  t h a t  n e i t h e r

Both o f  th e s e  r e f e r e n c e

The r e s u l t s  e x p re s se d  above su g g es te d  t h a t  th e  m ajor
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FIGUKS 54 GLC OF ISOIATED POLAR STLItQ-LS ( f r e e  form)

COMBOUM)

A 4*71
B 4*08
C 1.99
D 3*30
E 2*50

c h o l e s t e r o l 2 .00
240(~ GII c h o l e s t e r o l 3.68
25 -  OH c h o l e s t e r o l 3 .34

to  *■ r e t e n t i o n  tim e r e l a t i v e  to  c h o le s ta n e
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compound A n o r  B c o rre sp o n d s  to  24 o r 25 -  h y d r o x y c h o le s te r o l .

B u r i f i c q t i o n  o f  p o l a r  s t e r o l  e x t r a c t s

TJX o f  p o l a r  s t e r o l  e x t r a c t s  c l e a r l y  d em o n s tra ted  t h a t  

a l th o u g h  c o n s id e ra b le  q u a n t i t i e s  o f  p o l a r  s t e r o l s  -were p r e s e n t ,  

t h e y  were in  a v e ry  impure s t a t e ,  p o s s i b l y  con tam in a ted  w i th  

d i g l y c e r i d e s  and m onog lycerides  as v e i l  as p ig m e n ts .  A f r a c t i o n  

c o n ta i n in g  p o l a r  m a t e r i a l  was s p l i t  in to  two equal p o r t i o n s ,  

one o f  which was c o n v e r ted  to  th e  t r i m e t h y l s i l y l  e th e r  d e r i v a t i v e s  

and th e  o th e r  in to  a c e t a t e  d e r i v a t i v e s  (see  page 108), a f t e r  

w hich b o th  were sublim ed (140° -  150° 5  0*2 nan H g). A f te r

s u b l im a t io n  some y e llo w  o i l y  m a t e r i a l  was l e f t  beh in d  in  th e  

s u b l im a t io n  tube  in  b o th  c a s e s .  TLC exam ina tion  o f  th e  

h y d ro ly se d  a c e t a t e  d e r i v a t i v e s  a f t e r  s u b l im a t io n  showed t h a t  

c o n s id e ra b le  p u r i f i c a t i o n  liad tak en  p l a c e .  The GLC t r a c e s  

(l.fo S E -3 0 ; 235°C) o b ta in e d  f o r  th e  t r  im e thy ls  i l y l  e t h e r  and 

a c e t a t e  d e r i v a t i v e s  a re  shown below in  F i g .  55. In t h i s  d iagram  

th e  m ajor p o l a r  s t e r o l s  have been l a b e l l e d  A and B ( ‘ f o r  TMSi 

e t h e r s  and n f o r  a c e t a t e s ) .  "V/hen th e  r e l a t i v e  r e t e n t i o n  tim es 

o b ta in e d  h e re  f o r  th e  a c e t a t e  d e r i v a t i v e s  a re  compared w i th  th o se  

o f  th e  o r i g i n a l  f r e e  s t e r o l s  (page 2 2 2 ) an im p o r tan t  c o n c lu s io n  

r e s u l t s .  I f  we a p p ly  a r e t e n t i o n  f a c t o r  o f  ap p ro x im a te ly  1 .4  

f o r  a c e t y l a t i o n  (Brooks and Hanaineh ( 8 ) ) ,  compound A on
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FIGUIS 55

4.746*30

1% SE-30 at 2 3 5

9*27 5-58
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R e te n t io n  tim es a re  r e l a t i v e  to  5 o O -c h o le s ta n e .

a c e t a t e  fo rm a tio n  shows an in c re a s e  in  r e t e n t i o n  tim e c o n s i s t e n t  

w i th  th e  fo rm a tio n  o f  a d i a c e t a t e  as e x p ec te d ,  w hereas compound 

B formed o n ly  a m o n o ace ta te .  The p o s s i b i l i t y  t h a t  B was a 

monohydroxy s t e r o i d  was u n l i lc e ly  in  view  o f  i t s  ch rom atograph ic  

i s o l a t i o n ,  and i t s  r e t e n t i o n  t im e .
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The chrom aiog ra p h ic  d a t a  n i g h t  have f i t t e d  a  s t e r o i d  d i o l  w i th  

one o f  i t s  hydroxyl g roups s t e r i c a l l y  h in d e re d  p r e v e n t in g  a c e t a t e  

f o r m a t io n , b u t  d r a s t i c  a c e t y l a t i o n  c o n d i t io n s  p roduced  no change 

in  r e t e n t i o n  t im e .  I t  th u s  seemed more p ro b a b le  t h a t  compound B

was a k e t o - s t e r o l .  Two r e a d i l y  a v a i l a b l e  k e t o - s t e r o l s , namely

24 -  k e t o c h o l e s t e r o l  (3^3•-hydroxy-“C h o le s t - 5 “ en~24-one) and 

7 -  ke to  c h o l e s t e r o l  ( 3^3 ~hydro:ry~cholest~5--en“-7-one) were examined.

7 -  K e to c h o le s te r o l  was found to  have i d e n t i c a l  GLC b e h av io u r  to  

e x t r a c t e d  compound B as th e  f r e e  s t e r o l , as th e  a c e t a t e  and as 

th e  t r i m e t h y l s i l y l  e t h e r  d e r i v a t i v e .

Compound A was t e n t a t i v e l y  i d e n t i f i e d  as 2 6 -h y d ro x y c h o le s te ro l  

( c h o l e s t  -  5 -  en -  3 13 ? 23 -  d i o l )  on th e  b a s i s  o f  i t s  chrom ato

g ra p h ic  m o b i l i t y  and c o lo u r  r e a c t i o n s .  P r e p a r a t i v e  TLC as the  

t r i m e t h y l s i l y l  e th e r s  in  hexane?benzene ( 2 s l  v /v )  has shown t h a t  

th e  i s o l a t e d  s t e r o l  which g ives  a l a r g e  maroon s p o t  more p o l a r

th a n  c h o l e s t e r o l  TliSi i s  th e  compound which g iv es  peak  A1 on 

GLC. I t  sh o u ld  a ls o  be n o te d  t h a t  a l th o u g h  25 -  and 28 -  

h y d r o x y c h o le s te r o l  a re  n o t  w e ll  s e p a r a te d  on TLC as th e  f r e e  

s t e r o l s j  th e y  a re  c l e a r l y  s e p a ra te d  as TMSi e th e r s  and g ive  

s i g n i f i c a n t l y  d i f f e r e n t  r e t e n t i o n  tim es  on GLC as t h i s  d e r i v a t i v e  

( s e e  Appendix I ,  Table 20, on page 269 ):  th u s  th e y  con be r e a d i l y

d i f f e r e n t i a t e d .  F u r th e r  c o n f i rm a t io n  o f  th e  i d e n t i t y  o f  

compound A and 26 -  h y d ro x y c h o le s te ro l  was o b ta in e d  when th e y



FIGURE co GLC OF I'OLAR Sf ± RACTlOH I ( TILS i  e the  r s  )

POLAR STEROLS

( TMSi ethers)

,2-4

Compounds A and 3) v e re  su b se q u e n t ly  i d e n t i f i e d  as 
c h o l e s t e r o l  TMSi e th e r  and 2 o ~ h y d ro sy c h o le s te ro l  
TMSi e t h e r  r e s p e c t i v e l y .  ( r e t e n t i o n  t im es  re c o rd ed  
u nder  th e  m ajor peeJis a re  r e l a t i v e  to  c h o le s t a n e ) .
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were compared as t h e i r  TV.'Si e th e r s  by GLC on the  p o l a r  s e l e c t i v e  

p h ase  OF-1. The chromatogram o b ta in e d  f o r  th e  e x t r a c t  i s  shown 

in  F i g .  50.

GC-liS ex amin a t i o n  o f  p o l a r  s t e r o l  f r a c t i o n  1

F r a c t i o n  1 was examined by GC-LS in  th e  form o f  th e  

t r i m e t h y l s i l y l  e th e r  d e r i v a t i v e s ,  and mass s p e c t r a l  scans  were 

o b ta in e d  o f  th e  m ajor components in  th e  e x t r a c t .  F i g .  57 shows 

l i n e  d iagram s o f  th e  scons o b ta in e d  f o r  peah  A’ and f o r  a u th e n t i c  

26 -  h y d r o x y c h o le s te ro l  b is-T S H i e t h e r .  The c lo se  s i m i l a r i t y  

o f  th e s e  f r a g m e n ta t io n  p a t t e r n s  con firm s th e  i d e n t i t y  o f  compound 

A as 26 -  h y d r o x y c h o le s te r o l . I t  i s  n o tew o rth y  t h a t  24 (X-, 25 -  

and 26 -  h y d r o x y c h o le s t e r o l , as w e l l  as b e in g  c l e a r l y  d i f f e r e n t i a t e d  

by  t h e i r  GLC r e t e n t i o n  t im e s ,  e.ll g ive  s t r i k i n g l y  d i f f e r e n t  mass 

s p e c t r a  as t h e i r  TLSi e t h e r s  ( c f .  Appendix 2 on page 274)*

A s i m i l a r  approach  confirm ed  t h a t  compound B was 

7 -  k e t o c h o l e s t e r o l ,  and th e  s p e c t r a  o b ta in e d  f o r  e x t r a c t e d  and 

r e f e r e n c e  m a te r i a l  in  a  GC-423 i n v e s t i g a t i o n  a re  i l l u s t r a t e d  in  

F i g .  58.

Our n e x t  s te p  was to  s u b s t a n t i a t e  f u r t h e r  th e  i d e n t i f i c a t i o n  

o f  compound B as 7 -  k e t o c h o l e s t e r o l .  U n lik e  m ost s t e r o l s ,

7 -  k e t o c h o l e s t e r o l  i s  n o t  w e l l  v i s u a l i s e d  on a t h i n - l a y e r  

chromatogram by s p ra y in g  w i th  e e r i e  s u lp h a t e ,  and i t s  p re se n c e
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i s  frequently masked by the presence o f  impurities. However, 

i t s  k e t o n ic  nature can be readily  demonstrated by sp ra y in g  Tfith 

2 :4  -  d in itr o p h e n y lh y d r a z iiie  trh ich  yields an orange c o lo u r a t io n .

The b e s t  and most s p e c i f i c  method f o r  th e  d e t e c t i o n  o f  7 -  k e t o -  

c h o l e s t e r o l  on a TIC p l a t e  i s ,  however, to  s p ra y  th e  p l a t e  w ith  

a Vfo s o l u t i o n  o f  sodium b o ro h y d r id e  in  m ethanol ( 9 ) .  I f ,  a f t e r  

a fev.r m in u te s , th e  chromatogram i s  th en  sp rayed  Tfith e e r i e  

s u lp h a t e  and h e a te d ,  th e  c h a r a c t e r i s t i c  in te n s e  b lu e  c o lo u r a t io n  

o f  a 7 -  h y d ro x y c h o le s te ro l  deve lops  a t  th e  p o s i t i o n  f o r  

7 -  k e t o c h o l e s t e r o l .

The p re s e n c e  o f  th e  o(, (3 -un s a t u r a t e d  ke to n ic  system  in  

compound B ims d em o n s tra ted  by u l t r a v i o l e t  s p e c t ro s c o p y  o f  p o l a r  

s t e r o l  f r a c t i o n  1 as th e  TiJSi e th e r  d e r i v a t i v e .  The U.V. 

s p e c t r a  o b ta in e d  f o r  compound B* and a u th e n t i c  7 -  k e t o c h o l e s t e r o l  

TMSi e t h e r  a re  shown in  F i g .  59. The l i t e r a t u r e  v a lu e  f o r  th e  

a b s o r p t io n  maximum o f  7 — k e t o c h o l e s t e r o l  i s  239 mju in  e th a n o l  (1 0 ) .  

The v a lu e  found f o r  th e  e x t r a c t e d  m a t e r i a l  if as 232 mjUlin 

cyclohexone : hoifever, ap p ly in g  a s o lv e n t  c o r r e c t i o n  o f  +  9 rnjUL,

t a k e s  t h i s  to  241 eoJU. ifh ich  i s  c lo se  to  th e  f i g u r e  in  the  

l i t e r a t u r e .  I t  i s  d i f f i c u l t  to  c a l c u l a t e  an a c c u ra te  e x t i n c t i o n  

c o e f f i c i e n t  from t h i s  u l t r a v i o l e t  spec trum  s in c e  th e  f r a c t i o n  

c o n ta in s  s e v e r a l  compounds. However, i f  lire assume t h a t  th e  t o t a l  

o p t i c a l  d e n s i t y  a t  232 mjji i s  due to  7 -  k e t o c h o l e s t e r o l  and 

o b ta in  th e  -weight o f  t h i s  compound p r e s e n t  from a comparison of
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GL£ peak  h e i g h t s ,  an approx im ate  i n t e n s i t y  v a lu e  can be
O

c a l c u l a t e d .  U sin g  t h i s  approach  a v a lu e  o f  10 x  10 Tfas o b ta in ed ,  

FIGURE 59 UV. SPECTItUr.l OF 7 -  KETOCHOXESTEROL TL2S i  ETHER.

232 mji

200 225 mM 250 ■ 275

The l i t e r a t u r e  v a lu e  f o r  p u re  7 -  k e t o c h o l e s t e r o l  i s  12 x  10 . 

I t  i s  p ro p o sed  to  o b ta in  an a c c u ra te  v a lu e  by fo rm a tio n  o f  a 

2 s4 -d in i t ro p h e n y lh y d ra z o n e  d e r i v a t i v e  which would g ive  an 

a b s o r p t io n  c l e a r  o f  th e  troub lesom e re g io n  o f  "end a b s o r p t io n ” , 

which i s - a  f e a t u r e  o f  th e  spectrum  in  F ig ,  59.
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I n i t i a l  d i f f i c u l t i e s  caused by the masking e f f e c t  o f  the „ * 

a b sorp tion  o f  the 2 :4 -d in itro p h en y lh y d ra zin e  reagen t have been 

overcome by the use o f  p rep a ra tiv e  th in - la y e r  chromatography. 

P re lim in a ry  r e s u l t s  u s in g  t h is  approach have produced an 

a b sorp tion  fo r  7 -k e to c h o le s te r o l 2 :4-d in itrop h en y lh yd razon e  

w hich appears to  be com plicated  by th e  ab sorp tion  from oth er  

k e to n ic  compounds and fu rth er  TIC w i l l  be n ecessa ry  to  produce 

a unique ab sorp tion  spectrum .
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A n a l y s i s  o f  p o l a r  s to rc J .  f r c .c i io n 2

“When th e  ye l low  o i l y  m a t e r i a l  d e s ig n a te d '  '’p o l a r  s t e r o l  

f r a c t i o n  1” ceased  to  be e l a t e d  from th e  F l o r i s i l  column, the  

e l u t i n g  s o l v e n t  was changed to  e t h y l  a c e t a t e  ■which on e v a p o r a t io n  

y i e l d e d  a sm al l  q u a n t i t y  o f  a n o th e r  o i l y  m a t e r i a l  d e s ig n a t e d  

" p o l a r  s t e r o l  f r a c t i o n  2" .  A n a ly s i s  o f  t h i s  f r a c t i o n  by TLC in 

ch lo ro fo rm s  e t h y l  a c e t a t e  ( S s l  v /v )  showed t h a t  t h i s  f r a c t i o n  

c o n ta i n e d  two compounds, one o f  which appeared  to  be c h o l e s t e r o l .  

The o t h e r ,  on s p r a y in g  w i t h  e e r i e  s u l p h a t e ,  gave a l i g h t  brown 

c o l o u r a t i o n ,  and moved o n ly  v e r y  s l i g h t l y  from th e  o r i g i n  

(Bp «" 0*02) .  P o l a r  s t e r o l  f r a c t i o n  2 was th en  p u r i f i e d  by 

p r e p a r a t i o n  o f  t r i m e t h y l s i l y l  e t h e r s  and s u b l i m a t i o n .  Exam ina t ion  

o f  t h e s e  e t h e r s  by TLC in  hexane:benzene  ( 2 s 1 v /v )  showed t h a t  a 

c o n s i d e r a b l e  p u r i f i c a t i o n  had talcen p l a c e .  The two components o f  

th e  m ix tu re  appeared  a t  = 0 .57  and 0 .13  in  t h i s  s o l v e n t  system. 

The l e s s  p o l a r  of  t h e s e  compounds was shown to  co r re sp o n d  to  

c h o l e s t e r o l  t r i m e t h y l s i l y l  e t h e r  in  Rp v a lu e  and co lo u r  r e a c t i o n ,  

w h i l e  th e  more p o l a r  was found to  co r re spond  to  th e  t r i m e t h y l s i l y l  

e t h e r  o f  5cA-c,holestane -  3 j S ,5 ,  6 | 3 - t r i o l .  GC-LIS exam inat ion  o f  

th e  e x t r a c t  and a u t h e n t i c  t r i o l  r e v e a l e d  t h a t  in b o th  case s  a b i s -  

r a t h e r  th an  a tr i s -TILSi e t h e r  had been formed. The mass s p e c t r a  

o f  e x t r a c t  and a u t h e n t i c  d e r i v a t i v e s  a r e  shown in  F i g .  60: th e y

a lm o s t  c e r t a i n l y  r e p r e s e n t  the  s p e c t r a  o f  th e  3, 6 bis-TMSi e t h e r
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d e r i v a t i v e ,  [The 5 c ( -  hydroxyl  group has a l r e a d y  been sho*sm to  

form a lIvlSi e t h e r  compound o n ly  f r i t h  d i f f i c u l t y  in  th e  case  o f  

5 C\~ c h o l e s t a n e  — 5, 8 c t -  d i o l  s t u d i e d  in  t h e  i n v e s t i g a t i o n  in to  

p la q u e  hydrocarbons  (page 14s) •[]. I t  vas  found,  however,  t h a t  the  

t r i s ~ T R S i  e t h e r  cou ld  be formed unde r  s t r o n g e r  e t h e r  i f  i c a t i o n  

c o n d i t i o n s  (page lOT),  end the  mass spec t rum  o f  t h i s  compound i s  

shovn in  Appendix 2 on page 2 8 1 . Form at ion  o f  th e  t r i s -T123i  

e t h e r  va s  found to  reduce  r a t h e r  th a n  in c r e a s e  th e  r e t e n t i o n  t ime 

o v e r  th e  b i s - d e r i v a t i v e  ( see  Fig® 6 l ) .  A s i m i l a r  r e s u l t  ims 

found by Brooks e t  ja l .  ( l l )  in  th e  t r i m e i h y i s i l y l a t i o n  o f  

5 ^  -  c h o l a n e t e t r o l s .

FIGURE 61

T R IS -T M S i

B IS -T M S i Ro:
OR

TMSi ETHERS OF

CHOLESTANE -3 g ,5 ^ ,6 ? -T R IO L

1*/.SE 30 ; 225*

3-65 0
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The fo rm a tio n  o f  th e  t r i s - T E S i  d e r i v a t i v e  -vras a l s o  c l e a r l y  

i n d i c a t e d  on TLC -where a s t r i k i n g  r e d u c t io n  in  p o l a r i t y  over  the  

b i s - e t h e r  was o b se rv ed ,  as  shewn in  Table IT ( c f .  Appendix I ,

F i g .  66 ,  page  272)..

Table  17 Chromatographic  d a t a  f o r  5 c < -c h o le s ta n e - 3 j3  j5>6{3 - t r i o l
d e r i v a t i v e s .

COMPOUND \  ^F

b i s -T L S i  4 .9 9  0 .1 3  564

t r  i s -I t 'S  i  3.60 0 .7 5  636

•» r e t e n t i o n  t ime r e l a t i v e  to  c h o le s t a n e  
on 1% SE -  30 a t  225°C.

Rp v a l u e s  ire r e  r e c o r d e d  u s i n g  hexane-benzene  (2 :1  v / v )  

as s o l v e n t  system.



R ec e n t  work on p o l a r  s t e r o l s

The work on p o l a r  s t e r o l  f r a c t i o n  1, so f a r  d e s c r i b e d ,  

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

s e p a r a t i o n  methods were f u l l y  deve loped)  which do n o t  r e f l e c t  th e  

t r u e  co m p lex i ty  o f  th e  f r a c t i o n .  A g a s - l i q u i d  chromatogram 

o b t a i n e d  more r e c e n t l y  from a s i m i l a r  i n v e s t i g a t i o n  i s  shown in 

F i g .  62.  In agreement w i th  th e  e a r l i e r  f i n d i n g s ,  26—hydroxy-  

c h o l e s t e r o l  TESi e t h e r  (peak A) was found to  be the  most 

p red o m in an t  p>olar s t e r o l  d e r i v a t i v e .  Peak B would appear  to  

r e p r e s e n t  a r a t h e r  l a r g e r  p r o p o r t i o n  o f  7 -  k e t o c h o l e s t e r o l  TIJSi 

e t h e r  th a n  had. been p r e v i o u s l y  i n d i c a t e d :  however,  s c r u t i n y  of

t h e  mass spec t rum  o b t a i n e d  f o r  t h i s  peak  r e v e a l e d  t h a t  i t  was 

composed o f  a m ix tu re  o f  7 — k e t o c h o l e s t e r o l  TMSi e t h e r  and 

5 c ^ - c h o le s t a n e -3 [3  , 5,6|3 - t r i o l  bis-TLISi e t h e r .  P r ev io u s  work 

w i t h  a u t h e n t i c  d e r i v a t i v e s  had shown t h a t  t h e s e  compounds a re  v e r y  

p o o r l y  s e p a r a t e d  on the  n o n - s e l e c t i v e  phase  SE-30. ( s ee  Appendix I ,  

Table  20, on page 259) .  Peaks C, I), E and F have r e t e n t i o n  t imes  

r e l a t i v e  to  c h o le s t a n e  o f  5 .6 1 ,  3 .7 2 ,  3 .42 and 3 .03  r e s p e c t i v e l y  

on Vjo SE-30 a t  225°C9 Peak C was i d e n t i f i e d  as 25 -  hydroxy

c h o l e s t e r o l  TiiSi e t h e r  from i t s  chromatographic  m o b i l i t y  and mass 

spec t rum .  This  i s  the  o n ly  p o l a r  s t e r o l  f r a c t i o n  where t h i s  

compound has  appeared  and i t  i s  a t  p r e s e n t  c o n s id e re d  to  be an 

a r t e f a c t  d e r i v e d  from c h o l e s t e r o l .  A s i m i l a r  approach e s t a b l i s h e d



FIGUBE 62

POLAR STEROLS
TM Si Ethers 

1%SE-30 ; 225*

3-42

3-72

2-53
303

6 84

The peaks  in th e  chromatogram ivere s u b s e q u e n t ly  i d e n t i f i e d  as 
t h e  TiJSi e t h e r s  o f  th e  fo l l o i f i n g  compounds 
A 26 -  OH c h o l e s t e r o l
B a m ix tu r e  o f  7 k e t o c h o l e s t e r o l  and 5 cA,- c h o l e s t a n e -  3(3,5,6/3 
C 25 -  OH c h o l e s t e r o l  
D 7(3 -  OH c h o l e s t e r o l  
G c h o l e s t e r o l
E and F have n o t  y e t  been i d e n t i f i e d .

237

t r i o l .



c h rom a tog raph ic  c h a r a c t e r i s t i c s  o f  t h i s  compound have a l r e a d y  

been  d i s c u s s e d  on pages  177 and 178. The s t r u c t u r e s  -of th e  

compounds r e p r e s e n t e d  by peaks  E and F have n o t  been e l u c i d a t e d .  

GC-ldS has  i n d i c a t e d  t h a t  t h e  compound v h ic h  g ive s  peak  E i s  a 

c h o l e s t e n e  d i o l  mono-Tl-Si e t h e r ,  b u t  f u r t h e r  vork  v i l l  be 

n e c e s s a r y  b e f o r e  t h i s  compound i s  i d e n t i f i e d .

Q u a n t i t i e s  o f  p o 1a r  s t o r o l s

1'n .al l p la q u e  e x t r a c t s  examined 26 -  h y d r o x y c h o l e s t e r o l  

liras by f a r  t h e  majo r  p o l a r  s t e r o l .  I t s  c o n c e n t r a t i o n  v a r i e d  

from a o r t a  to  a o r t a  b u t  va s  e s t i m a t e d  by GLC to  be o f  th e  o rd e r  

o f  50JU.g/g. o f  p u r i f i e d  l i p i d .  7 -  K e t o c h o l e s t e r o l ,  a l th o u g h  

p r e s e n t  in  e v e r y  e x t r a c t  s t u d i e d ,  v a s  found in  s m a l l e r  q u a n t i t i e s ,  

u s u a l l y  abou t  one t e n t h  o f  the  c o n c e n t r a t i o n  o f  25 ~ hydroxy-  

c h o l e s t e r o l .  P r e v io u s  workers  ( l ,  3) have su g g e s te d  t h a t  70C- 

and  7^3- h y d r o x y c h o l e s t e r o l  a re  p r e s e n t  in  p la q u e  e x t r a c t s ,  

a l t h o u g h  no adequa te  s e p a r a t i o n  method vas  a p p l i e d  f o r  th e se  

e p im e rs .  We have shovn t h a t  t h e s e  compounds a re  v e i l  s e p a r a t e d  

as  t h e i r  TilSi e t h e r s  on TLC and GLC, and u s i n g  t h i s  in fo r m a t io n  ve 

have been a b le  to  d em o n s t ra t e  the  p r e s e n c e  o f  th e  7 13 - i so m e r  in  

t h e  l e s i o n  a t  a l e v e l  o f  a p p r o x im a te ly  20-30,11 g /g .  o f  l i p i d .

Al though 5oC~ c h o le s t a n e - 3 j3  , 5 , 6 p - t r i o l  vas  o n ly  found 

in  some o f  th e  e x t r a c t s ,  v h e re  i t s  l e v e l  vas  o f  th e  o r d e r  o f
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30-40JX  g/g* i t  i s  n o t  t h o u g h t  to  bo an a r t e f a c t *  and i t s  

absence  in  seine i n s t a n c e s  may have been due to  th e  extreme 

p o l a r i t y  o f  t h i s  compound on s i l i c i c  ox id  and F l o r i s i l  columns.

A d d i t i o n a l  p r o o f  o f  the  p r e s e n c e _of 26 -  hydro x jc  ho 1 e s t  e r  o 1

The i d e n t i f i c a t i o n  o f  26 -  h y d r o x y c h o l e s t e r o l  as th e  

TIvSi e t h e r  d e r i v a t i v e  by TLC, GLC and GC-LS has been d e s c r i b e d .  

E a r l y  vorlc on t h i s  i d e n t i f i c a t i o n  invo lved  th e  use o f  the  

d i a c e t a t e  d e r i v a t i v e  v h i c h  behoved v e i l  on TLC, b u t  gave an 

i n c o n v e n i e n t l y  long GLC r e t e n t i o n  t ime (10.1Q r e l a t i v e  to  

c h o l e s t a n e  on 1 fo SE-30 a t  2 25°C .) .  Al though n o t  g iv in g  a t r u e  

m o le c u la r  ion in  i t s  mass spec t rum ,  t h i s  d e r i v a t i v e  g ives  a 

c h a r a c t e r i s t i c  f r a g m e n ta t io n  p a t t e r n  v i t h  an a p p a r e n t  m o le c u la r  

ion  a t  m/e 426 c o r r e sp o n d i n g  to  th e  e l i m i n a t i o n  o f  the  e lements  

o f  a c e t i c  a c i d  (60 mass u n i t s ) .  L ine  diagrams o f  the  s p e c t r a  

o f  i s o l a t e d  and a u t h e n t i c  2.6 -  h y d r o x y c h o l e s t e r o l  as th e  

d i a c e t a t e  d e r i v a t i v e  tire shovn on page 281 in Appendix 2.

Another  app roach ,  v h i c h  makes use o f  t h e  r a t h e r  unusua l  

p r i m a r y  hydroxyl  group in  26 -  h y d r o x y c h o l e s t e r o l ,  i s  b e in g  

a t t e m p te d  a t  p r e s e n t .  This method in v o lv e s  hyd ro g en a t io n  

fo l lo w e d  by chromic a c i d  o x i d a t i o n  and g ives  r i s e  to  

3 -  k e t o c h o l e s t a n o i c  a c i d .

I t  m ight be argued  t h a t  th e  compound v h ic h  ve have 

i d e n t i f i e d  as 26 -  h y d r o x y c h o le s te ro l  ( c h o le s t - 5 - e n - 3 |3  , 2 8 -d io l )  

m igh t e q u a l ly  v e i l  be th e  c o r re sp o n d in g  3 -h yd roxy  epimer
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( i . e .  c l io les t-5 -en-8c> ( *86- d i o l ) . This  compound von Id  be expec ted  

to  g ive  an oJm ost i d e n t i c a l  mass spec trum  to  26 -  h y d r o x y c h o le s te r o l , 

b u t  on th e  o th e r  hand i t  has been shovn (s e e  Appendix I  on page 269) 

t h a t  c h o l e s t e r o l  (cIiolest--5~-en-3|3 - o l )  and e p i c h o l e s t e r o l  

(c h o le s t~ 5 ~ e n ~ 3 o (“ Ol) a re  v e i l  s e p a r a te d  on TLC and GLC as t h e i r  

t r i m e t h y l s i l y l  e t h e r s .  The ch rom atog raph ic  d a ta  fo r  th e  

i s o l a t e d  d i o l  (a s  i t s  TMSi e th e r )  a re  th u s  q u i t e  in co m p a tib le  

v i t h  th e  3 o ( -  c o n f ig u r a t i o n .
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DISCUSSION

T/e must no it c o n s i d e r  the  b i o l o g i c a l  s i g n i f  icance  o f  t h e  

compounds which ire have i d e n t i f i e d  in  the  a th erom atous  p laque  

in  the  1 i g h t  o f  th e  c u r r e n t  t h e o r i e s  o f  p a t h o g e n e s i s .  However, 

s i n c e  T.re have a t  p r e s e n t  o n ly  s t u d i e d  one s t a g e  o f  t h e  d i s e a s e ,  

t h e  ideas  e x p re s s e d  h e re  must be c o n s id e r e d  as s p e c u l a t i v e ,  

h a v in g  r e g a r d  to  th e  l i m i t e d  ev idence  o b t a i n e d .  N e v e r t h e l e s s ,  

i t  i s  f e l t  t h a t  th e  methods deve loped  in t h i s  work if i l l  form the  

b a s i s  o f  a w id e r  approach  to  the  p rob lem ,  and Tril l  f a c i l i t a t e  

com para t ive  s t u d i e s  o f  p l a q u e s  s e l e c t e d  as b e in g  r e p r e s e n t a t i v e  

o f  the  s t e p s  o f  e v o l u t i o n  o f  th e  l e s i o n .

Hydrocarbons

The p r e s e n c e  o f  sq u a le n e  m igh t  s u g g e s t  t h a t  some s t e r o l  

s y n t h e s i s  t a k e s  p l a c e  in  the  p la q u e  and t h i s  h y p o th e s i s  i s  

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

p r e c u r s o r  was a l s o  found .  However, th e  b u lk  o f  th e  ev idence  

on p a t h o g e n e s i s  s u g g e s t s  t h a t  sq u a le n e  i s  p r o b a b l y  s e l e c t i v e l y  

removed from t h e  b lood  p lasm a  and d e p o s i t e d  in  th e  a theroma w i th  

o t h e r  p lasm a  l i p i d s .  To s u p p o r t  t h i s  p r o p o s a l  t h e r e  i s  the  f a c t  

t h a t  t h i s  hydrocarbon  i s  known to  be p r e s e n t  in  human b lood  ( l ) ,  

b u t  i t  i s  n o t  known w h e th e r  i t  i s  g e n e r a t e d  in  some a c t i v e  s i t e  

o f  s t e r o l  s y n t h e s i s  ( su ch  as th e  l i v e r )  o r  whe ther  i t  i s  o f  

p u r e l y  d i e t a r y  o r i g i n .
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The p a r a f f i n i c  hydrocarbons  found in the  l e s i o n  a re  much 

more d i f f i c u l t  to  accoun t  f o r  s i n c e  v e r y  l i t t l e  i s  knoi/n about  

t h e  o r i g i n  o r  f u n c t i o n  o f  s a t u r a t e d  hydrocarbons  in  man. In an 

a t t e m p t  t o  accoun t  f o r  t h e  p r e s e n c e  o f  n-a lk&nes in  th e  human 

s k i n  s u r f a c e ,  N i c o l a i d e s  ( 2 ) fed  r a t s  oc t a d s  cane and vas  ab le  

t o  d em o n s t ra t e  t h a t  some o f  t h i s  l a b e l l e d  m a t e r i a l  "was e x c r e t e d  

unchanged i n t o  th e  s k in  s u r f a c e  v i a  the  sebaceous  g l a n d s .  He 

a l s o  found a c t i v i t y  in f r a c t i o n s  o t h e r  than, h y d ro ca rb o n s ,  shoving  

t h a t  some oc tad ecan e  must have been o x i d i s e d  and th en  in c o r p o r a t e d  

i n t o  o t h e r  l i p i d s ,  most l i k e l y  f a t t y  a c i d s .  These r e s u l t s  tend  

to  s u g g e s t  t h a t  n - a l k a n e s  a re  n o t  -without b i o l o g i c a l  im por tance .  

Th is  v ie w p o in t  r a s  h e l d  by C h ib n a l i  and Channon ( 3 ) ,  vho 

p o s t u l a t e d  t h a t  th e  n -nonacosane  -which th e y  i d e n t i f i e d  in  

cabbage l e a v e s  v a s  formed by  th e  c o n d en sa t io n  o f  tvo  f a t t y  a c id  

m o le c u le s  to  y i e l d  a ke to n e  -which -was s u b s e q u e n t ly  reduced  to  a 

hyd ro ca rb o n .  More r e c e n t l y  Kaneda (4) has  accumula ted  evidence  

t o  s u b s t a n t i a t e  t h i s  " co n d e n sa t i o n "  mechanism in  a s tu d y  o f  the  

fo rm a t io n  o f  l o n g - c h a in  hydrocarbons  in  the  tobacco  p l a n t ,  b u t  

has  thrown doubt  on th e  e x i s t e n c e  o f  a k e tone  i n t e r m e d i a t e .

I t  has  been, s u g g es te d  ( 5 ) t h a t  n - n o n a c o sa n e , the  m ajor  hydrocarbon 

B r a s s i c a  o l e r a c e a j i s  formed by an a l t e r n a t i v e  p r o c e s s  

i n v o l v i n g  e l o n g a t i o n  o f  th e  common f a t t y  a c i d s .  E i t h e r  o f  t h e se  

mechanisms m igh t  a cco u n t  f o r  th e  p l a q u e  a lk an e s  -which cou ld  be 

formed in  s i t u  o r  cou ld  be t r a n s p o r t e d  from some o t h e r  s y n t h e t i c
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s i t e  by t h e  blood* A l t e r n a t i v e l y  t h e s e  hydrocarbons  n i g h t  be 

o f  p u r e l y  d i e t a r y  o r i g i n :  however,  t h i s  i s  t h o u g h t  to  be u n l i k e l y

s i n c e  ( c o n t r a r y  to  th e  p r e s e n t  f i n d  lu g s )m o s t  d i e t a r y  hydrocarbons  

c o n t a i n  an odd number o f  carbon atoms.

The p r e s e n c e  o f  c h o l e s t - o - e n e  in  th e  p la q u e  i s  unexpec ted  

in  te rms o f  s t e r o l  m e tabo l i sm .  This  s t e r o i d a l  hydrocarbon  has 

n o t  been i d e n t i f i e d  in  t i s s u e  or  indeed  in  any b i o l o g i c a l  

m a te r i a , ! ,  and to  invo lve  t h i s  compound in  the  b i o s y n t h e s i s  of 

c h o l e s t e r o l  -would n e c e s s i t a t e  th e  p o s t u l a t i o n  o f  a b i o g e n e t i c  

r o u t e  v e r y  d i f f e r e n t  from t h a t  c u r r e n t l y  acc e p ted  ( 6 ) .  Two 

groups o f  workers  ( 7 ,  8) have however p roduced  ev idence  o f  the  

e x i s t e n c e  o f  a n o n o x i d a t i v e  c y c l i s a t i o n  o f  squa lene  in  the  

fo rm a t io n  o f  l a n o s t e r o l  and th e  t r i i e r p e n e  t e t r a h y m a n o l .

B ar ton  and Moss (*?) have shown t h a t  in  a c e l l  f r e e  y e a s t  system 

th e  c y c l i s a t i o n  o f  sq u a le n e  i s  i n i t i a t e d  by th e  b i o l o g i c a l  

e q u i v a l e n t  o f  H* r e s u l t i n g  in the  g e n e r a t i o n  o f  l a n c s t a - 8 , 2 4 - d i e n e  

This  compound i s  t h o u g h t  to  be enzyme bound and h y d ro x y la te d  to  

l a n o s t e r o l  a t  some l a t e r  s t a g e  in  th e  b i o g e n e s i s .  The co n v e r s io n  

o f  l a n o s t a d i e n e  i n t o  c h o l e s t - 5 - e n e  would r e q u i r e  a mechanism 

d i f f e r e n t  from t h a t  r e c o g n i s e d  f o r  th e  co n v e r s io n  o f  l a n o s t e r o l  

to  c h o l e s t e r o l ,  and i t  i s  d i f f i c u l t  to  accoun t  f o r  the  removal 

o f  th e  4 ,4 - d i m e t h y l  groups in  th e  absence  o f  the  3-oxygen which 

i s  r e q u i r e d  to  a c t i v a t e  th e  p r o c e s s .  However, we have found no 

ev idence  to  s u g g e s t  t h a t  l a n o s t a d i e n e  i s  p r e s e n t  in  p l a q u e s .
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Me t h e r e f o r e  have to  c o n s id e r  o t h e r  p o s s i b l e  o r i g i n s  of  

c h o l e s t - 5 - e n e . .  There i s  some ev idence  to  s u g g e s t  t h a t  l i p i d  

m a t e r i a l  undergoes  changes a f t e r  a ccum ula t ion  in the  i n t im a  and 

i t  i s  t h e r e f o r e  p o s s i b l e  t h a t  t h i s  hydrocarbon  i s  p roduced  by 

r e d u c t i o n  o f  c h o l e s t e r o l  o r  -  c h o l e s t e n o l .  Such a r e d u c t i v e  

p r o c e s s  i s  known to  e x i s t  in  the  i n t e s t i n e  i /here c h o l i c  a c i d  i s  

c o n v e r t e d  to  d e o x y ch o l i c  a c i d  ( 4 6 ) ,  and in a t h e r o s c l e r o s i s  might 

r e s u l t  from m ic ro -o rg an ism s  i n f e c t i n g  the  p l a q u e .  A more l i k e l y  

e x p l a n a t i o n  o f  th e  p r e s e n c e  o f  t h i s  hydrocarbon  in  the  a r t e r i a l  

l e s i o n  i s  t h a t  i t  and th e  o t h e r  hydrocarbons  i d e n t i f i e d  were 

d e p o s i t e d  from th e  b lood  by an i n f i l t r a t i o n  p r o c e s s .  In o rd e r  

t o  s u b s t a n t i a t e  t h i s  t h e o r y  we examined l i p i d  e x t r a c t s  from tiro 

samples  o f  h y p e r c l io le s i e ro le iu ic  human b lo o d  end u s i n g  TLC, GLC 

and GC-liS ire r e  ab le  to  i d e n t i f y  cho 1 e s t - 5 - e n e ,  a c h o l e s t a d i e n e , 

s q u a le n e  and a s e r i e s  o f  n - a l k a n e s  ( 4 7 ) .  These r e s u l t s  s u g g e s t  

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

The c h o l e s t a d i e n e  c h a r a c t e r i s e d  in  t h i s  •work i s  a t  p r e s e n t

th o u g h t  to  be a genuine  component o f  th e  a theromatous  p l a q u e ,  in

s p i t e  o f  th e  f a c t  t h a t  c h o l e s t a - 3 , 5 - d i e n e  i s o l a t e d  by o t h e r

w orke rs  from b r a i n  l i p i d s  ( 9 ) ,  was c o n s id e r e d  to  be an a r t e f a c t

3 5p ro d u ced  d u r i n g  chemical m a n i p u l a t i o n s .  A c o r r e sp o n d in g  9 

d i e n e  i s o l a t e d  a f t e r  d i s t i l l a t i o n  o f  T a l l  o i l  r o s i n  (lO) -was 

shown to  r e s u l t  from d e h y d r a t io n  o f  (3 - s i t o s t e r o l .  Although 

t h e  t e c h n i q u e s  enp loyed  by th e s e  o t h e r  groups o f  a u th o r s  were
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much more d r a s t ic  than th ose d escr ib ed  in  our work, the  

p o s s i b i l i t y  th a t  t h is  hydrocarbon r e s u lt s  from s t e r o l  dehydration  

has n o t been ru led  out a t  p r e se n t .

MP olar  E s t e r s 11

Although n o t p r e v io u s ly  id e n t i f ie d  in  plaque e x tr a c ts ,  

"polar E sters"  have been found to  be p resen t in  r e la t iv e l y  large  

q u a n t i t ie s .  Boyd ( l l )  su ggested  th a t  the 3 (3 -  f a t t y  a c id  e s te r s  

o f  7oC -hyd roxycholestero l -which he id e n t i f ie d  in  blood m ight be 

in term ed ia tes  in  the ca tab o lism  o f  c h o le s t e r o l .  He fu rth er  

su g g ested  th a t  7oC -hydroxylation o f  the s t e r o l  n u c le u s , thought 

to  be an e a r ly  step  in  the form ation o f  b i l e  a c id s , m ight be 

brought about by the enzym atic form ation o f  a hydroperoxide o f  

an u n satu rated  f a t t y  a c id  (12) fo llo w ed  by the tr a n s fe r  o f  a 

hydroxyl group from th e f a t t y  a c id  to  the s t e r o l  nu cleus by an 

in te r n a l rearrangem ent o f  the m olecu le  (s e e  F ig .  6 3 ) .  Such an 

ex p la n a tio n  m ight app ly to  the form ation o f  e s t e r s  o f  T ^ -h yd roxy-  

c h o le s t e r o l  found in  the p r e se n t in v e s t ig a t io n , and a lso  to  the  

e s t e r s  o f  26 -h y d ro x y ch o lestero l id e n t i f i e d .  A su g g estio n  o f  the  

p o s s ib le  hydroperoxide in term ed iate  o f  the la t t e r  compounds i s  

g iven  b e lo w :-



FI
GU

RE
 

6
3

. 
HY

DR
OX

YL
AT

10
N 

OF 
CH

OL
ES

TE
RO

L 
(B

oy
d 

ll
)

UJ

<
LU
__l
O
2 !

o
ex
UJ
l~
Cf)
UJ
__J
o
Xo

UJ
Q
X
o
ex
LU
CL
O
(X
Q
> ■
X

cc
UJ
h—
CO
LU

o
IX 
LU
I—
cn
LU
_ j

o
x
o

X
o

tS
o .

O S  Q

COCO CO

CM

o

nr 0-0

OOs!

O  x o

o

o

I0 - 0



249

The h in d s  o f  " p o l a r  e s t e r ” d i s c u s s e d  above a re  p r e s e n t  in

s m a l l e r  q u a n t i t i e s  th a n  the  p re d o m in a t in g  type  c h a r a c t e r i s e d  as

c h o l e s t e r o l  e s t e r i f i e d  w i t h  a hydroxy f a t t y  a c i d .  S t r u c t u r e s  o f

t h i s  type  a r e  a lm os t  c o m p le te ly  imXmoim in n a t u r e  and m ight

c o n s t i t u t e  an e x t r e m e ly  im p o r tan t  group m e t a b o l i c a l l y .

P e rh ap s  r e l e v a n t  a re  t h e  r e s u l t s  o b t a i n e d  by S n e l l  and Lair ( 1 3 ) ,
14■which d e m o n s t ra t ed  t h a t  when 4 — C -  c h o l e s t e r o l  a r a c h id o n a te

14%iras i n j e c t e d  i n to  r a t s , a c o n s i d e r a b l e  p r o p o r t i o n  o f  t h e  l i v e r  C

a c t i v i t y  (25-37/*) was r e c o v e r e d  in  t h e  form of  a c e t y l a t a b l e  p o l a r

l i p i d s .  On h y d r o l y s i s , c h o l e s t e r o l  was found to  accoun t  f o r  

1 1465y o f  t h e i r  C a c t i v i t y "  and th e  a u t h o r s  s u g g e s t  t h a t  t h i s  s t e r o l  

must have ‘been e s t e r i f i e d  ■with hydroxy f a t t y  a c i d s .  A lthough 

t h e  e s t e r s  d e s c r i b e d  above appear  from t h e s e  a u t h o r s ’ r e s u l t s  

to  be more p o l a r  th an  th o s e  i s o l a t e d  in our -work, th e y  n i g h t  

n e v e r t h e l e s s  be r e l a t e d ,  and t o g e t h e r  c o n s t i t u t e  ev idence  f o r  

a  m e ta b o l i c  pathway o f  c h o l e s t e r o l  n o t  p r e v i o u s l y  r e c o g n iz e d .

Hydroxy f a t t y  a c i d s  them se lves  a re  n o t  uncommon in  n a t u r e ,
\

one o f  t h e  b e s t  Imovn examples b e in g  r i c i n o l e i c  a c id  ( 12-liydroxy- 

o l e i c  a c id )  which makes up 90p o f  th e  component f a t t y  a c id s  o f  

c a s t o r  o i l  (14) and o ccu r s  in  s m a l l e r  q u a n t i t i e s  in  o t h e r  seed 

o i l s  ( 1 5 ) .  In mammals, C<-hydroxy a c id s  a re  w e l l  e s t a b l i s h e d  

components o f  b r a i n  c e r e b r o s i d e s  ( i d ) ,  and (O -h y d ro x y  a c id s  are  

found in  wool wax (17) . I t  was fo r m e r ly  s u g g es te d  t h a t  hydroxy 

.acids  were i n t e r m e d i a t e s  in  t h e  c o n v e r s io n  o f  s a t u r a t e d  in to
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m ono im sa tu ra ted  a c i d s ,  b u t  t h i s  t h e o r y  has been shorn  to be 

i n c o r r e c t  ( l o ) s  n e v e r t h e l e s s  th e  f u n c t i o n  o f  {3-hydroxy  ox ids  

i n  th e  b i o s y n t h e s i s  o f  s a t u r a t e d  lo n g - c h a in  f a t t y  a c id s  i s  v e i l  

e s t a b l i s h e d  ( 1 9 ) .  I t  v i l l ,  h o v ev e r ,  be n e c e s s a r y  to  e l u c i d a t e  

t h e  s t r u c t u r e  o f  th e  a c i d s  e s t e r i f i e d  v i t h  c h o l e s t e r o l  in  the  

l e s i o n  b e f o r e  f u r t h e r  s u g g e s t i o n s  as to  o r i g i n  and f u n c t i o n  can 

be made.

P o l a r  S t e r o l s

The p r e s e n c e  o f  p o l a r  s t e r o l s  in  the  a theromatous  p laque  

m us t  be c a r e f u l l y  c o n s id e r e d  s i n c e ,  v i t h  the  im p o r tan t  e x c e p t io n  

o f  2 6 - h y d r o x y c h o l e s i e r o l , each o f  th o s e  i d e n t i f i e d  has been 

a s s o c i a t e d  -with th e  a i r  o x i d a t i o n  o f  c h o l e s t e r o l .  The 

s u s c e p t i b i l i t y  o f  c h o l e s t e r o l  to  a u t o x i d a t i o n  during- chemical 

m a n i p u l a t i o n s  i s  v e i l  r e c o g n i s e d  ( 2 0 - 2 4 ) s h o v e v e r ,  26-hydroxy-  

c h o l e s t e r o l ,  t h e  major s t e r o l  in a l l  p laq u e  e x t r a c t s  in  our  

v o r k ,  v a s  n o t  d e t e c t e d  in  any o f  t h e s e  a u t o x i d a t i o n  s t u d i e s .  

F i e s e r  je t  a l .  (25) examined a l a r g e  sample o f  c h o l e s t e r o l  v h ich  

had  been s t o r e d  in l i g h t  and a i r  f o r  more th an  t v e n t y  y e a r s  and 

v e r e  a b l e  to  dem o n s t ra t e  a 0*34$ co n v e r s io n  to  25-hydroxy-  

c h o l e s t e r o l ,  b u t  t h e r e  va s  no s u g g e s t i o n  o f  t h e  e x i s t e n c e  o f  

th e  26-hydroxy  isomer .  C o n s id e r i n g  the  speed o f  th e  p r e s e n t  

a n a l y s i s ,  and t h e  p r e c a u t i o n s  t ak en  a g a i n s t  a l t e r a t i o n s  o f  the  

l i p i d s ,  i t  i s  t h o u g h t  u n l i k e l y  t h a t  th e  l a t t e r  compound i s  an
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a r te f -a c t*  Our iden t  i  f  i c  a t  ion o f  t h i s  s t e r o l  in. the  a theromatous

p l a q u e  (2,6,27) has been r e c e n t l y  conf i rm ed  by Smith  (28) and by

Van L i e r  and Smith  (29) who a l s o  r e g a r d  i t  as a genuine  and

im p o r t a n t  component o f  th e  a t h e r o s c l e r o t i c  l e s i o n .  They were

a l s o  a b l e  to  d e m o n s t ra te  t h a t  t h i s  s t e r o l  i s  o n ly  p r e s e n t  in the

i n t im a  o f  th e  a o r t a ,  and i s  a b s e n t  in  media l  l i p i d ,  aga in

s u g g e s t i n g  t h a t  i t  i s  u n l i k e l y  t h a t  t h i s  su b s ta n c e  was p roduced

d u r i n g  i s o l a t i o n .

26~IIyd roxycho les te ro l  has been i d e n t i f i e d  as a m e t a b o l i t e  
14o f  4 -  C -  c h o l e s t e r o l  in jtn v i t r o  i n c u b a t io n s  w i t h  mouse l i v e r

m i t o c h o n d r i a l  p r e p a r a t i o n s  ( 3 0 , 3 1 ) .  I t  has a l s o  been shown (31,55) 
14t h a t  4 -  C -  26 h y d r o x y c h o l e s t e r o l  i s  m e t a b o l i s e d  in  v ivo  

fry t h e  b i l e  f i s t u l a  r a t  p r e d o m in a n t ly  to  chenodeoxychol ic  a c i d .  

S t u d i e s  on th e  c o n v e r s io n  o f  c h o l e s t e r o l  to  b i l e  a c i d s  have 

i n d i c a t e d  t h a t  h y d r o x y l a t i o n  a t  t h e  C-23 p o s i t i o n  i s  the  f i r s t  

s t e p  in  th e  d e g r a d a t i o n  o f  th e  s i d e  cha in  ( 3 2 , 3 3 ) .  The 

c a t a b o l i s m  o f  c h o l e s t e r o l  by t h i s  r o u t e  i s  th o u g h t  to  fo l l o w  

t h e  sequence  g iven  in  F i g ,  64 .  These r e s u l t s ,  o b t a i n e d  u s i n g  

r a t s  and m ice ,  may have no r e l e v a n c e  t o  any m e ta b o l i c  p r o c e s s ,  

normal o r  abnormal,  t a k i n g  p l a c e  w i t h i n  th e  human body. On the  

o t h e r  hand th e y  may be a p o i n t e r  to  th e  f a c t  t h a t  h y d r o x y l a t i n g  

enzymes e x i s t  w i t h i n  th e  l i v e r ,  and t h a t  k y d r o x y c h o l e s t e r o l s  

p roduced  a t  t h i s  s i t e  c o u ld  be r e l e a s e d  in to  the  b lo o d s t ream  

and hence d e p o s i t e d  in  t h e  a o r t a  by an " i n f i l t r a t i o n "  p r o c e s s .
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An a l t e r n a t i v e  t h e o r y  would be t h a t  h y d r o b l a t i o n  t a k e s  p l a c e  

a f t e r  the  d e p o s i t i o n  o f  c h o l e s t e r o l  and i t s  e s t e r s  in the  a r t e r y  

w a l l .  At p r e s e n t  ire have no r e s u l t s  to  f av o u r  e i t h e r  o f  th e s e  

h y p o th e s e s .

The e x i s t e n c e  o f  a t o x i c  f a c t o r  w i t h i n  the  a r t e r y  w a l l  

has  been p o s t u l a t e d  to  acco u n t  f o r  th e  n e c r o s i s  which i s  common 

in  advanced p l a q u e s  ( 3 4 ) .  MaxBougall e t  _al. ( 3 5 ) ,  in  a s tu d y  

o f  th e  e f f e c t s  o f  one hundred  and t h r e e  compounds on aniinal 

organ  c u l t u r e s ,  have d e m o n s t ra t ed  t h a t  t h i r t y - s i x  s t e r o i d s  

e x h i b i t e d  t o x i c  e f f e c t s .  Of t h e s e ,  fo u r  were found to  be 

" h i g h l y ” t o x i c  a t  the  microgram l e v e l ,  v i z .  5 0 ( - c h o l e s t a n e -  

3 j 3 - o l ,  5CX-cho 1 es t an e  -  3 ^  , 5 , 6 ^  - t r i o l , 5oC“ C h o l e s t - 7 - e n “-3p-ol 

and 26—h y d r o x y c h o l e s t e r o l . T o x i c i t y  was judged by h i s t o l o g i c a l

and h i s t o c h e m i c a l  c r i t e r i a  and th e  f o u r  compounds mentioned 

above were shown to  cause  g ro s s  derangement o f  t h e  s t r u c t u r e  

o f  th e  c e l l s  in  th e  a r t e r y  w a l l .  These r e s u l t s  s u g g e s t  t h a t  

i t  i s  p o s s i b l e  t h a t  28-“h y d r o x y c h o l e s t e r o l  may be invo lved  in  

t h e  n e c r o s i s  found in  most o f  th e  a o r t a s  examined in  our  work.

7 - K e t o c h o l e s t e r o l  ( S{3 -h y d r o x y c h o le s t -5 -e n ~ 7 -o n e )  was 

found in  a l l  e x t r a c t s  examined b u t  i t s  c o n c e n t r a t i o n  r e l a t i v e  to  

2 6 - h y d r o x y c h o le s t e r o l  v a r i e d  marked ly .  S ince  t h i s  compound i s  

n o t  much more p o l a r  th an  c h o l e s t e r o l  i t  i s  p o s s i b l e  t h a t  a c e r t a i n  

amount m igh t  have c r y s t a l l i s e d  o u t  w i t h  c h o l e s t e r o l  d u r in g  th e  

c o n c e n t r a t i o n  o f  " p o l a r "  s t e r o l s .  This  t h e o r y  i s  backed by
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t h e  f a c t  t h a t  7 - k e to c h o lc , s t e r o l  vas  d e t e c t e d  vlien th e s e  same 

c h o l e s t e r o l  f r a c t i o n s  v e r e  examined by TJX on s i l i c a  gel  

im pregna ted  v i t h  s i l v e r  n i t r a t e ,  in a s e a r c h  f o r  u n s a t u r a t e d  

monohydroxy s t e r o i d s .

This  k e t o s t e r o l  i s  one o f  th e  most f r e q u e n t l y  encoun te red  

a u t o x i d a t i o n  p r o d u c t s  o f  c h o l e s t e r o l  ( 3 8 ) .  I t  has been d e t e c t e d  

a s  such  o r  as i t s  d e h y d r a t i o n  p r o d u c t ,  c h o l e s t a - 3 , 5 - d i e n - 7 - o n e , in 

a o r t a l  s t e r o l s  ( 3 7 ) ;  in s v in e  end b u l l  t e s t i s  (o S ) ;  in sheep vool 

s t e r o l s  (39) end in  human u r i n e  ( 4 5 ) .  Doubts have however been 

e x p re s s e d  abou t  th e  a u t h e n t i c i t y  o f  t h i s  compound as a n a t u r a l  

s t e r o l .  R e s u l t s  have been r e c e n t l y  o b t a i n e d  which show t h a t  in 

r a t  l i v e r  a t  l e a s t ,  7 - k e t o c h o l e s t e r o l  can be formed e n z y m a t i c a l l y  

(40)  and a p o s s i b l e  m e ta b o l i c  r o l e  in  th e  in  v ivo  fo rm a t io n  of  

b i l e  a c id s  has  been d e m o n s t r a t ed .  I t  i s  t h e r e f o r e  p o s s i b l e  t h a t  

t h i s  s t e r o l  has  some m e ta b o l i c  f u n c t i o n  in  th e  human a theromatous  

l e s i o n  o r  o t h e r  s i t e  in  th e  human body, and shou ld  n o t  n e c e s s a r i l y  

be r e g a r d e d  o n ly  as an a r t e f a c t  o f  c h o l e s t e r o l .

I t  i s  a l s o  n e c e s s a r y  to  c o n s i d e r  th e  p o s s i b i l i t y  t h a t  

7—k e t o c h o l e s t e r o l  i s  an a r t e f a c t  o f  a n o th e r  s t e r o l  or  s t e r o l  

e s t e r  and, tvo  such h y p o t h e t i c a l  compounds a re  as f o l l o w s ! -

HOHO

OH
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Like 7 - k e t o c k o l c s t e r o l , 7jS - h y d r o x y c h o l e s t e r o l  has u n t i l  

r e c e n t l y  o n ly  been d i s c u s s e d  in  te rms o f  the  a u t o x i d a t i o n  of  

c h o l e s t e r o l o  R ecen t  o b s e r v a t i o n s  have shown however t h a t  

7j^ - h y d r o x y c h o l e s t e r o l  ( l i k e  i t s  7 c < -e p in e r )  can be formed 

e n z y m a t i c a l l y  in  r a t  l i v e r  homogenates (4 0 ) .  7CX-Hydroxy- 

c h o l e s t e r o l  was f i r s t  i d e n t i f i e d  in ox l i v e r  ( 4 l )  and s in c e  then  

h a s  become w id e ly  a c c e p te d  as th e  f i r s t  compound on the  main 

m e ta b o l i c  pa thway of  th e  co n v e r s io n  of  c h o l e s t e r o l  to  b i l e  a c id s  

( 4 2 ,  4 3 ) .  Al though we have n o t  y e t  been a b le  to  dem ons t ra t e  f r e e  

7 c A -h y d ro x y c h o le s t e ro l  in  the  a the rom atous  p l a q u e ,  i t s  t e n t a t i v e  

i d e n t i f i c a t i o n  as a mono f a t t y  a c i d  e s t e r  in  the  " p o la r  e s t e r "  

f r a c t i o n  s u g g e s t s  t h a t  a c l o s e r  i n v e s t i g a t i o n  of  th e  s t e r o l  

f r a c t i o n  i s  w a r r a n t e d .

Very  l i t t l e  i s  known abou t  th e  m etabo l ism  of  

5 o C - c h o l e s t a n e - 3 (3 ,5,6(3 - t r i o l , th e  o t h e r  " p o l a r ” s t e r o l  

i d e n t i f i e d  in  p l a q u e s .  In a r e c e n t  ex per im en t  (44) t h i s  

compound was fed  to  r a t s ,  and was shown to  be r a p i d l y  m e ta b o l i s e d  

t o  b i l e  a c id s  as w e l l  as to  n e u t r a l  compounds. T o x i c i t y  under 

t h e s e  cond i t ions jhow ever^  apj ieared to  be low.

So f a r  in  t h i s  d i s c u s s i o n  vre have summarized the  v e ry  

l i m i t e d  e x i s t i n g  knowledge on th e  m e tabo l i sm  o f  th e  compounds 

i d e n t i f i e d  in  our  work,  m a in ly  w i t h  r e s p e c t  to  t h e i r  f u n c t io n  in 

s o u rc e s  o t h e r  th an  t h e  a the rom atous  p l a q u e .  T/e must now' c o n s id e r  

t h e i r  s i g n i f i c a n c e  in t h i s  c o n t e x t  in  th e  l i g h t  o f  t h e  f i n d i n g s
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t o  elate.  I t  i s  im p o r ta n t  to  r e a l i s e  from th e  s t a r t  t h a t  n o t  

a l l  o f  th e se  s u b s t a n c e s  need f i t  i n t o  one scheme and indeed  i t  

i s  b e l i e v e d  by most -workers t h a t  the  l i p i d  m a t e r i a l  -which -we have 

examined r e s u l t s  from th e  c u lm in a t io n  o f  s e v e r a l  p r o c e s s e s .

A ccord ing  to  s e v e r a l  a u th o r s  (48-50) a th e ro m ata  r e s u l t  

from th e  p e r f u s i o n  o f  b lood  l i p i d s  i n t o  t h e  a r t e r y  -wall -where 

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

t h e  p l a q u e s  o f  a t h e r o s c l e r o s i s .  I t  thus  seems p o s s i b l e  t h a t  

many o f  t h e  compounds -which r e  have i d e n t i f i e d  n i g h t  hove r e s u l t e d  

from th e  a l t e r a t i o n  o f  b lood  l i p i d s  a f t e r  d e p o s i t i o n  in the  

a r t e r i a l  i n t im a .  This  g e n e r a l i s a t i o n  m igh t  n o t  a p p ly  f o r  i n s t a n c e  

t o  sq u a len e  , c l i o l e s t —5-ene and c h o l e s t a d i e n e  -which have a l s o  been 

shown to  be p r e s e n t  in  h y p e r c h o l e s t e r o l e m i c  b lood  (4 7 ) .  On the  

o t h e r  hand t h e s e  hydrocarbons  could  have been formed in the  in t im a  

and " l e a c h e d ” o u t  by th e  b lood  f lo w in g  th rough  th e  lumen.

F o rm at ion  jin s i t u  would seem to  be the  l i k e l y  e x p la n a t io n  

f o r  th e  e x i s t e n c e  o f  h y d r o x y c h o l e s t e r o l s  in th e  p l a q u e ,  s in c e  

t h e r e  i s  l i t t l e  ev idence  f o r  t h i s  type  o f  compound in  human b lood .  

E s t e r i f i c a t i o n  o f  th e  d i o l s  th u s  formed would produce  the  " p o la r  

e s t e r s " j  a l t e r n a t i v e l y  t h e s e  e s t e r s  cou ld  have been formed 

d i r e c t l y  from th e  normal c h o l e s t e r o l  e s t e r s  by enzymic 

h y d r o x y l a t  i o n .

A l though  e s t e r s  o f  70 ( . - h y d ro x y ch o le s te ro l  have been shown 

t o  e x i s t  in  h y p e r c h o l e s t e r o l e m i c  b lo o d ,  no mention has ever  been
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made o f  e s t e r s  composed o f  c h o l e s t e r o l  and a hydroxy f a t t y  a c id  

■which were found in the  p r e s e n t  inve s i  i g a t  i o n • I t  i s  c o n c e iv a b le ,  

however,  t h a t  t h e s e  compounds cou ld  have been ove r looked  by 

e a r l i e r  w o rk e r s ,  in  view o f  t h e i r  c l o s e  chromatograph ic  s i m i l a r i t y  

t o  e s t e r s  o f  7cX-~hydroxycholes te ro l . I t  seems l i k e l y  t h a t  i f  

t h e s e  r a t h e r  u n u su a l  e s t e r s  o f  c h o l e s t e r o l  a re  p r e s e n t  in  b lo o d ,  

t h e y  can n o t  be th e  p redom inan t  type  in  c o n t r a s t  to  the  p r e s e n t  

f i n d i n g s  in  the  p l a q u e .

At p r e s e n t  we c o n s i d e r  t h a t  most o f  th e  compounds 

i d e n t i f i e d  in our  work a r e  n o t  invo lved  in  th e  i n i t i a l  p laq u e  

f o r m a t i o n ,  b u t  t h a t  t h e y  m ight  be i n t i m a t e l y  concerned  in  the  

d e g e n e r a t i o n  o f  th e  a r t e r i a l  i n t im a ,  which i s  a f e a t u r e  o f  the  

l a t e  s t a g e s  o f  a t h e r o s c l e r o s i s .  The r u p t u r e  o f  th e  in t im a  

o v e r l y i n g  t h e  l e s i o n  has  been su g g e s te d  (34 ,  5 l )  to  i n i t i a t e  the  

fo r m a t io n  o f  th rom bi  which may prove  f a t a l  when th e y  o ccu r  in  

s m a l l e r  v e s s e l s ,  such as th e  c o ro n a ry  and c e r e b r a l  a r t e r i e s .
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The p ro p o sed  scheme of f u t u r e  vo rk  can be d i v i d e d  in to  

t h i  •ee g r o u p s s -

1* Comple tion  o f  th e  i d e n t i f i c a t i o n  o f  compounds b e in g  s t u d i e d  

a t  p r e s e n t .

2* T/ork on f r a c t i o n s  o r  p a r t s  o f  f ro ,c t io n s  n o t  y e t  examined.

3. A com para t ive  s tu d y  o f  d i f f e r e n t  ty p e s  of  p la q u es

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

an exam ina t ion  o f  p la q u e s  in  s i t e s  o t h e r  than  th e  a o r t a .

Group 1c

( a )  h y d r o c a r b o n s I t  i s  p ro p o se d  to  examine the  alkoines found 

i n  th e  p la q u e  by GLC and GC-53 a f t e r  s e p a r a t i o n  o f  s t r a i g h t  and 

b ranched  cha in  ty p e s  e i t h e r  by m o le c u la r  s i e v e s  o r  by complexing 

■with u r e a .  The i d e n t i f i c a t i o n  o f  c h o l e s t - 5 - e n e  -will be completed 

by  o b t a i n i n g  a mass spec t rum  of  t h e  ke to n e  p roduced  a f t e r

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

Vork i s  in  p r o g r e s s  to  c o l l e c t  enough p u r i f i e d  c h o l e s t a d i e n e  to  

e n ab le  i t s  o p t i c a l  r o t a t i o n  to  be measured ,  •which shou ld  a i d  the  

a ss ig n m en t  o f  th e  double  bond p o s i t i o n s .

(b) " P o la r  e s t e r s " : -  The o u t s t a n d i n g  problem in t h i s  group of  

e s t e r s  i s  t h e  i d e n t i f i c a t i o n  o f  th e  major  p a i r  o f  i som er ic  hydroxy 

f a t t y  a c i d s  •which a re  e s t e r i f i e d  v i t h  c h o l e s t e r o l .  Nov t h a t  the  

m o le c u la r  -weight and the  p r o b a b le  p o s i t i o n  o f  the  hydroxyl  group
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a r e  Imovn i t  remains  to  e l u c i d a t e  th e  n a t u r e  o f  the  s k e l e t o n  end 

t h e  p o s i t i o n  o f  the  double  bonds ( c f .  page 195) .

(c )  S t e r o l s  c l o s e l y  r e l a t e d  to  c h o l e s t e r o l : -  The use  o f  

p r o p i o n a t e  d e r i v a t i v e s  has been abandoned because  o f  t h e i r  poor  

mass s p e c t r a l  b e h av io u r  and i n c o n v e n i e n t l y  long  GLC r e t e n t i o n  

t im e s .  R ecen t  vorl:  v i t h  Tl.Si e t h e r s  on s i l v e r  n i t r a t e  impregnated 

TLC p l a t e s  has shorn  t h a t  t h e s e  d e r i v a t i v e s  a re  g e n e r a l l y  

u n s u i t a b l e ,  ov ing  to  d e com pos i t ion  on the  l a y e r .  17orR v i t h  

t r i f l u o r o a c e b a t e s  has  hovever  p roved  more s u c c e s s f u l  and has 

e n ab led  th e  i d e n t i f i c a t i o n  o f  SCx-c l io les tan-313-o  1 (5 2 ) .  I t  is  

i n t e n d e d  to  ex tend  th e  method to  l o o t  f o r  o t h e r  s t e r o l s  such as 

d e s m o s t e r o l .

(d) P o l a r  s t e r o l s : -  T/orh i s  in pro .gre ss  to  conf i rm  the  

i d e n t i f i c a t i o n  o f  26- h y d r o x y c h o l e s t e r o l  by o x i d i s i n g  i t  to  

3 - k e t o c h o l e s t a n o i c  a c i d .

Group 2

(a )  I n t e r e s t i n g  compounds of  ch rom atograph ic  p o l a r i t y  i n t e r m e d ia t e  

be tween " p o l a r  e s t e r s "  and t r i g l y c e r i d e s  have appeared  in s e v e r a l  

e x t r a c t s  and i t  i s  in t e n d e d  to  i s o l a t e  th e s e  s u b s t a n c e s  by 

p r e p a r a t i v e  TLC and to  a t t e m p t  to  de te rm in e  t h e i r  s t r u c t u r e .

(b )  P r ev io u s  i n v e s t i g a t o r s  (53) have made t e n t a t i v e  

i d e n t i f i c a t i o n s  o f  minor l i p i d s  such  as g l y c e r o l  e t h e r  d i e s t e r s  

i n  p la q u e  e x t r a c t s  and have s u g g e s te d  th e  p o s s i b i l i t y  o f  s e v e r a l
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o t h e r  types  o f  l i p i d  v i t h  m o b i l i t i e s  between th o se  o f  

t r i g l y c e r i d e s ,  and c h o l e s t e r o l  e s t e r s .  A r e - e x a m in a t i o n  o f  t h i s  

ch rom atog raph ic  r e g io n  might  t h e r e f o r e  be f r u i t f u l .  A r e c e n t  

communication (54) on th e  i s o l a t i o n  o f  c h o l e s t e r o l  hexadecyl  

e t h e r  ( s l i g h t l y  l e s s  p o l a r  th a n  c h o l e s t e r o l  e s t e r s  on TLC) from 

bov ine  c a r d i a c  muscle has  p r o v id e d  a n o t h e r  new l i p i d  type  which 

may a l s o  e x i s t  in th e  human atheroma,tons p l a q u e .

Group 3

An e x t e n s i o n  o f  th e  work on th e  c h e m is t r y  o f  the  

a the rom atous  p la q u e  sh o u ld  in c lu d e  exam ina t ion  o f  more th a n  one 

ty p e  o f  p l a q u e .  F o r  i n s t a n c e ,  h a rd  f i b r o u s  p la q u e s  end e a r l y  

f a t t y  ty p e s  shou ld  be c l o s e l y  s t u d i e d  f o r  q u a l i t a t i v e  and 

q u a n t i t a t i v e  d i f f e r e n c e s  in  the  minor components i d e n t i f i e d  so 

■far in  th e  l a t e  s o f t  u l c e r a t e d  l e s i o n s .

I t  would a l s o  be u s e f u l  to  examine h y p e r c h o l e s t e r o l e m i c  

b lo o d  w i t h  s p e c i a l  r e f e r e n c e  to  " p o l a r  e s t e r s "  and to  de te rm ine  

w he ther  i t  c o n t a i n s  t h e  same range  o f  e s t e r s  as found in the  

p l a q u e ,  o r  w he the r  t h i s  i s  o n ly  one such  t y p e ,  v i z .  the  

7 o C -h y d ro x y c h o le s t e ro l  e s t e r s  as d e s c r i b e d  by e a r l i e r  workers  ( l l ) .
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APKkIDIX I .  CPPOIPtTOGrt'P'HXC DATA.

Table IQ TIG OF STEROLS

S o lv e n t  s y s te m s -  ch lo ro fo rm  : e th y l  a c e t a t e  ( 3s 1 v /v )  

a d s o r b e n t s -  LIN -  K ie s e l g e l  G-HEl.

C OIviPOUHD
rf

COLOUR REACTION
v/ ith  

• CEIIIC SULPHATE

c h o l e s t e r o l 0 .6 5 maroon

cho le  s t a n d 0 .6 5 p ink

d esm o s te ro l 0 .6 4 d a rk  brown

7 — k e io c l i o l e s t e r o l 0 .38 p a le  yellow-

24cP-0H c h o l e s t e r o l 0 .4 5 brown

25 -OH c h o l e s t e r o l 0 .3 3 d a rk  maroon

23 -OH c h o l e s t e r o l 0 .30 maroon

5CA~cholestane —3j3 ?5?6|(3 —t r i o l 0 .0 2 l i g h t  brown

7(3 -OH c h o l e s t e r o l 0 .1 8 b lu e

OH c h o l e s t e r o l 0 .16 b lu e



T ab l e 19. TIC OF STAAOh T:,'3 i  ETIIAItS

S o lv e n t  s y s t e m s -  h e x a n e  : bensene ( 2 s l  v /v )  
A d so rb e n ts -  I IN -  I£lose 1 ge l G-IIR.

COMPOUND
COLOUR ENACTION 

WITH 
CSRIC SULPHATE

c h o l e s t e r o l 0* 58 maroon

e p i c h o l e s t e r o l 0 .8 0 re d -b ro im

c h o le s ta n o l 0 .58 maroon

d esm o s te ro l 0 .5 5 d a r kZ broith

7 C\~GH c h o l e s t e r o l  ( b i s ) 0 .5 3 b ine

7|3 -OH c h o l e s t e r o l  ( b i s ) 0 .16 b ine  ‘

24cA-0H c h o l e s t e r o l  ( b i s ) 0 .47 d a rk  broim

25 -OH c h o l e s t e r o l  ( b i s ) 0 .47 broim

28 -OH c h o l e s t e r o l  ( b i s ) 0 .3 5 maroon

5 C ^ -c h o le s ta n e  -3(3y5,6|3 - t r i o l  ( b i s ) o * 1—
4

CO l i g h t  broT/ii

5 c ^ ~ c h o le s ta n e  - 3 0 75,6jS - t r i o l  ( t r i s ) 0 .7 5 1 ig h t  broim

5 c t - c h o 1e s ta n e  ~5 ,6oC ~dio l (mono) 0 .3 4 maroon

5 cA -ch o les tan e  - 5 ,6 0 ^ - d i o l  ( b i s ) 0 .77 maroon



/ < ' fv i “A- -■2-30  5 fia5°C)

COMPOUND I

c h o l e s t e r o l  Y?.'Si 2 .38 3090

e p ic h o le  s t e r o l  17/31 1 .74 2985

5 o ^ -c h o le s ta n e -3 $ -o l  Tl/Si 2 .44 3095

desm ostero  1 Ti..o i 2 .59 3115

7~&ehydro cho 1 e s t  e ro  1 TVS i 2 .65 3125

L a n o s te r o l  TLB i 3 .95 3230

2 4 -d ih y d ro 1ano s t e  r o 1 TVS i 3 .55 3215

2 4 - k e to c h o le s t e r o l  Th3i 4 .  30 3255

7 - t e i o c h o l e s t e r o l  TVSi x 5.10 3325

70-OH c h o l e s t e r o l  b is -T L S i 3 .68 3220

?C{'-Gn c h o l e s t e r o l  b is -T L 3 i yr 2 .62 3120

24-0H c h o l e s t e r o l  b is-T V Si X 5.42 3370

25—0 H c h o l e s t e r o l  b i s —TllSi X 5 .69 3385

26-OH c h o l e s t e r o l  bis-TLISi *vu>- 6 .7 5 • 3430

50{- c ho 1 e s t  an e -  3 ̂  3 5 ,6  j3 - 1 r  i  o 1 b is-T H S i 5 .01 3320

6C^-cho l e s  tar*e-3|3,5, 6 p ~ tr  io I tr is -T 1 7 3 i 3.60 3220

5C<-cho 1 e s to n e —5, 6C\-d io 1 mon<>-TV3i 2.88 3140

5CC-cho 1 e s t o n e - 5 , 6$c~d io 1 b is  - rrr. • 1 -  Li. 3. 2 ,55 3105

Yfhere ip  -  r e t e n t i o n  t i n e  r e l a t i v e  to  c h o le s ta n e
end I  131 r e t e n t i o n  index .

S im i l a r  r e t e n t i o n  valv.es have r e c e n t l y  been re c o rd e d  f o r  the  
compounds by J .E .  Van L i e r  and L»L. S m ith , Anal.B iocbem . ,198

CO 
CO



COLIFOUED % I

c h o l e s t e r o l  p r o p io n a te 4 ,0 5 3250

desznostero l p ro p io n a te 4 .3 5 3280

c h o le s ta n o l  p r o p io n a te 3 .95 3230

c o p ro s ta n o l  p r o p io n a te 3 .28 3185

2 4 -d ih y d r o la n o s te r o l  p ro p io n a te 5.80 3370

l a n o s t e r o l  p ro p io n a te 6 .4 2 3405

7-ke to  cho1e s t e r o 1 p rop  io n a te 8 .0 4 3480

«. r e t e n t i o n  tim e r e l a t i v e  to  c h o le s ta n e  

I  = r e t e n t i o n  in d ex .
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F IGUK3. 6 5 .  TIG OP STPPOL x P S i STIISBS .

A B C D  E F G H

A -  c h o l e s t e r o l ;  B -  5C("Cliolestane-5,6c^-diol (mono and b i s ) ;  
C -  7oL-QII c h o l e s t e r o l  ( b i s ) ;  D -  70-OH c h o l e s t e r o l  ( b i s ) ;
H -  cholest-5-en-~3c{” o l  (p lu s  more p o l a r  im p u r i ty )  ;
F -  25 -OH c h o l e s t e r o l  ( b i s ) ;  G -  26 -OH c h o l e s t e r o l  ( b i s ) ;
II ~ 5 ^ ~ c h o l e s t a n e - 3 p , 5 , 6 | 3 - t r i o l  ( 3 , 6 - b i s ) .

s o l v e n t : - ,  he sane :benzene  (2 :1  v /v )  

sp ra y * - 1 $  c e r io  su lp h a te  in  10$ su lp h u r ic  a c id
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FIGURE 63 TIC OF STEROL TT-Si ETIE

A -  5(X - c h o l e s t a n e —3^j 5 ?6j3 - t r i o l  ( t r i s  m a in ly ) ;
E -  5 c ^ -c h o le s ta n e -3 {3 j5 ?6(3 t r i o l  ( b i s  m a in ly ) ;
C -  c h o l e s t e r o l ;  D -  d e sm o s te r o l ;
E -  5 o ^ -c h o le s t a i i e -5 ,G c A -d io l  (mono);
F -  7^  -OH c h o l e s t e r o l  ( b i s )  ;
G -  23 -  OH c h o l e s t e r o l  ( b i s ) .

solvent;-  hexane;benzene (2;1 v/v) 
sp ra y * - 1$ e e r ie  su lp h a te  in  10$ su lp h u r io  a c id
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APPENDIX 2

FRAGMENTATION OF STEROL T:.Si ETHERS .

The p r i n c i p a l  ions  in  th e  mass s p e c t r a  o f  s t e r o l  

THSi e th e r s  examined in  c o n n ec t io n  v i t h  th e  atherom a p r o j e c t  

a r e  t a b u l a t e d  belo ir  and th e  so u rce  o f  some o f  th e  g e n e ra l  

f rag m en ts  has been i n d i c a t e d .  Some o f  th e  s p e c t r a  on th e  

o th e r  hand p o s s e s s  un ique  f ragm en ts  and th e  p o s s i b l e  s t r u c t u r e  

o f  some o f  th e s e  has been d i s c u s s e d  s e p a r a t e l y .
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Ch o le s  t - 5 -~en~3 p , 2 4 -d io I (2 4 C\ —h y d ro m y c h o le s te ro l )

The spec trum  o f  th e  h5.s-TI-.iSi e th e r  o f  . t h i s  compound 

( f i g .  40 page 182) c o n ta in s  an im p o r ta n t  fragm ent a t  m/e 145 

th o u g h t  to  he due to  an -“Cleavage o f  th e  s i d e —ch a in  e t h e r  

group as shown be lo ir s -

0 S iM e »  
+  3

m /e  145

The a l t e r n a t i v e  cX -c leav ag e  a t  C0 . — C , in v o lv es  th e  lo s s  o f2 O

on i s o p ro p y l  group to  g ive  an ion a t  m/e 503. Loss o f  

t r i m s t h y I s i l a n o l  from t h i s  l a t t e r  ion r e s u l t s  in  a peak  a t  

m/e 413. These two p ro p o sed  lo s s e s  a re  a f f i rm e d  by m e ta s ta b le  

pealcs a t  463 (546 -> 5 0 3 )  and 339 (503 -> 4 1 3 ) .

C h o le s i - 5 '- e n ~ o 0 ,2 5 -d io l  ( 2 5 -h y d ro x y c h o le s te ro l )

The base  peak  in  t h i s  spec trum  (m/e 13 l) can a g a in  be 

e x p la in e d  by p o s t u l a t i n g  an © C-cleavage o f  th e  s id e  ch a in  

between Cg^ and Cg as is  shown b e lo w :-

OSi Mer
<

D

+
OSiM

rn/e 131
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Tr.'o 1 e t h e r s jo f  s t e r o l s c o n ta in in g  a 6 - h y d romy1 gro u p .

The i r i m e t h y l s i l y i  e th e r s  o f  fo u r  compounds c o n ta in in g  

a  6-h y d ro x y l  group have been s tu d i e d  hy  GC-MS, and a l l  g ive  a 

'C h a r a c t e r i s t i c  f ragm en t a t  m/e 321 which has n o t  y e t  been 

a s s ig n e d .  I t  i s  hoped t h a t  -work •with d e u te r iu m - la b e l l e d  

TIvSi e t h e r s  w i l l  a l lo w  th e  s o l u t i o n  o f  t h i s  p rob lem .
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Mass sp e c t ra , ! f  r  a ? s a n t a t  io a  of ch o l c s t o n e s .

The mass s p e c t r a  o f  a l l  o f  th e  c l io le s te n e s  s tu d i e s  show

an abundan t m o le c u la r  ion  P(m/e 370) and a fragm ent a t  

/ e  355 (P -  1 5 ) ,  due to  th e  e l im in a t io n  o f  an a n g u la r  m ethyl 

group from th e  m o le c u le .  Each compound examined gave ions  a t  

,/e 257 and in/e 215 due to  th e  lo s s  o f  th e  s id e  ch a in  and th e

s id e  ch a in  p lu s  42 mass u n i t s  from r i n g  I) r e s p e c t i v e l y ,  as i s

shown below f o r  c h o l e s t —5 -e n e 1 -

|“ O '

m / e  2 5 7

m

m

0 0 ^

m / e  215

C h o le s t - 5 -e n e  was th e  o n ly  c l io le s te n e  examined "which gave 

a s i g n i f i c a n t  f ragm en t a t  m/e 275 (P -  85) which i s  th o u g h t  to  be 

due to  th e  lo s s  o f  r i n g  A p lu s  an a n g u la r  m ethyl group . A nother 

io n  c h a r a c t e r i s t i c  o f  t h i s  compound i s  found a t  m/e 301. I t  i s

p o s s i b l e  t h a t  t h i s  r e s u l t s  from th e  e l im in a t io n  o f  p a r t  o f  r i n g  A,
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b u t  t h e r e  i s  no ev id en ce  f o r  t h i s  o th e r  than  the  f a c t  t h a t  i t

a l s o  o c cu rs  in  th e  mass spec trum  o f  c h o l e s t e r o l  ( e h o l e s t - 5 - e n - c ^ - o l ) .

As has been a l r e a d y  s t a t e d  (page 140), c h o le s t - 2 - e n e  g ives  

a unique  fragm en t a t  m/e 316 due to  th e  lo s s  o f  th e  e lem en ts  o f  

b u ta d ie n e  by a r e t r o - D i e l s - A l d e r  mechanism. E l im in a t io n  o f  the  

s id e  ch a in  (C from th e  icn  o f  m/e 316 g ives  a fragm ent o f

m/e 203 a l s o  c h a r a c t e r i s t i c a l l y  p re p o n d e ra n t  in  th e  spec trum  o f  

c h o l e s t - 2 - e n e .
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F r  affpenta t  i  on o f  jshol e 3 1 ay 3 5 5yd i e n e .

The mass spec trum  o f  c h o lc s ta ~ 3 ,5 - d ie n e  ( F ig .  IS ) shows a •

h ig h  i n t e n s i t y  m o le c u la r  ion a t  m/e 838 and an ion due to  lo s s  o f

an a n g u la r  m ethyl group a t  in/e 353. The lo s s  o f  th e  s id e  cha in  

and th e  s id e  ch a in  p lu s  42 mass u n i t s  from r i n g  D g ive  fragments- 

a t  m/e 255 and 213 r e s p e c t i v e l y .  The f ragm en t a t  m/e 120 is

th o iigh t to  r e s u l t  from a r e t r o - D i e l s - A l d e r  r e a c t i o n  o f  th e

fo l lo w in g  ty p e s -

m / e  120

T his  p ro c e s s  r e s u l t s  from th e  r u p tu r e  o f  th e  C7 ~ 08 and th e  

CO -  CIO bonds and w i th  t r a n s f e r  o f  two hydrogen atoms a ls o  

g iv e s  th e  ion a t  m/e 247 "which i s  found in  th e  mass spectrum , 

I t  seems l i k e l y  t h a t  m/e 145 r e s u l t s  from a f ra g m e n ta t io n  o f  

th e  type  sh.0 T/n b e lo w :-

■r

However, t h i s  rem ains  to  be p ro v ed .

- f -

m / e  U 5
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FIGUIE 6 7 . MASS S E jCTRU;' OF 2,3-IIYBKCXXCHOLESTFUGL DIACSTATJ

145

*T»i

147

158

4 2 6

extract

3 0 5

213 255
3 6 6 '

41V

426

a u th en t ic
147

366145
\  - 158

255213 411305 351Mh





uo
-P0
•H

£ 1TO•HU
-P

0 •H
•P

cCLo f•>ID
o ico

1 o 
A d
•PTO
<y

r -t
O»CJ
0
1

*d
10
«Ho

u
- p
Oo
ATO
TOTO
d

05
CD

etfpow
p

&

283



284

Sources o f  R eference Compounds

5 0 (-c h o le s ta n -3 p -o l B r i t is h  Drug H ouses, P o o le , England.

desm ostero l

24-ke to  c ho 1 e s t e r  o 1

2 4 -h y d ro x y ch o lestero l

7 -d eh y d ro ch o lestero l  

lo n o s te r o l  

d ih y d ro la n o stero l

D r, G ,F, Woods, Organon L a b o ra to r ies , 

Newhouse, S co tla n d .

K och-L ight L ab oratories L td ,,

Co Inbrook, England.

2 6 -h y d ro x y ch o lestero l D rs, H, D a n ie lsso n  and J .  S j o v a l l ,

K arolinska  I n s t i t u e t ,  Stockholm , Sweden; 

and by sy n th e s is  from 

kryptogenin  (K och-Light)

■N

by sy n th e s is  from c h o le s te r o l

e p ic h o le s t e r o l

7 -k e to c h o le s te r o l

7 CX-hydroxycho1e s t e r o 1

7 j3 -h y d ro x y ch o les tero l
*

5 0 C -c h o le s ta n e -5 ,6 c X -d io l by s y n th e s is  from c h o le s t e r o l  ch lo r id e

5 0 ^ -ch o lesta n e-3 @ ,5 ,6 ^  - t r i o l  |  S te r a lo id s  L td .,

c h o le s t -2 -e n e  I Croydon, England.

c h o le s t -5 -e n e Ikapharm, Ramat-Gan, I s r a e l .
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c h o le s t -3 -e n e  

c h o le s t -4 -e n e  

c h o le s t - 8 ( 9 ) -en e

c h o le s ta -3 ,5 -d ie n e  

squa1ene

Dr* P. B ladon,

U n iv e r s ity  o f  S tr a th c ly d e ,

Glasgow*

A pplied  S c ien ce  L aboratories In c* , 

P en n sy lvan ia , U*S*A*

Calbiochem , Los A n g e les, U*S*A*

F a t ty  A cid  M ethyl e s t e r s  A pp lied  S c ien ce  L aboratories In c* ,

P en n sy lvan ia , U*S*A*

/



"PHYSIC0-CHE}.!ICAL TECHNIQUES IN THE STUDY OF 

ORGANIC MOLECULES OF BIOLOGICAL IMPORTANCE”

G. STEEL 1969

A SUMMARY

The work describ ed  in th is  T hesis c o n s is t s  o f a study o f  

the l ip id s  p resen t in th e fa t ty  nodules (p laques) which occur 

during the f a t t y  degeneration  o f  the human aorta a sso c ia te d  w ith  

the d ise a se  a th e r o s c le r o s is .  For many years s tu d ie s  o f  the 

chem istry o f  th ese  le s io n s  have concentrated  on the major c la sse s  

o f  l ip id  c o n s t itu e n ts , v i z .  c h o le s te r o l ,  c h o le s te r o l e s t e r s ,  

ph osp h olip id s and tr ig ly c e r id e s :  the minor lip id .g ro u p s  have

been la r g e ly  n e g le c te d . "We have attem pted to remedy th is  

om ission , s in c e  q u a n tity  i s  n ot n e c e s s a r ily  a measure o f  b io lo g ic a l  

s ig n if ic a n c e .

E a rly  s tu d ie s  on the su b jec t were sev e r e ly  handicapped by 

th e  absence o f su ita b le  techniques for  the sep aration  and 

id e n t i f ic a t io n  o f  microgram q u a n tit ie s  o f  m ateria l and as a r e s u lt  

had to  use large  q u a n tit ie s  o f t is s u e  req u ir in g , in  some c a se s ,  

sev e r a l years for  c o l le c t io n .  The n e c e s s a r ily  prolonged nature 

o f  th ese  in v e s t ig a t io n s  introduced the p o s s ib i l i t y  o f gross  

a r te fa c t  form ation and c a s t  doubt on the a u th e n tic ity  o f  cer ta in  

compounds id e n t if ie d  as a r te r ia l  c o n s titu e n ts .
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In th e  p r e s e n t  -wort, t h i n - l a y e r  and g a s - l iq u id  

chrom atography (TJX and GLC) and gas chromatography-mass 

s p e c tro m e try  (GC-iS) were used  to  en ab le  each in v e s t ig a t i o n  to 

be r e s t r i c t e d  to  p la q u e  t i s s u e  from one a o r t a .  Lesions from 

s e v e r e ly  d i s e a s e d  a o r t a s  were d i s s e c t e d  and s o lv e n t  e x t r a c te d  

w i th in  24 hours  p o s t  mortem. D iv is io n  o f  the  e x t r a c t  in to  i t s  

m ajor components was e f f e c t e d  by column chromatography on s i l i c i c  

a c id .  R epea ted  c r y s t a l l i s a t i o n  o f  th e  s t e r o l  f r a c t i o n  from 

m ethanol enab led  th e  c o n c e n t r a t io n  o f  s e v e ra l  s t e r o l s  ehromato- 

g r a p h ic a l l y  more p o l a r  th an  c h o l e s t e r o l .  The most p rom inent o f  

th e se  was t e n t a t i v e l y  i d e n t i f i e d  on the  b a s i s  o f  i t s  chromato

g rap h ic  beh av io u r  as 2 6 -h y d ro x y ch o le s te ro l  ( c h o le s t -5 - e n e -3 jS ,2 6 -d io l ) , 

a p r e v io u s ly  unknown t i s s u e  c o n s t i t u e n t .  C onfirm ation  o f  t h i s  

s t r u c t u r e  was o b ta in e d  by GC-MS, making use o f  th e  a b i l i t y  o f  

t r i m e t h y l s i l y l  e th e r  d e r i v a t i v e s  to  promote c h a r a c t e r i s t i c  mass 

s p e c t r a l  f r a g m e n ta t io n s .  U sing  a s im i l a r  approach ,

7 - k e to c h o le s te r o l  (3(3 -h y d ro x y c h o le s t -5 -e n e -7 -o n e ) ;

7 (i-h y d ro x y ch o le stero l (c h o le s t-5 -e n e —3j3>7j3 -d io l )  and 

5(X -ch o lestan e-3 [3  ,5,6(3 - t r i o l  were confirm ed.as c o n stitu en ts  of 

th is  fr a c tio n  as had been suggested  by e a r l ie r  in v e s t ig a to r s .

Exam ination  o f  th e  hydrocarbons, which had been n e g le c te d  

by p re v io u s  w o rk e rs ,  r e v e a le d  t h a t  th e  major component was the  

is o p re n o id  hydrocarbon sq u a le n e .  The i n i t i a l  i d e n t i f i c a t i o n  was

\
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made by TJX, GLC and GC-MS and was c o r ro b o ra te d  by in f r a r e d  

s p e c tro m e try .  P r e p a r a t iv e  TLC on s i l i c a  ge l impregnated w ith  

s i l v e r  n i t r a t e  enab led  th e  s e p a r a t io n  o f  two u n s a tu r a te d  s t e r o i d a l  

h y d ro c a rb o n s ,  l a t e r  shown by mass sp ec tro m e try  to  be a ch o le s ten e  

and a c h o le s t a d ie n e ,  from a s e r i e s  o f  n -a lk a n e s .  H ydroxyla tion  

o f  th e  c h o le s te n e  and GC-123 o f  th e  r e s u l t i n g  d io l  in  the  form o f 

th e  t r i m e t h y l s i l y l  e t h e r  d e r iv a t iv e  has e s t a b l i s h e d  t h a t  the  

compound p r e s e n t  i s  l a r g e l y  c h o le s t - 5 - e n e .  Work i s  in  p ro g re s s  

to  de te rm ine  the  double bond p o s i t i o n s  in  the  c h o le s ta d ie n e .

TIC a n a ly s i s  o f  s i l i c i c  a c id  column e lu a t e s  of p o l a r i t y

in te rm e d ia te  between t r i g l y c e r i d e s  and c h o le s t e r o l  r e v e a le d  the

e x is t e n c e  o f  s e v e r a l  u n i d e n t i f i e d  e s t e r s  which were f u r t h e r

p u r i f i e d  by e x te n s iv e  chrom atography. A c e ty la t io n  dem onstra ted

t h a t  th e se  e s t e r s  c o n ta in e d  u n e s t e r i f i e d  hydroxyl groups. The

p r i n c i p a l  n e u t r a l  compounds g e n e ra te d  on h y d ro ly s is  were shown to

be c h o l e s t e r o l ,  2 6 -h y d ro x y ch o le s te ro l  and 7j3 -h y d ro x y c h o le s te ro l .

The p re sen c e  o f  th e  l a t t e r  two s t e r o l s  was n o t  unexpected:

however, th e  i d e n t i f i c a t i o n  o f  c h o le s t e r o l  as a h y d ro ly s is  p ro d u c t

n e c e s s i t a t e d  th e  p o s t u l a t i o n  o f  th e  e x is te n c e  o f  an e s t e r  o f

c h o l e s t e r o l  w ith  a  hydroxy f a t t y  a c id .  TIC and GIC s tu d ie s  on

th e  f a t t y  a c id  p o r t i o n  o f  th e  m olecule  have confirm ed t h i s  and

GC—MS exam ination  has shown t h a t  the  m ajor compounds a re  isom eric

C1Q -  monohydroxy a c id s  each w ith  two double  bonds, lo
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TL£ o f  s t e r o l  f r a c t i o n s  (a s  p ro p io n a te  e s t e r s )  on s i l i c a  

g e l  im pregnated  w i th  s i l v e r  n i t r a t e  has p e rm i t te d  the  se p a ra t io n  

o f  d e sm o s te ro l  from an overwhelming mass o f  c h o le s t e r o l .  The 

r e l a t i v e l y  u n s a t i s f a c t o r y  behav iou r  o f  s t e r o l  p ro p io n a te s  on 

GLC and GC-MS has le d  to  th e  p r e f e r r e d  use  o f  t r i f l u o r o a c e t a t e s .  

U s in g  t h i s  approach  we have been a b le  to  i d e n t i f y  c h o le s ta n o l  in 

p la q u e  e x t r a c t s .

I t  i s  d i f f i c u l t  to  a s s e s s  th e  s ig n i f i c a n c e  o f  th e se  

f in d in g s  in  r e l a t i o n  to  th e  developm ent o f  human a th e r o s c l e r o s i s ,  

as  o n ly  one s ta g e  o f  th e  d is e a s e  has been examined. However, 

th e  methods developed  w i l l  form th e  b a s i s  o f  a f u r th e r  

i n v e s t i g a t i o n  which w i l l  invo lve  th e  s tu d y  o f  p laq u es  a t  v a r io u s  

s ta g e s  o f  e v o lu t io n  in  an a t te m p t  to  r e l a t e  chemical changes 

w i th in  th e  a r t e r y  w a l l  to  the  p a th o g e n e s is  o f  a t h e r o s c l e r o s i s .


