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A B S T R A C T  

The chemical composition of the uro- 
pygial gland secretion of five species of 
birds of prey was investigated by gas 
liquid chromatography-mass spectroscopy 
technique, and the results arc discussed 
from the chemotaxonomical point of 
view. The secretion is a complex mixture 
of monoester waxes, the fatty acids of 
which are mainly dimethyl-branched, 
with the first substituent in 2 position 
and the other near the methyl end of the 
molecule. Mono-, trimethyl-, and un- 
branched fatty acids also are observed. 
The wax alcohols are mainly mono- and 
dimethyl-substituted. Unbranched alco- 
hols and traces of trimethyl-substituted 
alcohols also were detected. Chemotaxo- 
nomically, the birds of prey differ from 
all orders hitherto investigated. The de- 
gree of subslitution increases from the 
Falconidae to the A ccipitridae. 

I N T R  OD UCTI  ON 

During the last years, several investigations 
have shown that the chemical compositions of 
the uropygial gland secretion can be correlated 
to the bird's position in the natural system. 
This means that closely related birds possess 
qualitatively similar compositions in contrast to 
birds of different orders or even families. Thus, 
a chemotaxonomy of birds has begun to de- 
velop (1-3). 

To determine whether there are relationships 
between the order Strigiforrnes (owls), which 
we have just investigated (4), and the Falconi- 
forrnes (birds of prey), as discussed by various 
authors (5,6), the uropygial gland secretion of 
the latter was examined, and the results are 
presented in this paper. This attempt was 
started with five members of two families of 
birds of prey: kestrel (Falco tinnunculus), 
merlin (Falco columbarius), sparrow hawk 
(Accipiter nisus), goshawk (Accipiter gentilis), 
and buzzard (Buteo buteo). 

P R O C E D U R E S  

The fresldy extirpated uropygial glands from 
adult animals were preserved with acetone and 
frozen until the material was investigated. After 
evaporation of the solvent, the gTeasy material 

was distributed between chloroform/methanol/  
water (2:1:1,  v/v/v, 40ml). The lower layer 
contained the crude lipids which were frac- 
tionated by column chromatography (SiO a 
Woelm, 9.1% water content),  as described 
previously (7), and this procedure yielded wax 
esters, triglycerides, and lesser amounts of more 
polar compounds which were disregarded. 
Methanolysis of the waxes by 5% methanolic 
HCI yielded fatty acid methyl esters and free 
alcohols which were separated by column chro- 
matography. The alcohols were oxidized by 
CrO3 in cyclohexane/tertiary-butanol/acetic 
acid (8), and the resulting fatty acids were 
esterified. The structures of both fractions of 
methyl esters were elucidated by gas liquid 
chromatography-mass spectroscopy (GLC-MS) 
combination technique with a GNOM-MAT 11 i 
mass spectrometer using a 9 m glass column 
with 3% OV 10l impregnation on Gas Chrom 
Q, as reported previously (9). 

R E S U L T S  

Although the triglyceridcs show the typical 
fatty acid pattern which occurs in most depot 
fats (mainly 16:0, 16:1, 18:0, 18:1, 18:2, and 
small amounts of 18:3), the composition of the 
wax fatty acids and alcohols is very complex, as 
can be seen from Tables 1 and II. 

The mass spectroscopical identification of 
mono-, di-, tri-, and tetramethyl-substituted 
fatty acid methyl esters of the type occurring in 
the preen secretion of the birds investigated 
�9 already is discussed elsewhere (10-13) or is 
analogous to those spectra. In "l able 111, the 
main characteristic fragments of the mass spec- 
tra which are useful for thc identification of the 
compounds of Tables I and II are summarized. 

These secretions are characterized by the 
occurrence t>f fatty acids with one methyl- 
branch in 2 position and a second or third branch 
near the other end of the molecule. Though 2- 
methyl- or 2,x-dimethyl- and 2,x,y-trimethyl- 
branched fatty acids are common as constitu- 
ents of uropygial gland secretions, the relatively 
high content of 2,w-l-  or 2, (co-n)-dimethyl- 
substituted compounds (with n = 2-4) is re- 
markable and may be taken as a chemotaxo- 
nomic parameter. The chain length of the fatty 
acids is unusually high and may be as large as 
C27. We found a stepwise increase of the degree 
of substitution and an elongation of the carbon 
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TABLE III 

Typical Fragments of Mass Spectra of Fatty Acid Methyl Esters 

Position and kind of substitution Mass numbers 

2-Methyl 
4-Methyl 
6-Methyl 
10-Methyl 
12-Methyl 
14-Methyl 
15-Methyl 
16-Methyl 
18-Methyl 
20-Methyl 
22-Methyl 
24-Methyl 
2-Ethyl 
2, 6-Dimethyl 
2,8-Dimethyl 
2,10-Dimethyl 
2,12-Dimethyl 
2,14-Dimethyl 
2,16-Dimethyl 
2,18-Dimethyl 
2,20-Dimethyl 
2,22-Dimethyl 
2,24-Dimethyl 
4,6-Dimethyl 
4,8-Dimethyl 
4,10-Dimethyl 
6,14-Dimethyl 
10,14-Dimethyl  
10,16-Dimethyl 
10,20-Dimethyl  
10,22-Dimethyl 
12,16-Dimethyl 
12,18-Dimethyl 
12,20-Dimethyl 
12,22-Dimethyl 
14,16-Dimethyl 
14,18-Dimethyl 
14,20-Dimethyl 
14,22-Dimethyl 
14,24-Dimethyl 
16,20-Dimethyl  
16,22-Dimethyl 
16,24-Dimethyl 
18,22-Dimethyl 

2,6, 8-Trimeth yl 
2,6,10-Trimethyl 
2,6,12-Trimethyl 
2,6,14-Trimethyl 
2,6,16-Trimethyl 
2,8,16-Trimethyl 
2,10,14-Trimethyl 
2,10,16-Trimethyl 
2,10,18-Trimethyl 
2,10,20-Trimethyl 
2,14,16-Trimethyl 
2,14,18-Trime thyl 
2,14,20-Trimethyl 
2,14,22-Trimethyl 
2,16,18-Trimethyl 
2,16,20-Trimethyl 
2,16,22-Trimethyl 
2,18,20-Trimethyl 
2,18,22-Trimethyl 

2,10,12,14-Tetramethyl- 
2,10,14,16-Tetrameth yl- 
2,14,18,22-Tetramethyl- 

88; M-59  
87>>74; M--73; M-49  
M-76;  small 129; M - 5 0 < M - 7 6 ;  143--+111 ---~(93) 
1 2 9 ~ 1 3 0 ;  M-132 ; 199--~167--+149 
227--~195--~177 
255--~223--~205 
269-~237--~2 t 9 
283~251--~233 
311-~279--~261 
339~307~289 
367--~335--~317 
395--.363--~345 
102; M-59;  M - 2 8  
88; M--90; M-49;  157~125--+(107) 
88; 185---~153--+135; 125 
88; 213~181--*163; 153; 144; M--146 
88; 241--~209--~191 ; 181 
88; 269--~237--~219; 209 
88; 297--+265--->247; 237 
88; 325--~293--~275; 265 
88; 353-'-~321--->303 
88; 381-->349-->331 
88,409--+377--->359 
87>>74; M--73; M--76; M--49; 157"->125~'(107) 
87>>74; M-73 ;  185"-~153"-~'135 
8"/>>74; M - 7 3 ,  213--~181--~163 
M-"/6; 143-'->111---~(93); 269"->237--->219 
129~130; M-132;  199--~167--->149; 269"~237---~219 
129~130; M-132;  199---~167--->149; 297--->265"->247 
129~130; M--132; 199--~167-*'149; 353~>321--~303 
129~-,130; M--132; 199--->167--'~149; 381-~349"~331 
227--+195--~177; 297-~265-+247 
227--+195--~177; 325--~293-~275 
227--+195~177; 353~321--~303 
227---~ 195--+177; 381---~349~331 
255~223---~205 ; 297--~265--~247 
255--*223~205; 325~293~275 
255~223~205;  353--~321--~303 
255--~223---~205 ; 381--~349--~331 
255-->223--*205; 409-->377--~359 
283---~251--~233; 353---~321--~303 
283--~251--~233; 381~349--~331 
283--~251~233; 409--~377--~359 
311"+279--~261 ; 381--~349"-~331 

88; M--90; 199--~167--~149 
88; M-90;  227--~195~177; 137 
88; M-90;  255-->223--~205; 165 
88; M-90 ;  283-'+251--~233; 193 
88; M-90;  311--~279---~261 ; 221 
88; 125; 185"-~153~135; 311"->279"~261 
88; 153; 213-->181--~163; 283--~251-->233 
88; 153; 213~181-->163; 311"-+279~261 
88; 153; 213->181--~163; 339"~307--r289 
88; 153; 213"--~181-'-~163; 367"-~335"->317 
88; 209; 269"+237--'219; 311--~279-->261 
88; 209; 269-"->237-'->219; 339---~307-">289 
88; 209; 269-'~237-'->219; 367-'+335">317 
88; 209; 269-'-~237"--~219; 395">363"~345 
88; 237; 297-->265-~247; 339--->307-'-~289 
88; 23"/; 297-'~265--~24"/; 367--->335---~317 
88; 237; 297-->265--'~247; 395--~363-"~345 
88; 265; 325--~293--~275; 367-'+335--~317 
88; 265; 325--->293"--~275; 395--->363--->345 

88; 213"-->181-~163; 255-"~223-'205; 297-->265--->247 
88; 213--~181--~163; 283"-~251"+233; 325--~293 ~ 275 
88; 269-'~237-'219; 339--*307--*289; 409-'-~377-">359 
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chain from the genus Falco via Accipiter to 
Buteo. In this investigation, only adult animals 
were used to avoid possible quantitative differ- 
ences between animals of various ages (14). 

The relatively simple fatty acid composition 
of the Faleonidae differs significantly from the 
Accipitridae. No relationship to the Strigi- 
formes (owls) is apparent. However, traces of 
2-ethyl-dodecanol are detectable in the preen 
gland secretion of the goshawk and the buz- 
zard, and related fatty acids have been shown 
to occur in the secretions of owls and tits 
(4,13). 

For the alcohol components,  there is also a 
parallel increase in the degree of substitution 
and in chain length from Falco via Accipiter to 
Buteo. Though small amounts of 2-methyl- and 
middle chain branched alcohols were detected, 
it is obvious that the methyl-branches are 
located mainly near the methyl end of the 
molecules. The alcohols correspond roughly to 
the fatty acids, containing an additional methyl 
group in 2 position. This structural similarity 
perhaps indicates a biosynthetic relationship 
between the alcohol and acid moieties of the 
uropygial waxes. 
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Occurrence and Chemical Structure of Nonmethylene-lnterrupted 
Dienoic Fatty Acids in American Oyster Crassostrea virgioica 
M. PARADIS 1 and R.G. ACKMAN 2, Environment Canada, Fisheries and Marine Service, 
Halifax Laboratory, Halifax, Nova Scotia B3J 2R3 

ABSTRACT 

The American oyster, Crassostrea vir- 
ginica, was found to contain structurally 
homologous  nonmethylene-interrupted 
dienoic (NMID) fatty acids. The major 
C20 and C22 nonmethylene-interrupted 
dienoic fatty acid isomers were shown to 
occur as two pairs of homologues 
5,13-20:2 with 7,15-22:2 and 5,11-20:2 
with 7,13-22:2. A combination of analyt- 
ical procedures was required for con- 
clusive structure determination. 

I N T R O D U C T I O N  

Interpretation of open tubular gas chromato- 
grams of the methyl esters of fatty acids from 
marine molluscs in the region of 20:1 and 22:1 
has been complicated by the presence of 
unidentified C20 and C22 fatty acids (1-5). 
These details are not  apparent in conventional 
gas liquid chromatography (GLC) with packed 
columns (1,6-8). These components now have 
been identified in oysters as basically two 
homologous series of C2o and C22 nonmethyl-  
ene-interrupted (NMID) fatty acids. They have 
been purified partially by a combination of 
s i lver  n i t r a te - th in  layer chromatography 
(AgNO3-TLC) and preparative GLC. Structures 
were determined by oxidative and reductive 
ozonolyses combined with GLC and confirmed 
spectroscopically. The major isomers were 
found to be 5,13-20:2 and 7,15-22:2 along 
w i t h  lesser amounts of 5,11-20:2 and 
7,13-22:2. There were many other minor iso- 
mers. 

EXPERIMENTAL PROCEDURES 

Oysters, Crassostrea virginica, were collected 
on several occasions between 1966 and 1970 
near Ellerslie, Prince Edward Island, and trans- 
ported to holding tanks at the Halifax Labora- 
tory. Extraction of animals was carried out on 
total wet organic tissue with chloroform-metha- 
nol (9). Lipids were saponified by AOCS Method 
Ca-6b-53 (10). The fatty acids were recovered 

1present address: Revenue Canada, Tariff Programs 
and Appraisal Branch, Laboratory and Scientific 
Services Division, Ottawa, Ontario, Canada KIA OL5. 

2Author to whom correspondence should be ad- 
dressed. 

and converted to methyl esters by refluxing 
with 7% BF3-MeOH. 

Initial enrichment of NMID fatty acids 
(Scheme 1) was achieved by AgNO3-TLC on 
Prekotes (Adsorbosil 5, from Applied Sciences 
Laboratories, State College, Pa.) previously 
immersed horizontally in a 10% solution of 
AgNO3 in acetonitrile and dried. Development 
was with chloroform. Purification of chain 
lengths was achieved by preparative GLC using 
a packed stainless steel column (5% SE-30, 6 ft 
x 1/4 in. inside diameter, carrier gas He, column 
temperature 190 C), a heated collection unit 
(250 C), and glass collection tubes with local 
reheating to reduce losses from "fogging." 
Concentrates of fatty acid methyl esters then 
were identified structurally by GLC analysis of 
both oxidative (11) and reductive (12,13) 
ozonolysis degradation products. GLC of oxida- 
tive ozonolysis products was carried out on 
packed (10% EGSS-X on Gas Chrom P, Applied 
Science Laboratories) columns (6 f t x  1{8 in. 
inside diameter) at either 130 C for short chain 
methyl esters or at 180 C for dimethyl esters. 
Methyl ester preparations and reductive ozon- 
olysis products were examined on stainless steel 
open tubular capillary columns (150 ft x 0.01 
in. inside diameter) coated with butanediolsuc- 
cinate polyester (BDS) in Perkin-Elmer model 
226 or 900 GLC apparatus. Column tempera- 
tures used were: for aldehydes, 60 C, for 
aldehyde-esters, 150 C; for long chain methyl 
esters, 170 C. Other operating conditions are 
described elsewhere (1,14). Acidic and alde- 
hyde products were converted from wt percent 
to mole percent to facilitate comparison with 
the open tubular GLC peak proportions. 

Mass spectroscopy was carried out on a 
DuPont CEC 21-110B double focusing mass 
spectrometer at 70 eV. The NMR spectra of 
NMID fatty acid methyl esters were obtained 
using a Varian A-60 spectrometer. Samples 
were dissolved in deuterated chloroform. IR 
spectra were obtained using a Perkin-Elmer 
model 237 spectrometer. Samples were run as a 
film on a salt block. 

RESULTS A N D  DISCUSSION 

The combination of AgNO3-TLC and pre- 
parative GLC gave very effective separation of 
20:2 and 22:2 NMID fatty acid methyl esters 
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NONMETHYLENE-INTERRUPTED ACIDS 

Tolaloystereslers:z20:2(17'~},/ Z22:2(5.8%} CH3_(CH2)m_CH=CH (CH2)n CH=CH_(CH2u CO2-CH 3 
silver nitrate l thin layer chromatography 

r Oxidative ozonolysis / Nonmethylene-mt er r~pted dienolc egter fraction Z20:2 (16.7%), ~ 22:2 (60.6%) 
Iprincipal other component ~ s  18:2~6) (and esterification) 

preparative ~ gas liquid ehro~togIaphy Products 
Monoestel CH 3 (CH2)m-CO2-CH 3 

Is~htes: ~20;2 (98 5%) x22:2 (99.9%) 

[up to 18 i~mers I i3 o~ mule i~omels] Dlester CH3-CO 2 (CH2)n -CO2 ~CH 3 

Scheme 1 

Falrifi~tion ot Nonmethylene-Interrupted Dienoic Fatty Acid Methyl Esters of Oas~ostrea eirg?nico 

(Scheme 1). However, separation of individual 
isomeric species within these fractions could 
not be achieved. At tempts  at partial purifica- 
tion of the isomers by low temperature 
AgNOa-TLC (15) met with limited success. 
Fractions obtained from this procedure still 
contained a multiplicity of isomers but  in 
proport ions which differed greatly from the 
original "purif ied" sample composit ion.  Analy- 
ses of these fractions were useful in confirming 
proposed structures (Table 1). Conclusions 
were drawn on the basis of quantitative data 
from degradative studies rather than from 
spectroscopic analyses of pure, single com- 
ponents or their  derivatives. IR spectroscopy 
gave essentially identical spectra for both  the 
C20 and C22 fractions purified by GLC. Both 
spectra were in all ways characteristic of fa t ty  

13 

Reductive ozonolysis 

\ 
ProduCt~Monoaldehyde CH 3 (CH2)m-C ~ 3  

O O 

Dialdehyde H-~-(CHz) n ~ t t  
o 

Diester CH 3 CO2-(CH2)p-CO2-CH 3 Aldehydcster H-~ (CH2) p CO2-CH 3 

Scheme 2 

Respective Products from Oxidative and Reductive Ozonolyses of Typical 
Nonmelhylenc-lnterrupted Dienoic Fatly Acids 

acid methyl esters (16) and had absorption 
maxima (~1700 cm -1 , ~2990  cm -1) indicating 
the presence of cis unconjugated double bonds 
(17). NMR spectra confirmed IR findings. 
No CH2 protons subject to shifts by more than 
one functional center were observed, suggesting 
the presence of two double bonds separated 
from each other and from the carboxyl  func- 
tion by several methylene groups. 

Mass spectroscopy was used only to obtain a 
molecular ion for each chain length preparation 
(Scheme 1). These were respectively m/e 322 
and m/e 350, corresponding to methyl  eicosadi- 
enoate and methyl  docosadienoate,  respec- 
tively. An a t tempt  was made to prepare tri- 
methyl-silyloxy and methoxy derivatives of the 

TABLE I 

Mole Percentages of  Oyster 20:2 and 22:2 Major Nonmethylene- ln te r rup ted  Dienoic (NMID) 
Isomer Component  Peaks a as Recovered by Scheme 1 and after Addi t ional  Purification 

by Low Temperature  Silver-Nitrate-Thin Layer Chromatography Compared to  
Products f rom Reduetive Ozonolysis 

Sample origin 

A 20:2 NMID esters isolated from oyster  

Isomer Percent 

1 22.8 
2 61.2 
3 13.7 
4 2.3 

Ozonolysis products  

Aldehydes Percent 

C 5 3.0 
C 6 3.0 
C 7 61.6 
C 8 1.6 
C 9 24.5 
C10 6.6 

B 20:2 NMID repurif ied esters 

Isomer Percent Aldehydes 

1 53.6 C 7 
2 29.7 C 9 
3 16.6 C10 

C 22:2 NMID esters isolated from oyster 

Isomer Percent Aldehydes 

1 22.6 C 7 
2 75.7 C 9 
3 1.7 C10 

D 22:2 NMID repurif ied esters 

Isomer Percent Aldehydes 

1 55.5 C 7 
2 44.5 C 9 

Aldehyde esters Percent 

C 5 88.6 
C 7 11.4 

Percent Aldehyde esters Percent 

49.3 C 5 86.9 
39.5 C 7 13.1 
11.3 

Percent Aldehyde esters Percent 

78.5 C 7 100.0 
19,7 

1.8 

Percent Aldehyde esters Percent 

43.6 C 7 100.0 
56.4 

aFrom open tubular  gas l iquid chromatographic  analysis. 
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T A B L E  I I  

C o m p a r i s o n  o f  O x i d a t i v e  Fiss ion  A c i d i c  (Me thy l  Es te r )  F r a g m e n t s  (Mole  %) a n d  P r o p o r t i o n s  o f  
T h e o r e t i c a l  P r o d u c t s  f r o m  T w o  M a j o r  2 0 : 2  a n d  2 2 : 2  N o n m e t h y l e n e - I n t e r r u p t e d  D ieno i c  

(NMID)  A c i d s  I s o l a t e d  f r o m  Crassostrea virginica 

A 2 0 : 2  N M I D  m e t h y l  es ters  D i m e t h y l  es ters  

I s o m e r s  Pe rcen t  T h e o r e t i c a l  ( m i n )  M e a s u r e d  

5,11 22 .8  C 5 4 2 . 0  28.1  
5 ,13  61.2  C 6 11 .4  7.1 C 6 
3 13 .7  C 7 --- 12.1 C 7 
4 2 .3  C 8 30 .6  40 .5  C 8 

C 9 --- 7.1 C 9 
C 1 0  --- 3.0 C10  
C l l  --- 2.1 

2 2 : 2  N M I D  m e t h y l  es ters  D i m e t h y l  es ters  

I somer s  Percen t  T h e o r e t i c a l  ( m i n )  M e a s u r e d  

7 , 1 3  22 .6  C 5 --- 6.1 
7 ,15  75 .7  C 6 11 .3  7.2 C 6 
3 1.7 C 7 49 .2  45 .2  C 7 

C 8 37 .9  37.1 C 8 
C 9 . . . . . .  C 9 
C 1 0  --- 1.9 C 1 0  
CI  1 --- 1.2 

Methyl esters + 

Theoretical (min) Measured 

--- 1 4 . 1  

6 1 . 2  4 5 . 0  
--- 5 . 9  

2 2 . 8  2 1 . 0  

--- 1 3 . 3  

Methyl esters + 

Theoretical (min) Measured 

--- 12.5 
75.7 46.7 
--- 6.6 

22.6 25.0 
--- 9.4 

esters for mass spectroscopy, but the derivatives 
obtained were of questionable purity, gave 
complex mass spectra, and yielded no useful 
information beyond the inconclusive suggestion 
of a fragment of eight carbons from between 
ethylenic bonds. 

Oxidative degradation of ozonides was some- 
what more useful in defining the precise struc- 
ture of the components. As Scheme 2 indicates, 
however, the products obtained from oxidative 
fission only suggest two alternative structures 
for each isomer, since the diesters may originate 
from either of two locations in the molecule. 

Reductive degradation of ozonides, also out- 
lined in Scheme 2, yields three different classes 
of components. These need only be matched up 
according to their relative abundance and the 
total chain length of the original esters to give 
all the analytical information required for 
complete identification. However problems can 
be encountered here also. The central dialde- 
hyde fragments are subject to polymerization 
(18), before or after GLC, and may, for this 
and other reasons, give reduced yields. The 
aldehyde-ester fragment is more stable but 
potentially difficult to identify conclusively, 
since not all the necessary standards are readily 
available. Quantitation problems also arise with 
this method due to the multiplicity of isomers 
and innate differences in volatility, column loss, 
and differential detector sensitivity among 
breakdown products (13,19). For these reasons 
and because our starting material was a mix- 
ture, we have proposed conclusive structures 
for the major isomers and for the present prefer 
to only record the occurrence of the minor 

isomers and note possible degradation products. 
Table I shows results from reductive ozonol- 

ysis. In the 20:2 NMID, representing four 
distinct isomeric esters, C 7 and C 9 dominate 
tile product aldehydes, and the major aldehyde 
ester was C5. There is insufficient C7 aldehyde 
ester to combine with more than a fraction of 
the two major aldehydes. The total of the C7 
and C 9 aldehydes is very similar to the total 
amount of C5 aldehyde ester. The mole per- 
centage of C7 aldehyde is the same as that of 
the second 20:2 NMID isomer, while the 
percentage of C 9 aldehyde is very similar to 
that of the first NMID isomer. The major 20:2 
NMID isomer must, therefore, be 5,13-20:2, 
while the next most common isomer must be 
5,11-20:2. These correspond to two (respec- 
tively b and a) of the three NIMD peaks (a,b, 
and c) observed primarily in gastropods, such as 
the moon snail Lunata  triseriata or periwinkle 
Li t tor ina  l i t torea (1). The third unusual dienoic 
peak (c) observed in the gastropods probably 
corresponds to isomer 3, Table I. It may consist 
basically of the normal methylene interrupted 
7,10-20:2 structure proposed previously on the 
basis of calculation of GLC retention time (1), 
as this accounts for the C7 aldehyde ester 
and the unexpected C10 aldehyde, with per- 
haps minor amounts of other isomers. Isomer 4 
perhaps could have an w5 (for the C 5 alde- 
hyde) and an w7 (or w9) combination, these or 
similar positional details accounting for the 
later elution relative to isomer 3 for reasons 
elaborated elsewhere (20,21). The ozonolysis 
products from the repurified low temperature 
AgNO3-TLC fraction (Table I) provides further 
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quantitative support for the three major iso- 
mers. 

Analogous reasoning with the 22:2 NMID 
isomers indicates that 7,15-22:2 is the most 
common and 7,13-22:2 the next most common 
isomer in the oyster lipids, although this may 
not be the case in other molluscs (1) or oyster 
samples (3). The fewer isomers permit a better 
fit for the fragments, and the homologues are in 
keeping with an origin in the two 20:2 NMID 
and simple chain extension by two carbon 
atoms. 

The oxidative ozonolysis process applied to 
the same two mixtures of oyster isolates used 
for the reductive studies yielded dicarboxylic 
acid products (Table II), such as C 6 and C8, 
from between the ethylenic unsaturations 
which could be combined with the C 5 diacid 
from the 20:2 NMID and C7 from the 22:2 
NMID (both identifiable as having original 
carboxylic acid functions from the C5 and C7 
aldehyde ester fragments, Table I) in ca. the 
original isomer proportions discussed above for 
the C20 and C22 chain lengths. Losses of 
shorter chain products seem to have occurred, 

1. but it is not known if this occurred in recovery 
or is a GLC problem (19). The presence of ca. 2. 
equal molar proportions of pimelic (di-C7)and 
capric (mono-Clo) acids in the acidic 20:2 3. 
NMID products supported the normal methyl- 4. 
ene-interruped 7,10 structure for the third 20:2 
isomer. 5. 

Open tubular GLC also reveals that there are 
relatively minor proportions of one or more 6. 
dienoic components superimposed on the 18:1 7. 
complex (c09,co7, and co5) from mollusc lipids 
(2). These have not been characterized as NMID 8. 
acids, and a normal methylene-interrupted 9. 
5,8-18:1 homologne of the proposed 7,10-20:2 
appears to be one possibility. The 20:2 and 10. 
22:2 NMID occur in both polar and nonpolar 
lipids of another oyster sample in varying 
proportions of 0.5-6.5% of total fatty acids in 11. 
lipid fractions but ca. 2% for NMID 20:2 and 
2-4% for 22:2 (3) or ca. the same proportions 12. 
as in the sample examined in this study 13. 
(Scheme 1 ). 14. 

Non  me t hy lene- in te r rupted  unsaturation 
rarely occurs in fatty acids obtained directly 15. 
from natural sources and is more often encoun- 16. 
tered as an intermediate stage in the catalytic 17. 
hydrogenation of oils (22). Relatively large 18. 
amounts of NMID fatty acids previously have 19. 
been observed in a few plant species (23-26). In 
terrestrial animals, NMID fatty acids generally 20. 
occur as trace components (27,28) often as the 
result of dietary factors (29,30). Novel 26:2 21. 
and 26:3 NMID recently have been found in 22. 
marine sponges (31). The occurrence of some- 
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what similar components in shellfish need not 
indicate a close trophic relationship to the 
marine algae in their diet, even though some 
species of algae contain NMID fatty acids (23). 
An animal desaturase mechanism may be re- 
sponsible for the production of these unusual 
compounds. Potential metabolic precursors for 
such compounds are likely to be the corre- 
sponding shorter chain monoethylenic 6o9 
(9-18:1, 11-20:1) and 6o7 (11-18:1, 13-20:1) 
acids which are present in large amounts in the 
oyster and other molluscs (1-3,5). A discussion 
of the metabolic and taxonomic significance of 
these unusual components has been given previ- 
ously by Ackman and Ho0Per (1). 
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Presence of Phytosphingosine Combined with 2-Hydroxy Fatty 
Acids in Sphingomyelins of Bovine Kidney and Intestinal Mucosa 
M.E. BREIMER,  K.-A. KARLSSON, and B.E. SAMUELSSON, Department of Medical 
Biochemistry, University of G6teborg, Fack, S-400 33 G~teborg 33, Sweden 

ABSTRACT 

A minor part of sphingomyelins of 
bovine kidney and small intestine has 
been shown by mass spectrometry to con- 
tain phytosphingosine in the earlier un- 
known combination with 2-hydroxy fatty 
acids. 

I N T R O D U C T I O N  

The existence in sphingomyelins from mam- 
malian tissue of dihydroxy long chain bases 
(sphingosine and related bases) in combination 
with normal fatty acids has been known for a 
long time (1). A few years ago, it was shown 
that this phosPholipid also may contain di- 
hydroxy long chain bases in combination with 
2-hydroxy fatty acids (2) or trihydroxy long 
c h a i n  bases (phytosphingosine and related 
bases) combined with normal fatty acids (3). 
This  communication describes a molecular 
species of sphingomyelins with phytosphingo- 
sine and 2-hydroxy fatty acids, present in small 
amounts in bovine kidney and jejunum-ileum 
mucosa layer. 
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299 ', (o) (d) ', 103 (c) , , 

CH 3 _  CH 2 1 3 _ _ C H  , ' ~ C  H ~ C H - ~ - - - C H  2 - -O--TMS 
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TM$ TMS CO 
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E X P E R I M E N T A L  PROCEDURES 

The preparation of sphingomyelins from 
bovine kidney (medulla zone) (4) and jejunum- 
ileum mucosa (2,5) has been described before. 
The pure phospholipid was degraded by phos- 
pholipase C treatment (6) into ceramide and 
phosphorylchol ine .  The different ceramide 
species were obtained pure by combined use of 
column chromatography (2,7) and preparative 
thin layer chromatography (TLC) (6,8). The 
most polar ceramide fraction migrated on nor- 
real and arsenite impregnated silica gel (8) as a 
synthetic ceramide sample with phytosphingo- 
sine and D2-hydroxyoctadecanoic acid (8) 
(Fig. 1). This ceramide also was analyzed as a 
trimethylsilyl derivative (10) by mass spectrom- 
etry using the direct inlet system of an MS 902 
mass spectrometer (10). Mass spectra of the 
synthetic ceramide and of the natural samples 
are reproduced in Figure 2 and in Figures 3 
a n d 4 ,  respectively. The interpretation was 
based upon earlier published data (11-14), al- 
though the present molecular species has not 
been analyzed before. The ions at m/e 218 
(fragment M-b-c), 299 (c), and 401 (a) are from 
phytosphingosine (Fig. 2), and 2-hydroxy fatty 
acid fragments are seen at m/e 327 (f), 372 
(b+2), 444 (b+1+73), 486 (d), 499 (M-c-98), 
599 (M-a+73), and 588 (M-c). The mol wt ions 
at m/e 872 (M-15) and 887 (M) also are 
present. This shows that mass spectrometry 

" 4 4  
d iS , l - IS :0  

' ~  486 t le:o-18~0 
3Z7 i E~9 ~ ~ 1% d18, l -Ohle lO 

o 0 o  " s 0 o  ~ o 0  ' z o o  ~ o  1 0 o 0  

FIG. 1. Thin layer chromatograms of ceramides 
prepared from bovine kidney (B) and jejunum-ileum 
mucosa layer (C). The shorthand designation of 
cerarnides refers to the reference fraction of synthetic 
ceramides (A) and d means dihydroxy, and t, trihy- 
droxy covering the long chain base; h means 2-hy- 
droxy concerning the fatty acid. Normal silica gel and 
arsenite impregnated gel were used as adsorbents and 
chloroform-methanol 95:5 (v/v) as developing solvent. 
Spots were made visible with the copper acetate 
reagent (9). 

r 

t lS:0-1B:O 

t18z0-Oh18 

diS:l-~at0 

d1E:l-Dh18 

B r ~ l n i l g  

A B C A B C 

FIG. 2. Mass spectrum and structural formula of 
the trimethylsilyl derivative of a synthetic ceramide 
containing phytosphingosine and D2-hydroxyocta- 
decanoic acid. Letters in the formula are the same as 
used by Samuelsson, et al. (11-14). The sample evapo- 
rated at 165 C. I0n source temperate, 310 C; electron 
energy, 35 eV; filament current, 500 t~A; and accelera- 
tion voltage, 6.5 kV. Peaks below m/e 100 were not 
reproduced. TMS = trimethylsilyl. Rel. Int. = relative 
intensity. 
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FIG. 3. Mass spectrum of the trimethylsilyl derivatives of polar ceramides from bovine kidney sphingo- 
myelins. The sample evaporated at 150 C. Ion source temperature, 270 C; electron energy, 35 eV, filament 
current, 100 uA; and acceleration voltage, 8 kV. Peaks below m/e 100 were not reproduced. Rel. Int. = relative 
intensity. 
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FIG. 4. Mass spectrum of the trimethylsilyl derivatives of polar ceramides from bovine jejunum-ileum mucosa 
layer. The sample evaporated at 165 C. Ion source temperature, 300 C; electron energy, 35 eV; filament current, 
500 t~A; and acceleration voltage, 6.5 kV. Peaks below m/e 100 were not reproduced. Rel. Int. = relative 
intensity. 

gives specific information on ceramides with tri- 
hydroxy long chain bases and 2-hydroxy fatty 
acids, as shown before for other ceramide 
species (11-14). 

R ESU LTS 

The mass spectra of the ceramide fractions 
from bovine kidney and jejunum-ileum are very 
similar (Figs. 3 and 4). The dominating long 
chain base was phytosphingosine, seen at m/e 
299 (c). In the kidney (Fig. 3), small amounts 
of the C17 (m/e 285) and C19 (m/e 313) 
homologues also were present. The fatty acids 
found were saturated 2-hydroxy fatty acids 
with 22, 23, and 24 carbon atoms. This clearly 
is shown by the groups of triplet peaks sepa- 
rated by 14 mass units (CH2) at m/e 383,397,  
and 411 (f), 428, 442, and 456 (b+2); 500, 
514, and 528 (b+1+73); 542, 556, and 570 
(M-a); 644, 658, and 672 (M-c); and 750, 764, 
and 778 (M-103-90). The peaks at 542, 556, 
and 570 (M-a) also could be b + 1 + 73 for Czs , 
C26 , and C27 fatty acids, respectively, but this 
is ruled out by the other fragment series, al- 

though small amounts of Czs hydroxy fatty 
acids are seen at m/e 584, 792, and 970 in the 
spectra of kidney (Fig. 3). Although conclu- 
sions concerning relative quantities of different 
species should be carefully drawn due to possi- 
ble distillation effects in the ion source, the two 
series of peaks at m/e 750-792 (M-103-90) and 
m/e 928-970 (M-15) are the most suitable for 
quantitation in the present case. No fragments 
corresponding to short chain (C16-C18) fatty 
acids were found in the reproduced spectra or 
in spectra recorded at lower or higher probe 
t e m p e r a t u r e s .  This is supported by TLC 
(Fig. 1), with only one spot seen just in front of 
the reference. Ceramides earlier have been 
shown to separate into two bands according to 
chain length (2,6,8). Finally, the existence of 
this novel ceramide species from mammalian 
sphingomyelins is confirmed by mol wt ions 
(M-15) at m/e 928, 942, and 956, respectively, 
for the three dominating fatty acids. 

The small amounts of substance obtained 
(ca. 1% of total sphingomyelins) did not permit 
any further studies on the configuration or the 
possible existence of branched paraffin chains 
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(10). Synthetic ceramides having the 1) or L 
forms of the 2-hydroxy fatty acid are known to 
separate well on thin layer plates coated with 
either normal or arsenite impregnated silica gel 
(8). The ceramidc fractions in this study had 
the same mobility as synthetic ceramides having 
the D configuration. This, together with the 
knowledge that 2-hydroxy fatty acids from 
bovine rennet stomach probably arc of D con- 
figuration (2), suggests the same configuration 
of the 2-hydroxy fatty acids in sphingomyelins 
from bovine kidney and jejunum-ileum. 

The difference between the two ceramide 
fractions is a small amount of long chain base 
homologues ((717 and Cl9)  in the kidney which 
is lacking in the jejunum-ileum. The kidney 
fraction had relatively more 22:0 and 23:0 than 
24:0 fatty acids, while 24:0 dominated in the 
intestine. 

The possibility that this ceramide species 
may be derived from contaminating glycolipid, 
which is known to contain these ceramides 
(15), is very unlikely. The sphingomyelin t)'ac- 
tions are well separated from contaminating 
material, as seen by TLC, and are eluted later 
from silicic acid columns than less polar glyco- 
lipids or free ceramides. Furthermore, the en- 
zyme preparation is not able to hydrolyze 
glycosphingolipid into ceramidcs. 

DISCUSSION 

The biological meaning of a variation in the 
nunlber of hydroxy groups of ceramides, free 
or bound in glycolipids or sphingomyelins, is 
not known at the present time. ltowever, the 
differences found between animal species and 
organs (16) may be shown to be linked to im- 
por tant  variations in membrane associated 
phenomena, like permeability and transloca- 
tion. It is noteworthy in this context that tri- 
hydroxy bases (phytosphingosine and related 
bases) seem to be preferentially combined with 
longer chain fatty acids (C22-C24) , while dihy- 
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droxy bases (sphingosine and related bases)are 
linked to shorter chain (CI6-CI8),  as well as 
longer chain acids (M.E. Breimer, K.-A. Karls- 
son, B.E. Samuelsson data to be published). 
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Synthesis and Properties of Phosphatidyl Carnitine and 
Phosphatidyl ~-Methylcholine 
ULRICH HINTZE and GUENTHER GERCKEN, Department of Organic Chemistry and 
Biochemistry, University of Hamburg, Hamburg, G.F.R. 

ABSTRACT 

rac-Phosphatidyl  carnitine and rac- 
p h o s p h a t i d y l  /3 -methylchol ine  were 
synthesized by direct condensation of 
phosphatidic acid and the appropriate al- 
cohols in the presence of 2,4,6-triiso- 
pr  o p y l  b e n z e n e  su lp  honylchloride and 
p y r i d i n e .  Tetraphenylborates  of the 
quarternary ammonium compounds /3- 
methylcholine and carnitine benzyl ester 
were shown to be particularly convenient 
f o r  synthesis in homogeneous phase. 
Physical and chemical properties of the 
two phosphoglycerolipids and some inter- 
mediates were described. Phosphatidyl 
c a r n i t i n e  and phosphatidyl  /3-methyl- 
choline were hydrolyzed by phospho- 
lipase A 2 (phosphatide acyl-hydrolase, 
EC 3.1.1.4), pancreatic lipase (triacyl- 
glycerol acyl-hydrolase, EC 3.1.1.3), and 
p h o s p h o l i p a s e C  from Bacillus cereus 
( p h o s p h a t i d y l c h o l i n e  cholinephospho- 
hydrolase, EC 3.1.4.3). Neither hydroly-  
sis nor t ransphosphatidylat ion of phos- 
phatidyl  carnitine and phosphat idyl  /3- 
methylcholine was achieved by phospho- 
lipase D (phosphatidylcholine phospha- 
t idohydrolase,  EC 3.1.4.4). The occur- 
rence of  phosphatidyl  carnitine in em- 
bryonic chicken tissue was suggested by 
comparison with the synthesized com- 
pound. Phosphatidyl carnitine could not 
be detected in the tissue of rat embryos.  

INTRODUCTI ON 

In addit ion to soluble carnitine so called 
"l ipid-bound carnit ine" has been detected in 
animal tissues. In 1963, Mehlman and Wolf 
(1,2) demonstrated the existence of phospha- 
t idyl carnitine (PCar) and phosphatidyl  /3- 
methylcholine (PMC) in chicken and rat em- 
bryos. Two years later, Khairalla and Mehlman 
(3), as well as Fritz (4), doubted the occurrence 
of PCar in these tissues while PMC was not 
mentioned. "Lipid-bound carnit ine" was said to 
exist exclusively as long chain acyl carnitine. In 
the course of their larval state, different fly 
species incorporated carnitine or fl-methyl- 
choline into their phospholipids, if these com- 
pounds replaced the dietary choline (Bieber, et 
a l . ,  5 , 6 ) .  When  carboxy-14C-carnitine or 

methyl-14C-carnitine was added to the diet of 
Phormia regina, in addit ion to long chain acyl 
carnitine and PMC, a phospholipid was found 
containing labeled carnitine in both cases (7). 
Formation of  PCar in P. regina larvae was 
shown to occur exclusively by Mehendale, et 
al., (8) when carnitine and N-trimethylamino- 
propanol were fed simultaneously. The occur- 
rence of PMC together with PCar raised the 
question as to whether the PMC is formed by 
decarboxylat ion of PCar or whether free carni- 
tine is decarboxylated and/3-methylcholine in- 
corporated via the Kennedy pathway. Carnitine 
decarboxylase was found in P. regina (9 )and  in 
other animal tissues. Despite the overall struc- 
tural relationship between choline and its t3- 
substi tuted derivatives, carnitine and/3-methyl- 
choline, there are remarkable differences corres- 
ponding to the chemical and enzymatic  reactiv- 
i ty with respect to the secondary alcohol group. 

In this paper, the chemical synthesis (Fig. 1), 
some physical and chemical properties,  and 
the enzymatic hydrolysis of PCar and PMC are 
described. This synthesis opens up the possi- 
bility of clarifying unresolved problems of the 
biosynthesis, significance, and occurrence of 
these phosphoglycerolipids. 

EXPERIMENTAL PROCEDURES 

Materials 

C a r n i t i n e  chloride, sodium tetraphenyl-  
borate, and Silica Gel HR were purchased from 
Merck, Darmstadt, G.F.R. 2,4,6-triisopropyl- 
benzenesulphonylchloride (TPS) was obtained 
from Riedel de Haen, Hannover, G.F.R. Phos- 
pholipase A2 and D were purchased from 
B o e h r i n g e r  Mannheim GmbH, Mannheim, 
G.F.R.,  and phospholipase C of Clostridium 
welchii from Sigma Chemical Co., St. Louis, 
Mo. Phospholipase C was isolated from Bacillus 
cereus. Gas chl-omatographic analysis was car- 
fled out on a Hewlett-Packard 7620 A fit ted 
with an integrator Hewlett-Packard 3370 B. 
Stat ionary phase was EGSSX 10% on Gas 
ChromQ.  13C-NMR spectra were recorded 
with a 60 MHz-instrument (Bruker HFX 60, 
K a r l r u h e ,  G . F . R . ; f r e q u e n c y  1 5 . 0 8 6  MHz) 
equipped with a Siemens computer  model  301. 
Hexafluorobenzene was used as reference sub- 
s t ance  for the phospholipids phosphatidyl  
choline (PC) and PCar dissolved in chloroform. 
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FIG. 1. Synthesis of phosphatidyl #-methylcholine (PMC) and phosphatidyl carnitine (PCar). (R = palmitoyl 
and B ~  -= tetraphenylborate.) TPS = 2,4,6-triisopropylbenzenesulphonylchloride. 

PMC was measured in deuterochloroform. 

D L - C a r n i t i n e  B e n z y l  Ester T e t r a p h e n y l b o r a t e  

Synthesis of  DL-carnitine benzyl ester chlo- 
ride: F i n e l y  powdered carnitine chloride 
(9.9 g; 50 mmole) were suspended in 150 ml 
benzyl alcohol. A dried HC1 gas stream was 
passed through the heated suspension (70 C). 
After 4 hr, the clear solution was evaporated to 
dryness, the residue ground with ethyl ether, 
and filtered. The white crystals obtained were 
dissolved in 100 ml water, neutralized with Am- 
berlite IR-45 ion exchanger, filtered, and the 
solvent removed finder reduced pressure. The 
residue, recrystallized from acetonitrile, yielded 
11.7 g (81%), mp 161 C. 

Alternative synthesis o f  DL-carnitine benzyl 
ester chloride: Freshly distilled phenyldiazo- 
methane (10) was added to an ice-cooled solu- 
tion of carnitine chloride in methanol/water 
4:1 (v/v) until  the red color persisted. The com- 
pound was isolated as described above. Yield: 
7O%. 

Synthesis of  DL-carnitine benzyl ester tetra- 
phenylborate: A solution of 6.84 g (20 mmole) 
sodium tetraphenylborate in 300 ml water was 
added to a solution of 5.75 g (20 mmole) carni- 
tine benzyl ester chloride in 300 ml water with 
vigorous stirring. Stirring was continued for 
1 hr, and the white solid was filtered off, 
washed several times with water, and recrystal- 
lized from methanol/water. Camitine benzyl 
ester tetraphenylborate was obtained in a yield 
of 86%, mp 159 C. Analysis calculated for 
C38H42BNO 3 (572): C, 79.85; H, 7.41; N, 
2.45. Found: C, 80.13; H, 7.61; N, 2.48. 

/ ~ -Methy lcho l ine  T e t r a p h e n y l b o r a t e  

Synthesis o f  ~-methylcholine chloride: N-tri- 
methylaminoacetone chloride was synthesized 
according to Major and Cline (11). Varying the 
method of the authors, the reduction of this 
ketone was achieved by sodium boronhydride 

in aqueous methanol. 
Synthesis of  [3-methylcholine tetraphenyl- 

borate: Under vigorous stirring, a solution of 
13.7 g (40 mmole) sodium tetraphenylborate in 
200 ml water was added dropwise to a solution 
of 6.15 g (40 mmole) 13-methylcholine chloride 
in 200 ml water. After the addition, stirring was 
continued for 1 hr. The white precipitate was 
filtered off and thoroughly washed with water. 
The dried ~-methylcholine tetraphenylborate 
was recrystallized from methanol. Yield: 12.6 g 
(72%), mp 214-216 C. Analysis calculated for 
C30H36BNO (437): C, 82.35; H, 8.23; N, 3.20. 
Found: C, 82.42; H, 8.40; N, 3.26. 

rac -D ipa l  m i t o y l p h o s p h a t i d y l  C a r n i t i n e  

Synthes is  of  rac-dipaImitoylphosphatidyl 
earnitine benzyl ester: rac-Dipalmitoylphospha- 
tidic acid (650rag; 1 mmole) and 910 mg 
(3 mmole) TPC were dried overnight in a desic- 
cator over P4O10 under reduced pressure 
(0.1 m m H g ) .  The dried compounds were 
mixed,  and 25 ml absolute pyridine were 
added. Under rigorous exclusion of moisture, 
the reaction mixture was warmed cautiously 
until all phosphatidic acid was dissolved and 
then allowed to stand for 5 hr at room tempera- 
ture. Water (5 ml) was added, and stirring was 
continued for 1 hr. The mixture was evaporated 
to dryness in vacuo; the residue was extracted 
twice with each 30 ml portions of ethyl ether. 
The combined extracts were cooled t o  0 C, fil- 
tered, and brought to dryness. The white solid 
was recrystallizable from acetone. The pure 
phospholipid was isolated by preparative thin 
layer chromatography (TLC) or by column 
chromatography on silica gel (Mallinckrodt, St. 
Louis, Mo.) as stationary phase, with chloro- 
form/methanol 10:1 (v/v) followed by 4: t (v/v) 
as the eluants. Because of the lability of the 
phosphate carnitine ester bond, the column 
chromatography had to be carried out at 4 C. 
After column chromatography, a yield of 
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565 mg (64%) was obtained, mp 110 C (capil- 
l a r y ) .  A n a l y s i s  c a l c u l a t e d  f o r  
C 4 9 H 8 9 N O 1 0 P ' H 2 0  (901): C, 65.23; H, 
10.28; N, 1.55; P, 3.44. Found: C, 64.83; H, 
10.24; N, 1.50; P, 4.10. 

Synthesis  of rac-dipalmitoylphosphatidyl 
carnitine: Phosphatidyl carnitine benzyl ester 
(500 mg) was dissolved in 50 ml glacial acetic 
acid and hydrogenated under atmospheric pres- 
sure in the presence of 300 mg palladium/char- 
coal (10%). After 2 hr, the benzyl group was 
removed quantitatively. The catalyst was fil- 
tered off through Celite and washed with chlo- 
roform. The combined filtrates were evaporated 
to dryness under reduced pressure. The residue 
was recrystallized from chloroform/acetone. 
Analysis calculated for C42H83NO10P'H20 
(811): C, 61.69; H, 10.65; N, 1.72; P, 3.81. 
Found: C, 61.90; H, 10.79; N, 1.74; P, 4.20. 

Properties of phosphatidyl carnitine: PCar is 
a white crystalline substance. When melting, it 
shows several transition states, having a final 
mp at 212 C. the Rf values on Silica Gel HR 
were :  chloroform:methanol:water ,  65:25:4 
( v / v / v ) ,  Rf = 0.12; chloroform:methanoh 
ammonia (25%), 60:30:10 (v/v/v), Rf = 0.30; 
and chloroform:methanol:glacial acetic acid: 
water, 62:25:8:4 (v/v/v/v), Rf=  0.36. IR and 
Laser-Raman spectra were similar to those of 
PC. The 13C.NM R spectrum of dipalmitoyl- 
phosphatidyl choline published by Metcalfe, et 
al., (12) resembled that of dipalmitoylphospha- 
tidyl carnitine due to the poor resolution of the 
methylene C-atom signals of the base (Fig. 2). 
The appearance of an additional signal shifted 
8 ppm to lower field than the ester carbonyl 
C-atoms in the 13C-NMR spectrum of PCar, 
however, proved the evidence of a free car- 
boxylic function. According to Stothers and 
Lauterbur (13), the signal of the carboxylic 
C-atom of acetic acid is shifted 7 ppm to lower 
field than the 13C-NMR signal of the car- 
boxylic C-atom of acetic acid ethyl ester. 

rac-Dipalmitoylphosphatidyl [J-Methylcholine 

Syn thes i s  of  rae-dipalmitoylphosphatidyl 
~-methylcholine: rac-Dipalmit oylphosphatidic 
acid (1 .75  g; 2.7 m m o l e ) ,  2 .46 g 
(5.6 mmole) /3-methylcholinetetraphenylborate 
and 2.39 g (7.7 mmole) TPS were dried, as de- 
scribed above. To the mixture of the dried com- 
pounds, 50 ml absolute pyridine was added, 
and the reaction mixture was warmed cautious- 
ly until  a clear solution was obtained. The solu- 
tion was allowed to stand 4 hr at room tem- 
perature; 5 ml water was added, and the mix- 
ture was stirred for 1 hr. After evaporation to 
dryness, the residue was extracted several times 
with ether, the combined filtrates were brought 

to dryness, and the residue was recrystallized 
from dioxane, yield: 1.58 g (75.6%). The prod- 
uct was purified by preparative TLC. Analysis 
calulated for C41H83NOsP-H20 (767): C, 
64.30; H, 11.05; N, 1.83; P, 4.04. Found: C, 
63.69; H, 10.97; N, 1.79; P, 4.50. 

Properties of rac-phosphatidyl [J-methyl- 
choline: Like PCar, PMC is a white crystalline 
solid with a capillary mp of 218 C, showing 
several thermotropic transition states. TLC on 
Silica Gel HR gave the following Rf values: 
chloroform:methanol :water, 65:25:4 (v/v/v), 
Rf = 0 .39 ;  ch loroform:methanol :ammonia  
(25%), 60:30:10, Rf = 0.70; and chloroform: 
methanol:glacial acetic acid:water, 65:25:8:4 
(v/v/v/v), Rf = 0.65. The IR and 13C-NMR 
spectra showed no remarkable differences with 
respect to PC. Figure 2 shows the 13C-NMR 
spectra. 

Enzymatic Hydrolysis 
Hydrolysis by phospholipase A 2 from Cro- 

talus terrificus terrificus (phosphatide acyl- 
hydrolase, EC 3.1.1.4): Following van Deenen 
and de Haas (14), 20 mg of either rac-PCar or 
rac-PMC in 1 ml 0.1 M borate buffer (pH = 7.0) 
was emulsified by ultrasonic treatment in the 
presence of 2.5" 10-3M CaC12 and 8 .2mg 
sodium deoxycholate. After addition of the 
enzyme, the incubation mixture was allowed to 
stand for 2 hr at 37 C. Under these conditions, 
both substrates were cleaved ca. 50%. 

Hydrolysis by pancreatic lipase from porcine 
pancreas (triacylglycerol acyl-hydrolase, EC 
3.1.1.3): PCar or PMC (10 mg), 3 mg sodium 
deoxycholate, and 4.5 mg bovine serum al- 
bumine were suspended by ultrasonic treatment 
in a 0.1 M borate buffer (pH = 8.0) containing 
5 �9 10 -3 M CaC12. According to Slotboom, et 
al., (15) the incubation mixture was kept 5 hr 
at 30 C. Both phospholipids almost were hydro- 
lyzed quantitatively. 

Hydrolys is  by phospholipase C from 
B. cereus or C. welchii (PC cholinephospho- 
hydrolase, EC 3.1.4.3): As described by Graf 
and Stein (16), the incubation mixture consist- 
ed of 5 mg PCar or PMC, 0.98 ml ethyl ether, 
0.02 ml ethanol and 0.02 ml 40 mM CaC12- 
solution. After addition of the enzyme, the 
reaction mixture was kept for 5 hr at 37 C and 
then 15 hr at room temperature. Neither PCar 
nor PMC was attacked by the enzyme of 
C. welchii. The enzyme from B. cereus hydro- 
lyzed the two substrates. According to Slein and 
Logan (17), B. cereus contains three different 
phospholipase C-like activities, one cleaving 
sphlngomyelin, a second splitting phospha- 
tidyl inositol, and a third hydrolyzing PC 
and phosphatidyl ethanolamine. Because of 
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the structural similarity, it can be assumed 
that the third enzyme was also specific for PCar 
and PMC. 

Hydrolysis by phospholipase D from cab- 
bage leaves (PC phosphatidohydrolase, EC 
3.1.4.4): PCar and PMC are two suitable sub- 
strates to investigate the question of whether 
phospholipids containing secondary alcohol 
components can be hydrolyzed by phospho- 
lipase D. Because both substrates were not 
attacked by phospholipase D it can be assumed 
that  phospholipids with secondary alcohol 
moieties generally are not  hydrolyzed. These 
results support the postulate of Menzei and 
Newburgh (7) ,  according to whom a carnitine 
containing phospholipid isolated from P. regina 
larvae was assumed to be PCar, as it was not 
c o n v e r t e d  by phospholipaseD. Enzymatic 
transphosphatidylation with PCar and PMC as 
phosphatidic acid donators to appropriate pri- 
mary alcohols failed, because no intermediate 
phosphatidyl-S-enzyme-complex was formed in 
accordance to the hydrolysis experiments of 
Yang and Benson (18). As no enzymatic trans- 
fer of phosphatidic acid residue from PC to the 
secondary alcohols fl-methylcholine and carni- 
tine was found, the results of Dawson (19)ob-  
tained with secondary acceptor alcohols were 
confirmed. 

Natural Occurrence of Phosphatidyl Carnitine 

The question of natural occurrence of PCar 
was studied with 16 day old chicken embryos 
and rat embryos of 2 cm length. The tissues 
were frozen in liquid air, minced, and extracted 
according to Folch, et al. (20). The Folch ex- 
tracts were separated by TLC on Silica Gel HR 
d e v e l o p e d  with chloroform:methanol:water 
65:25:4 (v/v/v). The spot probably containing 
carnitine was scraped from the plate and extrac- 
ted with chloroform/methanol 1:1 (v/v). The 
eluted lipids were rechromatographed using 
c h l o r o f o r m : m e t h a n o l : a m m o n i a  (25%)  
60:30:10 (v/v/v), From the extracts of chicken 
tissue, a weak spot which showed the same Rf 
value as synthetic PCar was isolated and extrac- 
ted. Solvents were removed, and the residue 
was hydrolyzed with 6 N HC1 for 18 hr at 
105 C. In the hydrolysate, carnitine could be 
detected by paper chromatography. A chroma- 
tographically purified sample of PCar from 
chicken tissue was transesterified by 5% metha- 
nolic sulphuric acid. By gas chromatographic 
separation of the fatty acid methyl esters, the 
following fatty acid composition was found 
(peak area %): 16:0 = 43.2, 16:1n-7 = 4.8, 
18:0 = 14.6, 18: ln-9 = 28.6, 18:2n-6 = 7.2, and 
20:0 = 1.5. 
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A 

B 

FIG. 2. 13 C-NMR spectra of phosphatidyl choline 
(PC) (A), phosphatidyl carnitine (PCar) (B), and phos- 
phatidyl 3-methylcholine (PMC) (C). 

DI SCUSSI ON 

The phosphorylation of carnitine was found 
to be difficult because of the high polarity of 
the substance and the sterically unfavorable 
secondary hydroxy group which easily is sub- 
ject to a {3-elimation. Neither the reaction of 
phosphatidic acid monobenzyl ester silver salt 
with bromocarnitine picrate nor a t t empts  to 
phosphorylate carnitine benzyl ester directly 
led to the expected products. Only the applica- 
tion of the direct condensation of phosphatidic 
acid with the protected alcohol component  in 
the presence of pyridine/TPS, according to 
Aneja, et al., (21) was successful. Dicyclohexyl- 
carbodiimide was also suitable as a condensing 
agent, giving, moreover, lower yields than TPS. 
By conversion of ~-methylcholine chloride and 
carnitine benzyl ester chloride to the nonhydro- 
s c o p i c  tetraphenylborates, the quarternary 
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ammonium salts became soluble in pyridine, 
allowing the reaction to be carried out in ho- 
mogeneous phase. The condensation also was 
accomplished in heterogeneous phase at 60 C 
giving, however ,  a lower  yield.  Due to  the  close 
structural  re la t ionship  be tween  the  p h o s p h o -  
glycerolipids PC, PCar, and PMC, the  physical  
and chemical  proper t ies ,  and the  IR,  13C-NMR 
and Laser-Raman spect ra  were very similar. 

According  to the  subs t ra te  r equ i r emen t s  for  
phosphol ipase  A2 pos tu la t ed  by van Deenen 
and de Haas (14) and for  pancrea t ic  lipase by 
S lo tboom,  et al. (15),  a hydro lys i s  of  PCar and 
PMC had to  be expec t ed  by these  enzymes .  Due 
to  the high specif ici ty of  phospho l ipase  C f rom 
C. w e l c h i i  for the  chol ine conta in ing  p h o s p h o -  
lipids PC and SP, there was no  enzymat i c  break- 
down of  PCar and PMC. It was shown  tha t  PCar 
and PMC were no t  suitable subst ra tes  for  phos-  
phol ipase  D. F u r t h e r m o r e ,  no  t r ansphospha -  
t idylase act ivi ty was de tec ted .  

PCar isolated f rom e m b r y o n i c  chicken tissue 
showed a fa t ty  acid compos i t i on  which  is char- 
acterist ic  o f  phosphoglycero l ip ids .  The b iosyn-  
thesis of  PCar and PMC and the  significance of  
carni t ine and/3-methylchol ine  i nco rpo ra t i on  are 
unresolved.  It has no t  been proven conclusively 
that  the de tec ted  carni t ine conta in ing  p h o s p h o -  
lipid is t he  supposed  1 ,2-d iacy lphosphat idy l  
carnit ine.  The conven ien t  synthesis  o f  these 
natural  p roduc t s  will con t r ibu te  to the  so lu t ion  
of these unresolved prob lems .  
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Evaluation of Chromic Oxide, Glycerol Triether, and/3-Sitosterol 
as Fecal Flow Markers in Two Species of Nonhuman Primates 
R I C H A R D  W. ST. C L A I R  1 , N O E L  D.M. L E H N E R ,  and T H O M A S  E. H A M M ,  
The Arteriosclerosis Center (Departments of Pathology and Comparative Medicine), 
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A B S T R A C T  

Recovery of /3-sitosterol, glycerol tri-  
ether (1-hexadecyl-2,3,-didodecyl glyc- 
erol triether), and chromic oxide was 
studied in African green monkeys  and 
stumptail macaques consuming diets con- 
taining 0.75 mg/Cal cholesterol and 38% 
of calories as safflower oil or butter. 
Following oral administration of  these 
compounds, feces were collected daily for 
9 days. For all animals, excretion of 
/3-sitosterol and glycerol triether paral- 
leled one another almost exactly. Except 
for two animals, this was also true for 
chromic acid. Essentially 100% of the 
administered /3-sitosterol and 90-95% of 
the glycerol triether were recovered; ex- 
cretion of these markers virtually was 
complete by day 3. Ninety-two percent 
of the /3-sitosterol was isolated in the 
nonsaponifiable lipid extract of the feces 
with less than 6% in the remaining aque- 
ous phase. A maximum of 3.1% of the 
~-sitosterol and 1.8% of the glycerol 
triether were found in the blood. For 
stumptail macaques, the major excretory 
form of fl-sitosterol was the 5/3-derivative. 
African green monkeys were more vari- 
able; one animal excreted the bulk of the 
/3-sitosterol unchanged while others ex- 
creted greater than 80% as the ring-satu- 
rated 5/3-derivative. Animals consuming 
the safflower oil containing diet consist- 
ently excreted a greater percentage of the 
/3-sitosterol unchanged, compared with 
those animals eating the butter containing 
diet. There was no evidence for steroid 
ring degradation in any of the animals 
used in this study. 

I N T R O D U C T I O N  

The study of whole body cholesterol metab- 
olism by sterol balance techniques requires the 
use of either isotopic or chromatographic pro- 
cedures or a combination of the two (1), In 
each of these procedures, all of the excreted 
cholesterol must be recovered in the feces as 

1This work was done during R.W. St. Clair's tenure 
as an Established Investigator of the American Heart 
Association. 

neutral or acidic steroids. Several investigators 
now have reported, however, that in certain 
human beings there may be considerable loss of 
cholesterol, presumably by breakdown of the 
steroid nucleus by intestinal bacteria (2-4). 
Similar losses of bile acids do not occur (2). 
Since fl-sitosterol is degraded to the same extent 
as cholesterol (2,5),/3-sitosterol can be used as 
an internal standard for correction of steroid 
ring breakdown in sterol balance studies (2). 

Studies in man have been unsuccessful in 
identifying the degradation products of steroid 
ring breakdown or, for that matter, the process 
by which it occurs. Further studies have been 
hampered by the lack of an animal model in 
which to study tiffs phenomenon. For this 
reason, we attempted to identify a species of 
nonhuman primate in which neutral steroid 
losses occur. 

We knew from previous experiments that 
squirrel monkeys (Saimiri sciureus)do not de- 
grade the steroid ring, as essentially 100% of 
dietary/3-sitosterol is recovered in the feces (6). 
Squirrel monkeys, however, are small animals 
with a rapid intestinal transit time (less than 24 
hr). Since degradation of the steroid ring 
hasbeen reported to be related to prolonged 
retention of fecal material in the colon (7), we 
wanted to know if larger nonhuman primates, 
with longer intestinal transit times, would 
degrade the steroid ring and, thus, serve as a 
useful animal model for tiffs phenomenon. For 
these studies, we selected the African green 
monkey (Cercopithecus aethiops) and the 
stumptail macaque (Macaca arctoides). 

TABLE I 

Composition of Diets 

Safflower oil Butter 
Ingredients (g) (g) 

Non-fat dry milk solids 3360 3360 
Complete vitamin mixture 240 240 
Salt mixture 240 240 
Sucrose 2400 2400 
Gelatin 160 160 
Butter --- 1976 
Safflower oil 1600 --- 
fl-sitosterol --- 4.8 
Cholesterol a 27-8 23 
Vitamin D 3 4.96 4.96 

a0.75 mg cholesterol/Cal. 

25 



26 R.W. ST. CLAIR, N.D.M. LEHNER AND T.E. HAMM 

TABLE II 

Data on Nonhuman Primates Used in These Studies 

Serum cholesterol a Body wt 
Animal number (mg/dl) (kg) Diet b 

Stumpta i l  m a c a q u e s  

S -  1 401 12.5 Sa f f lower  oil 
S - 2  733  14.1 Bu t t e r  
S -  3 378 10.5 Sa f f lower  oil 
S - 4  399 11.4 Bu t t e r  

Afr ican  green m o n k e y s  

! 352 208 3.9 Sa f f lower  oil 
1353 215 4.1 Sa f f lower  oil 
1354 449  4.1 Bu t t e r  
1355 260  4.5 But te r  
1356 179 3.4 But t er  
1357 194 4.3 Sa f f lower  oil 

aSerum cholesterol concentration immediately prior to administration of the fl-sito- 
sterol, glycerol triether, and chromic oxide markers. 

bSee Table 1 for composition of the diets. 

To facilitate this study, we compared the 
recovery of three markers: ~-sitosterol (a sterol 
marker), glycerol triether (an oil-phase marker), 
an chromic oxide (a particulate-phase marker). 
Such a comparison also provides data as to the 
intestinal transit time for lipid in these species 
and data on the usefulness of these markers in 
sterol balance studies. 

M A T E R I A L S  A N D  METHODS 

Four adult male stumptail macaques and six 
adult male African green monkeys were pur- 
chased from Primate Imports, Port Washington, 
N.Y. The animals were maintained in our 
primate facility in individual stainless steel 
cages and were fed diets containing 0.75 mg/Cal 
cholesterol and ca. 38% of calories as either 
butter or safflower oil. The butter diet was 
supplemented with ~-sitosterol so that the 
/3-sitosterol contents of both diets were equal. 
The composition of these diets is shown in 
Table I. Information as to the diet consumed 
by each animal and the body wt and plasma 
cholesterol concentration at the time of  this 
study are shown in Table II. 

After 5-7 months on diet, the animals were 
sedated with Ketamine hydrochloride (Vetclar, 
Parke-Davis, Detroit, Mich.) (10 mg/kg intra- 
muscularly) and were administered orally chro- 
mic oxide, /3-sitosterol-4-14C, and glycerol tri- 
ether-3H to study the transit time of these 
compounds through the intestinal tract and 
their recovery in the feces, fl-Sitosterol-4-14C 
was obtained from Amersham/Searle Co., Des 
Plaines, Ill, and glycerol triethcr-3H, from New 
England Nuclear Corp., Boston, Mass. (Glycerol 
triether = l-hexadecyl-2, 3-didodecyl glycerol 

triether [trivial name] or l-hexadecoxy-2,3- 
didodecoxypropane [systematic name]).  The 
31t-label of the glycerol triether was in the 9 
and 10 positions of the hexadecyl moiety and 
was prepared in a manner identical with that 
used by Morgan and Hofmann (8). Both the 
~3-sitosterol-4-14C and the glycerol triether-3It 
had a radiochemical purity of ) 9 9 %  after 
chromatography on Silica Gel G using Skelly- 
solve B (Skelly Oil Co., Tulsa, Okla.), ethyl 
ether, acetic acid (146:50:4 v/v/v) as the 
developing solvent. 

An emulsion containing 50 pCi (339 pg) of 
fl-sitosterol-4-14C and 71 /.tCi (353 pg) of 
glycerol triether-3H was made by dissolving 
these compounds in a mixture of 0.5 ml 
acetone, 0.5 ml safflower oil, and 1 drop Tween 
20 (Nutritional Biochemicals Corp., Cleveland, 
Ohio). Fifty-nine ml of a 6.8% aqueous solution 
of skim milk powder were added and the 
mixture sonicated for 10 min with a Polytron 
(Brinkmann Instruments, Westbury, N.Y.). q'he 
emulsion was administered to the monkeys 
within 2 hr of its preparation. 

Five ml of this emulsion, containing 13.75 x 
106 dpm glycerol triether-311 and 8.68 x 106 
dpm /3-sitosterol-14C, were administered to 
each animal by gastric tube. The gastric tube 
then was rinsed with 10 ml emulsion mixture 
without the radioactive markers. Immediately 
thereafter, each animal was given by mouth a 
no. 2 gelatin capsule containing a known 
amount (184-290 rag) of chromic oxide. Ani- 
mals then were returned to their cages and fed 
their normal diet (Table II). 

Feces were collected from each animal daily 
for 9 days and stored frozen until analyzed. 
The feces were mixed with several volumes of 
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water, weighed, and mixed in a blender until 
uniform. While still blending, to ensure that the 
mixture did not settle, aliquots were removed 
in duplicate and placed in previously weighed 
bottles. The wt of the homogenate to be 
analyzed was determined by reweighing the 
bottle. Thirty ml of redistilled ethanol and 3 ml 
of 10N NaOH were added and the mixture 
heated to boiling in a reflux apparatus for 1 hr. 
After addition of 10 ml water, the mixture was 
extracted 4 times with 50 ml each of redistilled 
Skellysolve B. This extract was taken to dryness 
at 45 C in a flash evaporator, dissolved in a 
known amount of chloroform and methanol 
(2:1 v/v), and an aliquot taken for determina- 
tion of radioactivity. 

We further analyzed the feces from each 
animal, collected on the day of maximum 
t3-sitosterol excretion (Figs. 1 and 2), to deter- 
mine whether all of the laC radioactivity in the 
feces from the ingested /3-sitosterol-4-14C was 
recovered as neutral steroid. For this, an aliquot 
of the Skellysolve B extract was taken to 
dryness at 45 C under a stream of nitrogen and 
separated by thin layer chromatography (TLC) 
on Silica Gel G, using ethyl ether and Skelly- 
solve B (55:45 v/v) as the developing solvent. 
The radioactivity in the three neutral steroid 
fractions, as described by Miettinen and co- 
workers (9), then was compared with the total 
radioactivity applied to the thin layer plate. 

One ml of the aqueous phase, after extrac- 
tion of the feces with Skellysolve B, was dried 
under nitrogen, neutralized with hydrochloric 
acid, dissolved in 10 ml Aquasol (New England 
Nuclear Corp.), and counted for radioactivity. 

With the exception of those samples counted 
in Aquasol, all other radioactivity determina- 
tions were done by dissolving the sample in i0  
ml toluene containing 6 g diphenyloxazole/li- 
ter. All samples were counted in a Beckman 
LS-230 liquid scintillation counter to a 2-a 
error of  less than 2%, and quenching was 
corrected for by an external standard channels 
ratio technique. 

Chromic oxide in feces was determined in 
duplicate by the method of  Bolin, et al. (10). 

A day and 3 days after administration of 
13-sitosterol-4-14C, glycerol triether-3H, and 
chromic oxide, blood samples were drawn and 
serum separated by centrifugation. Lipids were 
extracted in 20 volumes of isopropanol and one 
aliquot taken for determination of radioactivity 
and another for cholesterol determination (11). 

R ESU LTS 

Table III shows data on the recovery of 
~-sitosterol and glycerol triether in serum and 
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FIG. l .  Fecal recovery of f3-sitosterol4-14C, glyc- 
erol triether-3H, and chromic oxide in stumptail 
macaques. /3-Sitosterol and glycerol triether values 
represent recovery in the nonsaponifiable lipid extract 
of the feces, o - - o  = /3-Sitosterol-4-14C, X---X = 
glycerol triether-3H, and o -  - o  = chromic oxide. 

feces collected for a total of 9 days after oral 
administration of these compounds. Virtually 
all of the administered j3-sitosterol was recov- 
ered in both species of monkeys. Of the 
recovered j3-sitosterol, greater than 92% was 
isolated in the nonsaponifiable lipid extract of 
the feces. Ca. 5% was in the remaining aqueous 
phase. 

The total recovery of glycerol triether-3H 
was significantly less than for total recovery of 
/3-sitosterol in stumptail macaques but was not 
significantly different from the total recovery 
of /~-sitosterol in African green monkeys. For 
both animal species, however, recovery of 
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glycerol triether in the nonsaponifiable lipid 
extract was significantly less than for /3-sito- 
sterol. Part of this difference could be made up 
by the observation of slightly greater glycerol 
triether radioactivity in the aqueous fraction of 
the feces following saponification and extrac- 
tion with Skellysolve B. This did not, however, 
account for the entire difference, as there were 
small amounts of glycerol triether (<10%) that 
were not recovered in any of the fractions 
analyzed. 

Between 85-95% of the glycerol triether 
recovered in the lipid extract of the feces had 
chromatographic properties identical with au- 
thentic glycerol triether after separation on 

90 

80 

70 

~ 50 f'~; 3040 

ZO 

} 6o 
~ 5o 

4 o  

~ 50: 
I 

40 

30 

2C 

1352 

1353 

200 

160 

120 

80 

4O 

200 ~ 

160 ~ 

r2o ~, 

DAYS 

Silica Gel G, using ethyl ether and Skellysolve B 
(55:45 v/v) as the developing solvent. 

The absorption of ~-sitosterol and glycerol 
triether-3H and their appearance in serum was 
measured at a day and 3 days following their 
oral administration. Wi th  the exception of two 
animals, the maximum radioactivity for both 
isotopes was found in the serum at day I. Using 
the figure for maximum serum radioactivity 
(usually day 1), we calculated the amount of 
radioactivity in the serum by estimating blood 
serum volume as 4.5% of body wt (12). By this 
method, as shown in Table III, a maximum of 
3.1% of the administered dose of ~3-sitosterol 
and glycerol triether could be accounted for in 
the serum. There was slightly less glycerol 
triether in the serum than there was t3-sitosterol, 
but these differences were not statistically 
significant. 

For each animal, the percentage of the 
administered /3-sitosterol and glycerol triether 
recovered in feces daily for 9 days is shown in 
Figures 1, 2A, and 2B. Also shown in these 
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FIGS. 2A and 2B. Fecal recovery of  #-sitosterol-4-14C, glycerol triether-3H, and chromic oxide in African 
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TABLE IV 

Distr ibution of Adminis tered /3-Sitosterol-4-14C Radioact ivi ty in Fecal Neutral  Steroids a 

Day /3-Sitost erol c /3-Sitostanol /3-Sitostanone 
Animal number  excreted b Dietary fat (% of total  neutral  steroid radioact ivi ty)  

Stumptai l  macaques 

S - 1  2 Safflower oil 30 63 6.8 
S - 2  2 Butter 11 84 1.4 
S--3 2 Safflower oil 46 47 1.9 
S--4 3 Butter 15 82 2.4 

African green monkeys  

1352 1 Safflower oil 9"7 1 .'7 0.4'7 
1353 1 Safflower oil 42 48 6.9 
1354 2 Butter 17 80 2.2 
1355 1 Butter 36 61 2.7 
1356 2 Butter 10 88 1.4 
1357 1 Safflower oil 58 34 7.7 

aRecovery represents the percent radioact ivi ty  in each neutral  steroid fraction after thin layer 
chromatography compared wi th  the to ta l  radioact ivi ty  isolated from the entire thin layer plate. 

bRepresents  the feces collected on the day of maximum/3-si tosterol  excretion.  
CThe fl-sitosterol fraction includes cholesterol plus the other plant sterols; the/3-sitostanol fraction 

includes the ring-saturated 513 derivatives of the other plant sterols and cholesterol.  The fl-sitostanone 
fraction includes the 3-keto derivatives of the other plant sterols and cholesterol.  

figures is the recovery of chromic oxide. The 
chromic oxide data are presented as actual mg 
recovered/day, rather than as a percentage of 
the administered dose. This was necessary, since 
feces, when digested with strong oxidizing 
agents used for the chromic oxide procedure, 
often contained small amounts of color that 
exceeded that of the blanks. This results in 
tittle percentage error during the peak of 
chromic oxide excretion but does result in 
significant accumulative error during periods 
when presumably little, if any, of the adminis- 
tered chromic oxide is being excreted, such as 
days 4-9. For most sterol balance studies, the 
chromic oxide is administered daily, and, under 
these conditions, the error in the determination 
of chromic oxide is minimal. 

Although we did not measure the total 
percentage of chromic oxide recovered, we do 
know that the peak of excretion of the chromic 
oxide, with the exception of animals 1355 and 
1357, corresponded well with the excretion of 
fl-sitosterol and glycerol triether. 

For all animals, regardless of diet or species, 
the excretion of fl-sitosterol and glycerol tri- 
ether paralleled one another almost exactly. In 
stumptail macaques, the bulk of both isotopes 
was excreted on the second or third day 
following administration of the markers, while 
in African green monkeys, the bulk of excre- 
tion occurred on day 1 or 2. 

To be assured that all of the radioactivity 
from the administered fl-sitosterol that was 
measured in the fecal nonsaponifiable lipid 
extract was, indeed, in the form of neutral 
steroids, we separated an aliquot of the fecal 

nonsaponifiable lipid extract by TLC into the 
three neutral steroid classes (9). Results are 
shown in Table IV. For both species of mon- 
keys, consuming either the safflower oil or 
butter containing diets, greater than 95% of the 
14C radioactivity of the fecal nonsaponifiable 
lipid extract was found as fecal neutral steroids. 
For the stumptail macaques, the major ex- 
cretory form of fl-sitosterol was as the ring- 
saturated 5/3-derivative (fl-sitostanol), although 
there were also substantial quantities of un- 
altered /3-sitosterol and small amounts of the 
3-keto derivative (fl-sitostanone), 

The African green monkeys were somewhat 
more variable, ranging from one animal that 
excreted the bulk of the/3-sitosterol unchanged 
to others with greater than 80% excreted as the 
ring-saturated 5/3-derivative. 

For those animals consuming the safflower 
oil containing diet, we consistently recovered 
more of the fl-sitosterol unchanged in the feces 
(an average of 66% for African green monkeys 
and 38% for stumptail macaques) than for 
those animals consuming the butter containing 
diet (an average of 21% for African green 
monkeys and 13% for stumptail macaques). 

DISCUSSION 

In this study, neither stumptail macaques 
nor African green monkeys degraded significant 
amounts of the steroid ring of ~-sitosterol. This 
is similar to previous results obtained in squirrel 
monkeys (6). 

To our knowledge, only the dog (13) and pig 
(14), in addition to some human beings, have 
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been reported to have losses of neutral steroids 
during intestinal transit. A more recent report, 
however, failed to confirm the losses of neutral 
steroids in the dog (15). This is not to say that 
other members of these species or other species, 
particularly larger nonhuman primates with 
longer intestinal transit times, might not share 
this phenomenon. In man, at least, losses of 
neutral steroid during intestinal transit appears 
to be highly individualistic, occurring in some 
individuals but not in others (2,3). Thus, it may 
not be possible to say with absolute certainty 
that all individuals of a certain animal species 
do not degrade the steroid ring simply because 
the individuals studied did not. 

Davignon, et al., (7) showed that the longer 
the colonic contents remain in the colon, the 
greater are the chances of degradative losses. 
Since the intestinal transit time in both species 
of monkeys studied here, as well as for squirrel 
monkeys, is 3 days or less, there might not be 
adequate time for bacteria to act on the sterols 
of the intestinal contents. This may explain the 
lack of degradation in these nonhuman pri- 
mates. 

It is also possible that the composition of 
the diet may influence the extent of steroid 
ring degradation. Denbesten, et al., (16) 
showed, for example, that, in man, addition of 
lactose and bulk (as cellulose) to the diet 
reduced the loss of neutral steroids. The diets 
used in our studies, however, were semisyn- 
thetic diets low in bulk and, thus, might be 
expected to favor conditions for degradation. 

Although differences in steroid ring degrada- 
tion were not seen between animal species or 
diets consumed, there were distinct differences 
between dietary groups in the excretory form 
of 3-sitosterol in the neutral steroid fraction of 
the feces. There was substantially more conver- 
sion of t3-sitosterol to /3-sitostanol in animals 
consuming the butter containing diet, com- 
pared with those eating the safflower oil con- 
taining diet. Whether this is due to dietary 
induced differences in intestinal microflora, 
subtle differences in intestinal transit time, or 
some other factors, is unknown. 

Marsh and coworkers (14) have reported 
that, like man, the pig apparently can degrade 
the steroid ring. Unlike man, however, the 
products of degradation in the pig still remain 
in the feces and are associated with both the 
neutral and acidic fractions. After separation of 
the fecal neutral steroids by chromatography, 
some of these products of degradation stay at 
the origin of the thin layer plate while others 
migrate with the solvent front. This was not the 
case for either the stumptail macaque or the 
African green monkey, since greater than 95% 

of the radioactivity of the lipid extract of the 
feces was found in the neutral steroids after 
TLC (Table IV). Whether these observations 
suggest the operation of different mechanisms 
for steroid ring breakdown in different animal 
species is not known. 

In this study, we employed three types of 
markers: /3-sitosterol, glycerol triether, and 
chromic oxide. In all cases, the transit time of 
~-sitosterol and glycerol triether through the 
intestine was the same. In all but two cases, the 
passage of the chromic oxide corresponded 
exactly with that of the other two markers. In 
the two animals that were not the same, 
chromic oxide excretion reached a peak on the 
day after that of the other two markers. This 
might be explained by a difference in the 
passage through the gut of the particulate 
components of the feces or by a retention of 
the very dense chromic oxide in the intestine 
(7). 

Although both compounds appeared to be 
>99% radiochemically pure at the time they 
were given to the monkeys, the recovery of the 
glycerol triether was consistently less than for 
/3-sitosterol. One possible explanation for this 
observation is that small quantities of contami- 
nants with the same chromatographic mobility 
as the triether could have been present in the 
sample. If these were lost during intestinal 
transit and did not  appear, in the nonsaponifi- 
able lipid or aqueous phases of the feces or in 
the blood, then they would have escaped 
detection. It is also possible that some tritium 
was lost by exchange with hydrogen in vivo or 
in vitro during analysis. We studied the possi- 
bility of exchange in vitro by checking the 
stability of the glycerol triether-3H by adding it 
to nonradioactive feces and carrying it through 
the extraction procedure. When this was done, 
greater than 95% of the triether was recovered 
following saponification and extraction with 
Skellysolve B. Consequently, the losses of 
glycerol triether-3H must be occurring pri- 
marily in vivo. 

For accurate sterol balance studies in man, it 
is necessary to utilize a fecal flow marker, such 
as chromic oxide, to correct for bile acid 
recovery, while 3-sitosterol is used as an internal 
standard for correction of steroid ring break- 
down. In nonhuman primates, particularly 
those consuming formula diets, it is difficult to 
administer chromic oxide precisely on a daily 
basis, since it separates readily from the other 
components of the formula diet. 

Consequently, it would be an advantage to 
have a species of nonhuman primate that was 
known not to degrade the steroid ring. The 
African green monkeys and stumptail macaques 
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descr ibed in this  r epor t ,  as well as squirrel 
monkeys  s tud ied  previously (6), appear  to  be 
such animals.  Thus,  d ie tary  fl-sitosterol,  by 
virtue of  i ts  no t  being absorbed  or degraded,  
would  be the  only  in ternal  s t andard  needed  for 
sterol balance s tudies  and could  be used to  
correct  for  b o t h  bile acid and neutra l  s tero id  
recovery.  This greatly simplifies the  analyt ical ,  
as well as the  animal care, p rob lems  associated 
wi th  s t e ro l  balance studies in these  pr imates .  It 
should  be caut ioned ,  however ,  tha t  we have n o t  
shown tha t  all individuals o f  these  species fail 
to degrade the  s tero id  ring and tha t  this 
i n fo rma t ion  abou t  individual  animals should  be 
known  before  using /~-sitosterol as the  only 
internal  s tandard.  
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ABSTRACT 

The fatty acid composition of Sapin- 
dus mukorossi seed oil was determined by 
spectrophotometry, urea complexation, 
and gas liquid chromatography (GLC). 
The percentages of individual acids were 
found to be: palmitic, 4.0; stearic, 0.2; 
arachidic, 4.4; oleic 62.8; linoleic, 4.6; 
linolenic, 1.6; and eicosenoic, 22.4. Tri- 
g lycer ide  composition was calculated 
from the fatty acid compositions of the 
native oil and of the monoglycerides pro- 
duced from it by pancreatic lipase hydrol- 
ysis. The oil is composed of 0.1, 2.1, 
22.0,,and 75.8% trisaturated, monounsatu- 
rated disaturated, diunsaturated mono- 
saturated, and triunsaturated glycerides, 
respectively. The special characteristic of 
the Sapindus rnukorossi seed oil is its con- 
tent of 26.3 and 26.7% triolein and 
eicoseno-di-oleins, respectively. 

INTRODUCTION 

Sapindaceae, or the soapberry family, is a 
large one comprised of 12 genera. The seed ker- 
nels of the plants in this family are rich in fat 
which in some cases amounts to as high as 72% 
by wt of the kernels, and some of these species, 
such as Schleichera trijuga, are utilized commer- 
cially in the countries of origin as a source of 
triglycerides. Sapindus mukorossi, a handsome 
tree, cultivated throughout northwest India, 
produces hard, glossy, black seeds which con- 
tain 30% of kernel and yield a light yellow oil 
(1,2). 

Seed fats of various species of this family 
have been examined earlier by different groups 
of workers (3-10). The unsaturated fatty acids 
in all cases have been reported to consist princi- 
pally of oleic acid or a mixture of oleic and 
linoleic acids (60-80%). Lately Hopkins and 
Swingle (10) have indicated that eicosenoic acid 
occurs in most of the seed fats of the Sapin- 
daceae family, and, in some cases, it amounts to 
42% of the total acids. Three species of the 
Sapindus genus were found to contain 13, 15, 
and 17% of eicosenoic acid as a constituent of 
their seed fat (10). Another remarkable feature 
of these seed fats of the Sapindaceae family is 
the presence of a large proportion of arachidic 
acid as a constituent which in some species goes 
as high as 35%. 

Mattson and Volpenhein (11,12) and Gun- 
s t o n e  ( 1 3 )  had earlier shown that C2o- 
monoethenoid acid, like saturated acids, be- 
longs to category I and is preferentially esteri- 
fled at 1 and 3 positions of the glycerine mole- 
cule. Eicosenoic acid, thus, differs basically 
from C 18 unsaturated acids. This observation 
adds special interest to the investigation of the 
glyceride compositions of the seed fats of the 
sapindaceae family because of the reported 
presence of arachidic and eicosenoic acids as 
major constituents in those seed fats. But the 
glyceride composition of the seed fats of this 
family had not yet been investigated extensive- 
ly by the more recently developed techniques. 

Two seed fats of Malayan species of the 
genus Nephelium and that of Schleichera trijuga 
were studied by Hilditch and Stainsby (14) and 
Weerakoon (15) utilizing the intensive crystal- 
lization technique. The inadequacy of the 
crystallization technique in the study of tfiglyc- 
eride composition, especially of those fats con- 
taining high percentages of unsaturated acids 
has been pointed out by Hilditch (16-18). 
Studies based upon more recently developed 
techniques like selective enzyme hydrolysis and 
thin layer chromatography (TLC) give more in- 
formation about the triglyceride composition. 
In the present work, the seed oil of S. mukoros- 
si of Indian origin has been studied for its fatty 
acid and triglyceride composition. The percent- 
age fatty acid composition has been determined 
by gas liquid chromatography (GLC) of the 
methyl esters. GLC analysis was, however, pre- 
ceded by segregation of the mixed fatty acids 
by urea complexation technique so that the 
minor acids, if there be any, would be promi- 

TABLE I 

Characteristics of Seed Oil and Mixed Fatty Acids of 
Sapindus mukorossi 

Mixed 
Characteristics Oil fatty acids 

specific gravity, 25 c 0.9040 -- 
Refractive index, nD, 28 C 1.4680 -- 
Percent free fatty aEids 1.0 -- 

( a s  oleic) 
Saponification equivalent 279.9 287.6 
Iodine value (Wij's 1/2 hr) 78.3 84.8 
Acetyl value 21.1 -- 
Reichert value 1.4 -- 
Polenske value 0.3 -- 
Unsaponifiable (percent l.l -- 

by wt) 

33 



34 A. SENGUPTA, S.P. BASU, AND S. SAHA 

M i x e d  f a t t y  ac id  
( 7 0  g i n )  

I o d i n e  v a l u e  - 8 4 . 8  
S a p o n i f i c a t i o n  e q u i v a l e n t  - 2 8 7 . 6  

U r e a  - 7 0  g m  
M e t h a n o l  - 3 5 0  rrd 

I 
2 1 . 5  g m  

l o d i n e  v a l u e  - 5 8 . 4  
S a p o n i f i c a t i o n  e q u i v a l e n t  - 2 9 0 . 8  

A 
(30.8%) 

2 0 . 2  g m  

I o d i n e  v a l u e  - 85 .1  
S a p o n i f i c a t i o n  e q u i v a l e n t  - 2 8 9 . 4  

B 
( 2 8 . 8 % )  

4 

F i l t r a t e  
4 8 . 5  g m  

I o d i n e  v a l u e  - 9 4 . 1  
U r e a  - 7 3  g m  

M e t h a n o l  - 2 4 3  rnl I 
F i l t r a t e  
2 8 . 3  grn 

I o d i n e  v a l u e  - 9 9 . 2  
U r e a  - 5 6  g m  

M e t h a n o l  - 1 4 0  m l  
l 

F i l t r a t e  16 .6  g m  

I o d i n e  v a l u e  - 9 5 . 5  1 1 . 7  g m  

S a p o n i f i c a t i o n  e q u i v a l e n t  - 2 8 8 . 8  I o d i n e  v a l u e  - 1 0 9 . 7  
C S a p o n i f i c a t i o n  e q u i v a l e n t  - 2 8 3 . 4  

( 2 3 . 7 % )  D 
( 1 6 . 7 % )  

FIG. 1. Fractionation of mixed fatty acids by urea complexation. Computed values: saponification equiva- 
lent - 288.7, iodine value - 83.5. 

nent  enough in either of these fractions ana- 
lyzed by GLC. The glyceride composition of 
the seed fat was determined by combination of 
the techniques of selective enzymatic hydroly- 
sis, TLC and GLC. 

Vanderwal (19-21), as well as Coleman and 
Ful ton (22), suggested that the fatty acids in 
natural fats were distributed according to a 
1,3 random, 2 random distribution pattern. 
Subbaram and Young (23) believed that the as- 
sumption of 1,3 random, 2 random distribution 
held true for a number of fats but could not be 
applied as a general rule to all fats. In the pres- 
ent investigations, studies were extended to 
determine the glyceride composition of the 
fully randomized product of the seed oil of S. 
mukorossi and to find out the changes in com- 
position as effected by the interesterification 
process. This extension of study was carried out 
with the idea that a comparison of the triglyc- 
eride compositions of the native seedoil  and of 
its randomized product might indicate whether, 
in the triglyceride molecules of the native seed 
oil, fatty acids were distributed randomly or 
not. 

EXPERIMENTAL PROCEDURES 

S. mukorossi seeds were obtained from 
established commercial suppliers in Calcutta, 
and identification of the species was confirmed 
in consultation with the Botanical Survey of 
India. The seeds were hulled, the shells were 
discarded, and the finely ground kernels were 
extracted with petroleum ether (bp 40-60 C). 

The techniques used in the study of fatty 

acid composition consisted of urea complexa- 
tion segregation, alkali-isomerization, and spec- 
trophotometric determination of polyethenoid 
acids and GLC. For segregation of the mixed 
fatty acids by urea complexation, the method 
as advocated by Schlenk (24) was adopted. 
Determination of polyethenoid acids by alkali- 
isomerization, and spectrophotometry was car- 
fled out by the method suggested by Hilditch, 
et al. (25,26). 

The triglyceride composition was based up- 
on selective enzymatic hydrolysis. Lipolysis was 
carried out as suggested by Coleman (27) at 
pH 8.5 and 37.5 C using a purified pancreatic 
lipase preparation with the addition of Ca ++ 
ions and bile salts. The partial glycerides were 
separated on a thin layer (0.3-0.4 mm) of silica 
by developing with a solvent system of n- 
h e x a n e ,  d i e t h y l  e t h e r ,  and acetic acid 
(80:20:0.25). The monoglyceride fraction de- 
tected with 2',7'-dichlorofluorescein was ex- 
tracted with hot alcohol. The monoglyceride 
and the original triglyceride samples then were 
saponified, the free acids liberated, extracted, 
and converted to methyl esters by an acid cata- 
lyzed esterification process. 

GLC was carried out with the Hewlett- 
Packard analytical gas chromatograph (model 
700-R12) equipped with flame ionization de- 
tector. The column (6 f t x  1/4 in.), packed with 
10% polyester diethylene glycol succinate on 
60-80 mesh gas chrom Z, was operated at 160 C 
with a carrier gas flow of 40 ml/min. Peak areas 
were determined as the product of peak ht and 
the width at half ht. The wt percentages ob- 
tained were converted to mole percentages. 
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Eicosenate and linolenate formed a com- 
bined peak from the diethyleneglycol succinate 
column (10). The percentage content of eico- 
senate was calculated by subtracting the spec- 
trophotometrically determined percentage of 
linolenic acid from the total percentage of eico- 
senoate and linolenate, as determined by GLC. 

S. mukorossi seed oil was randomized at 
30 C by the process suggested by Chakrabarty 
and Bhattacharya (28). A solution of 30 g of 
refined and bleached oil in 45 ml n-hexane was 
taken in a 3-necked flask, and to it was added, 
drop by drop, the catalyst sodium methoxide 
(methanolic solution, 0.4% w/w of the oil solu- 
tion). Rearrangement was continued to the 
equilibrium state. After 60 min, the random- 
ized sample was isolated by the usual procedure 
after destroying the catalyst with dilute hydro- 
chloric acid. 

R ESU LTS 

On e x t r a c t i o n  w i t h  pe t ro leum ether 
(bp 40-60 C) the seed kernels of & mukorossi, 
yielded 32.6% of a light yellow oil with a 
characteristic smell. On analysis by standard 
procedures, the oil and the mixed fatty acids 
derived therefrom showed the characteristics 
given in Table I. 

The mixed fatty acids (70.0 g), free from un- 
saponifiable portion, were next fractionated by 
urea complexation technique into 4 fractions 
(A-D), with increasing degree of unsaturation. 
The scheme of fractionation is shown in 
Figure 1. 

Mixed fatty acids of S. mukorossi seed oil 
and also of the fractions (A-D) were next ex- 
amined spectrophotometrically for the content 
of polyethenoid adds. Methyl esters of these 
mixed fatty acids then were analyzed by GLC. 
All the results are shown in Table II. 

The fatty acid compositions of the 2-mono- 
glycerides obtained from lipolysis of S. muko- 
rossi seed oil and its interesterified product 
next were determined by GLC. The percentage 
content of linolenic acid in the monoglyceride 
fatty acids was not determined by spectro- 
photometric method and the fatty acid compo- 
sition was based only upon GLC analysis. The 
content  of linolenic acid in the native S. muko- 
rossi seed oil was found to be low (1.6%), and 
all of the linolenic acid was assumed to be 
linked to the 2 position of the triglycerides. 
The percentage content of eicosenoic acid was 
obtained by subtracting 4.8%, i.e. 3 x 1.6, from 
the total percentage of linolenic and eicosenoic 
adds, as indicated by the combined peak. The 
results, along with the fatty acid composition 
(mole%) of the triglycerides, are given in 

< =  

mO 

~ m  

<~ 

< 

' ' ' d d d  

~e~ r~o 
, & ,  , ,r 

4 ~ 4 ~ 4  

L I P I D S ,  V O L .  10,  N O .  1 



36 A. SENGUPTA, S.P. BASU, AND S. SAHA 

TABLE III 

Fatty Acid Composition (Mole %) 

Sample 

Fatty acids 

C16:0 C18:0 C20:0 C18:1 C18:2 C18:3 C20:1 

Sapinclus mukorossi triglyceride 4.5 0.2 

2-Monoglycerides from 
Native seed oil 1.9 
Randomized seed oil 6.0 0.4 

4.1 64.1 4.7 1.6 20.8 

3.2 73.0 10.5 4.8 6.6 
7.8 62.7 7.7 4.8 10.6 

FIG. 2. Thin layer chromatogram of Sapindus 
mukorossi seed oil. 1,3 = seed oil, 2 = stearic acid, and 
4 = tripalmitin. Solvent: n-hexane-diethyl ether-acetic 
acid (80 + 20 + 0.25). Detection by 2',7'-dichloro- 
fluorescein. 

Table  III. 
The  t r ig lycer ide  c o m p o s i t i o n s  of  S. muko-  

rossi seed oil and  its r a n d o m i z e d  p r o d u c t  were 

FIG. 3. Thin layer chromatogram of Sapindus 
mukorossi and Sapium sebiferum seed oils. 1 = stearic 
acid, 2 = S. mukorossi oil, 3 = S. sebiferum oil, 4 = 
tripalmitin. Solvent: n-hexane-diethyl ether-acetic acid 
(80 + 20 + 0.25. Detection bY 2',7'-dichlorofluoresc- 
ein. 

nex t  ca lcu la ted  f r o m  the  f a t t y  acid c o m p o s i t i o n  
o f  the  original  t r ig lycer ide  an d  the  2 -monog lyc -  

erides f o r m e d  using the  a s sumpt ions  of  Vander -  
wal  (29)  and  C o l e m a n  (27) .  While calculat ing,  
the  f a t t y  acids have been  g ro u p ed  as S-C16:0,  
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TABLE IV 

Triglyceride Composition a (mole %) of Sapindus mukorossi Seed Oil and 
Its Interesterified Product 

37 

Randomized 
Glycerides Seed oil product 

0.1 0.1 Trisaturated (SSS) 
1,2-disaturated 3-unsaturated (SSU) 

1,2-disaturated 3-olein (SSO) 
1,2-disaturated 3 unsaturated (SSU) 
1,2-disaturated 3-eicosenoin (SSE) 

Total 1,2-disaturated 3-unsaturated (SSU) 
1,3-disaturated 2-unsaturated (SUS) 

1,3-disaturated 2-olein (SOS) 
1,3-disaturated 2-unsaturated (SUS) 
1,3-disaturated 2-eicosenoin (SES) 

Total 1,3-disaturated 2-unsaturated (SUS) 
1,3-diunsaturated 2-saturated (USU) 

1,3-dioleo 2-saturated (OSO) 
1-oleo 2-saturated 3-unsaturated (OSU) 
1-oleo 2-saturated 3-eicosenoin (OSE) 
1,3-diunsaturated 2-saturated (USU) 
1-unsaturated 2-saturated 3-eicosenoin (USE) 
1,3-dieicoseno 2-saturated (ESE) 

Total 1,3-diunsaturated 2-saturated (USU) 
1-saturated 2,3-diunsaturated (SUU) 

1-saturated 2,3-diolein (SO0) 
1-saturated 2-oleo 3-unsaturated (SOU) 
l - saturated 2-oleo 3-eicosenoin (SOE) 
1-saturated 2-unsaturated 3-olein (SUO) 
1-saturated 2,3-diunsaturated (SUU) 
1-saturated 2-unsaturated 3-eicosenoin (SUE) 
1-saturated 2-eicoseno 3-olein (SEO) 
1-saturated 2-eicoseno 3-unsaturated (SEU) 
1 -saturated 2,3-dieicosenoin (SEE) 

Total l-saturated 2,3-diunsaturated (SUU) 
Triunsaturated (UUU) 

Triolein (OOO) 
1,2-dioleo 3-unsaturated (OOU) 
1,2-dioleo 3-eicosenoin (ODE) 
1,3-diunsaturated 2-olein (UOU) 
1-unsaturated 2-oleo 3-eicosenoin (UOE) 
1,3-dieicoseno 2-olein (EOE) 
1,3-dioleo 2-unsaturated (dUO) 
1-oleo 2,3-diunsaturated (OUU) 
1-oleo 2-unsaturated 3-eicosenoin (dUE) 
Triunsat urated (UUU) 
1,2-diunsaturated 2-eiconsenoin (UUE) 
1,3-dieicoseno 2-unsaturated (EUE) 
1,3-dioleo 3-eicosenoin (OEO) 
1-oleo 2-eiconseno 3-unsaturated (OEU) 
1-oleo 2,3-dieicosenoin (dEE) 
1,3-diunsaturated 2-eiconsenoin (UEU) 
1-unsaturated 2,3-dieiconsenoin (UEE) 
Trieicosenoin (EEE) 

Total triunsaturated (UUU) 

0.7 1.1 
0.1 

0.3 0.5 
1.0 1.7 

0.8 0.2 
0.2 0.1 
0.1 
1.1 0.3 

1.8 5.9 
0.1 0.6 
1.7 4.9 

0.1 0.2 
0.4 1.0 
4.1 12.6 

9.2 4.9 
0.3 0.2 
4.4  2.0 
1.9 1.0 
0.1 
0.9 0.4 
0.7 0.8 

0.4 0.3 
17.9 9.6 

26.0 26.3 
1.6 2.6 

24.6 21.5 
0.1 

0.7 1.1 
5.8 4.4 
5.4 5.2 
0.4 0.5 
5.1 4.3 

0.2 0.2 
1.2 0.9 
2.1 4.0 
0.1 0.4 
2.0 3.3 

0.1 0.2 
0.5 0.7 

75.8 75.7 

aThe fatty acids have been grouped as, S-C16:0, C18:0, and C20:0; O-C18:1; U-CI8:2 
and C 18:3; and E-C20:1. 

C18:0 and C20:0  , O-C18:1  , U-C18:2  and 
C18 :3  , and E - C 2 o : I .  The results are given in 
Table IV. 

DISCUSSION 

The results of the present work, along with 
the previous findings on the fatty acid composi- 

tion of the seed fats of the Sapindus genus are 
shown in Table V. 

The fatty acid composition of S. mukorossi, 
as determined in the present investigation, 
shows a general agreement with the previous 
findings on the seed oil of this species, especial- 
ly in the content of saturated acids. S. muko- 
rossi seed off of Indian origin also has been 
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found to be rich in the content of eicosenoic 
acid�9 The present investigation, however, indi- 
cated that a sample of Indian origin contains 
less of linoleic and linolenic acids and more of 
oleic acid and eicosenoic acid than the seed oil 
from Western countries. These variations to the 
extent  of  7.0% in the content of monoethenoid 
acids in the seed oils from two sources may be 
at t r ibuted to the environmental and ecological 
factors, rather than to the experimental  tech- 
niques. Of course in the present case, the con- 
tents of polyethenoid  acids were determined by  
both spectrophotometr ic  and GLC analyses. 
None of the seed fats of the Sapindus genus, 
except that  of Sapindus trifoliatus was, how- 
ever, found to contain more than 10.0% of 
arachidic acid, which is a deviation from the 
general characteristics of the seed fats of the 
Sapindaceae family. 

Not much work has, however, been carried 
out on the triglyceride composit ion of the seed 
fats from the Sapindaceae family. Only two 
seed fats from Malayan species of the genus 
Nephelium were studied by Hilditch and Stains- 
by (14) utilizing the crystallization technique. 
The glyeeride composit ion of S. trijuga seed oil 
also was examined earlier by Weerakoon and 
Hilditch and Williams (15-18) by the intensive 
crystallization technique. Lately, the same seed 
oil was analyzed utilizing the technique of pan- 
creatic lipase hydrolysis (30). The results of  the 
earlier findings on the triglyceride composit ion 
of the seed fats of various species of this family,  
along with the present findings, are given in 
Table VI. 

A special characteristic of  the S. mukorossi 
seed oil is found to be its high content  of tri- 
unsaturated glycerides (75.8%), of  which 26.3% 
and 26.7% are contr ibuted by triolein and 
eicoseno-di-olein, respectively. These percent- 
ages, however, agree closely with the data calcu- 
lated for randomizat ion from the fat ty  acid 
composition. But the effect of  the process of 
randomizat ion upon the native seed oil which 
actually accomplished a random distribution 
becomes evident only when the percentage con- 
tents of  the posit ional isomers of different tri- 
glycerides, before and after randomization,  are 
taken into account�9 Thus, on full randomiza- 
t ion of  the native seed oil, the percentage con- 
tents  of 1,3-dioleo 2-saturated; 1-saturated 
2,3-diolein; 1-oleo 2-saturated 3-eicosenoin; 
1 - s a t u r a t e d  2-oleo 3-eicosenoin; 1,2-dioleo 
3 - e i c o s e n o i n ;  1 , 3 - d i o l e o  2 - e i c o s e n o i n ;  
1,3-dieicoseno 2-olein; 1-oleo and 2,3-dieico- 
senoin changed from 1.8, 9.2, 1.7, 4.4, 24.6, 
2.1, 5.8, and 2.0 in the native seed oil to 5.9, 
4.9, 4.9, 2.0, 21.5, 4.0, 4.4, and 3.3, respective- 
ly, in the randomized product .  
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TABLE VI 

Glyceride Composition (mole %) of Seed Fats of Sapindaceae Family a 
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Species (reference) 

Saturated 
acid content 

(mole %) S 3 S2U SU 2 U 3 

Nephelium mutabile (14) 
Nephelium lapaceum (14) 
Schleichera trijuga (15) 
Schleichera tri]uga (30) 
Sapindus mukorossi (present work) 

55.4 1.5 63.0 35.0 trace 
49.0 1.4 43.0 55.0 trace 
41.3 1.0 37.0 47.0 15.0 
27.4 0.5 16.7 47.3 35.5 

8.8 0.1 2.1 22.0 75.8 

as 3 = trisaturated, S2U = monounsaturated disaturated, SU 2 = diunsaturated monosaturated, and 
U 3 = triunsaturated. 

According to the theory of  Gunstone (13), 
the 2 position of the triglycerlde is esterified 
preferent ia l ly  with C18 unsaturated adds. 
Present results agree fairly closely with that 
hypothesis but not completely, since the fatty 
acids acylating the 2 position were found to be 
composed of 88.3% of C18 unsaturated, 5.1% 
saturated, and 6.6% of C20:1 acids. This analy- 
sis further confirms that C20: 1 acid is esterified 
preferentially at the 1 and 3 positions of  the 
triglyceride, as suggested by Gunstone (13) and 
Mattson and Volpenhein (12), and its enrich- 
ment factor in the 2-monoglyceride has been 
found to be 0.3 (31,32). 

The sponification equivalent of the seed oil 
of  S. mukorossi was found to be less than the 
saponification equivalent of the mixed fatty 
acids obtained therefrom. Normally, this differ- 
ence (7.7) is indicative of  the presence of some 
esters of low mol wt acids. But Miesel and 
Polensky values (1.4 and 0.3, respectively) of 
the oil were not  indicative of the presence of 
such lower fatty acids in the glycerides. On the 
other hand, chromatography of the S. mukoros- 
si oil on the thin layer of  silica gel, developed 
w i t h  the solvent system: n-hexane-diethyl 
ether-acetic acid (80:20:0.25),  indicated the 
presence of  two types of triglycerides of  differ- 
ent polarity, as will be evident from the photo- 
records of the chromatogram of the oil (Fig. 2). 
The possibility of  the presence of  triglyceride 
containing epoxy acids is excluded by the GLC 
and TLC study of the methyl esters of mixed 
fatty acids (33,34). It also may be pointed out 
that Earle, et al., (35) on the basis of HBr up- 
take could detect only 0.3% content of C18 
epoxy acid in the seed oil ofS.  mukoroxM. 

Sprecher, et al., (36) and Maier and Holman 
(37) showed tha t  the seed oil of Sapium sebi- 
ferum (Miesel value, below 2; Polensky value, 
below 1) contained ca. 25% of a fraction which 
was little more polar than normal triglycerides. 
This fraction was characterized by the same 
authors as monoestolide triglycerides, i.e. (mono) 
liydroxy triglyceride esterified with ordinary 

fatty adds. Stillingia oil (seed oil of S. sebi- 
ferum) earlier had been reported (38) to have 
lower saponification equivalent than was neces- 
sary to conform with its acid composition. It 
subsequently was established (39,40) that ca. 
5% wt of the component  acids of stillingia oil 
consis ted of  deca-2,4, dienoic acid which 
recently has been shown (31) to be involved in 
the estolide linkage. The mono, di-, and tri- 
estolide triglycerides also have been detected 
along side with normal triglycerides in ergot oil 
(41). The seed oil of S. mukorossi gave a ehro- 
matogram similar to that of  the oil of S. sebi- 
ferum, when both were chromatographed to- 
gether on a thin layer of silica gel (Fig. 3). This 
observation indicates that the more polar com- 
ponent of the seed oil of  S. rnukorossi may be 
an estolide in character, and some lower hy- 
droxy acid involved in the estolide linkage may 
be the factor behind the observed discrepancies 
between the sponification number of  the seed 
oil of S. mukorossi and its mixed fat ty adds. 
Further studies on the constitution of  the more 
polar fraction of the seed oil of S. mukorossi 
are being carried out. 
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Development of Hyperbetalipoproteinemia in Pigs Fed 
Atherogenic Diet 
ELDON G. HI LL and C.L. SI LBERNICK, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912, and FRANK T. LINDGREN, 
Donner Laboratory, University of California, Berkeley, California 94720 

A B S T R A C T  

Hormel miniature pigs were studied 
over a period of 24 weeks to observe the 
changes in serum lipoprotein pattern, 
cholesteryl ester, free cholesterol, and 
triglyceride in the atherogenic-fed pigs. 
These pigs were compared to age-related 
control animals in our breeding herd. Pigs 
fed the atherogenic diet (20% tallow, 3% 
cholesterol, and a bile supplement) ex- 
hibited a heterogeneous response but 
showed mean increases in cholesteryl 
ester (571 mg/dl) and free cholesterol 
(226 mg/dl), a slight increase in triglycer- 
• (58 mg/dl), and a severe hyperbeta- 
lipoproteinemia. Three animals with the 

highest cholesteryl ester (all above 600 
mg/dl) had resolvable /3 components in 
their 1.006 g/ml very low density lipopro- 
tein fraction (type III), as well as huge 
increases in the Sf 12-20 low density 
lipoprotein fraction. The other four ani- 
mals had substantial increases in Sf 0-20, 
and the three highest had much of their 
low density lipoprotein in the Sf 12-20, 
or " remnant"  fraction. The test pigs all 
showed gross lesions in the aorta with an 
increase in cholesteryl ester and free 
cholesterol in the tissue as compared with 
control animals. 

I N T R O D U C T I O N  

The use of the pig as an experimental model 

T A B L E  I 

S e r u m  Choles te ry l  Ester ,  Free Choles tero l ,  and Tr ig lycer ide  C o n t e n t  o f  Pigs 
Fed Cont ro l  and A t h e r o g e n i e  Diets  

Choles te ry l  ester  Free  choles te ro l  Tr ig lycer ides  
Groups  Weeks (mg /d l )  (mg /d l )  (mg /d l )  

Cont ro l  12 82 • 17 a 5 -+ 5 96 -+ 24  
20  82 • 13 15 • 18 58 • 14 
24  72 • 12 20  • 24 81 • 24  

E x p e r i m e n t a l  0 87 • 5 7 • 4 47 -+ 6 
12 239 • 22 44  • 15 65 +- 13 
16 3 4 3 •  25 117 4- 58 5 0 -  + 12 
20 608 + 117 157 + 80 62 • 7 
24  658-+ 152 2 3 3 •  133 139 • 17 

a• S t a n d a r d  e r ror  of  the  me a n .  

T A B L E  II  

Deve lop ing  L ipop ro t e in  Frac t ions  of  Pig S e r u m  

Relat ive  % of  to ta l  l i popro te in  

High dens i ty  Very  low dens i ty  L o w  dens i ty  
Groups  l i pop ro t e in  l i pop ro t e in  l ipopro te in  

Cont ro l  

E x p e r i m e n t a l  

12 weeks-UC a 53 .97  + 1.43 b 10.39 • 5 .49 3 5 . 6 4 +  5.62 
2 0 w e e k s - U C  52 .53  +- 4 .90  12.43 • 5.97 35 .05  -+ 1.26 
2 4 w e e k s - A G E  c 41 .63  • 1.01 1 8 . 1 4 +  7.55 4 0 .2 3  • 5.19 

0 w e e k s - U C  61 .50  + 3.17 8.38 + 3.03 30 .12  • 1.03 
1 2 w e e k s - U C  57 .69  • 4 .14  0 .98  + 0.47 4 1 . 3 4 •  3 .93 
16 w e e k s - A G E  33.09 • 3.26 2 .70  • 0 .17  64 .22  • 3 .30 
2 0 w e e k s - U C  30.61 • 5.42 15.39 • 6 .28 54 .00  • 3 .04 
24 w e e k s - A G E  d 26 .29  • 4 .56  2 .98  • 0 .47  70 .73  • 12.49 

aUC = Ul t r acen t r i fuge  data .  

b+ S t anda rd  e r ror  of  the  me a n .  

CAGE = E lec t rophores i s  data .  

d in  at least th ree  cases, the re  is add i t iona l  ve ry  low dens i ty  l i popro te in  (and r e d u c e d  
low deps i ty  l ipopro te in )  because  of  the presence  o f  " f l a t i n g /3 "  in the  1 .006 g / m l  f rac t ion .  
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for the study of atlierosclerosis has become 
increasingly prevalent due to the close similar- 
ity of the pig to the human in many respects, as 
well as the increasing scarcity of primates for 
experimental purposes. The realization that 
changes in the lipoprotein (LP) profile, espe- 
cially in association with increased serum cho- 
lesterol and triglycerides (TG) values, are of 
fundamental importance in this disease has 
prompted studies in this direction. 

Studies by Janado, et al., (1) have shown 
swine serum to contain all three classes of LP: 
high density lipoprotein (HDL), very low den- 
sity lipoprotein (VLDL), and two classes of low 
density lipoproteins (LDL1 and LDL2). This 
has been confirmed (R.L. Jackson, private 
communication). Martin and coworkers (2,3) 

Initial samp les  
n=7  

12 week  samp les  
n=7  

12 week  con t ro ls  
n=  3 

20  week  samples 
n=7  
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FIG. 1. Total low and high density serum lipo- 
protein spectra obtained at the three specified time 
intervals. Concentrations for the indicated lipoprotein 
classes are given in mg/dl serum. 

detected four major LPs by electrophoresis a n d  
all the major LP classes by ultracentrifugation. 
The HDL apoprotein of pig serum was found 
by Jackson, et al., (4) to have an amino acid 
content similar to that of the human. These 
workers, using the Hormel PIGmeePIG minia- 
ture pig, also showed that pig HDL had a 
decrease in the relative content  of the apo 
LP-Gln-II as compared with human HDL, al- 
though LP-Gln-I, the major apo LP from human 
and pig HDL, was stated to have similar 
chemcial, immunological, physical, and physio- 
logical properties. 

Calvert and Scott (5) found in pigs fed high 
cholesterol and high TG diets a rise in serum 
LDL and a minor rise in HDL. The pattern 
described differed from the typical type II in 
man in that the HDL was increased somewhat. 

The present study was conducted in the 
interest of obtaining quantitative and descrip- 
tive data on the developing LP profile in the 
at herogenic-fe d pig. 

M A T E R I A L S  A N D  METHODS 

Seven weanling pigs, 10 weeks of age, were 
obtained from The Hormel Institute herd of 
PIGmeePIG miniature swine and fed an athero- 
genic diet for 24 weeks. Two females and five 
castrated males from three litters near the same 
age were used. Three female control pigs fed a 
nonatherogenic diet also were sampled. The 
atherogenic diet (6) contained corn, oats, and 
soybean oil meal fortified with vitamins and 
minerals to which was added 20% beef tallow, 
3% cholesterol, and 1% hog gall extract (75% 
solids). The nonatherogenic diet was similar to 
the above diet without the cholesterol, bile, and 
tallow. The animals were bled at repeated 
intervals and total serum cholesterol (7), choles- 
teryl ester (CE), free cholesterol (FC) (8) and 
TG (9) were determined. The serum was ana- 
lyzed at three samplings (at the Donner Labora- 
tory) (0, 12, and 20 weeks) by ultracentrifuga- 
tion methods (10) to determine the LDL and 
HDL spectra and by agarose-gel electrophoresis 

T A B L E  III 

C h o l e s t e r y l  Es ter  a n d  Free  C h o l e s t e r o l  in A o r t a s  o f  Pigs 
F e d  C o n t r o l  a n d  A t h e r o g e n i c  Diets  

C h o l e s t e r y l  e s te r  F ree  c h o l e s t e r o l  

G r o u p s  ( m g / 1 0 0  g w e t  t i s sue )  

C o n t r o l  pigs,  n o n l e s i o n  a 2 6  +- 1.8 b 8 4  +- 1.0 
A t h e r o g e n i c - f e d  pigs,  n o n l e s i o n  a rea  51 -+ 19 .6  131  +- 24 .1  
A t h e r o g e n i c - f e d  p i g s ,  les ion a rea  3 1 2  + 1 9 2 . 5  21 1 + 46 .1  

a D a t a  f r o m  22  age - r e l a t ed  c o n t r o l  pigs 

b S t a n d a r d  e r r o r  o f  m e a n .  
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of  plasma and 1.006 g /ml  V L D L  fractions (11). 
Electrophoresis  of  serum l ipoproteins  was con- 
ducted  at 16 and 24 weeks (at The Hormel  
Inst i tute)  using agarose gel slides stained with 
fat red 7B and quant i f ied  (11)  by microdensi -  
t o m e t r y  at 530 n m  (model  R F T ,  Transidyne 
Corp.,  Ann Arbor,  Mich.). The aort ic  tissues of  
the atherogenic-fed pigs were divided into  
lesion areas and nonles ion areas and analyzed 
(8) for CE and FC. 

R ESULTS A N D  OI SCUSSt ON 

The serum CE, FC, and TG values are shown 
in Table I. The serum CE and FC of the pigs fed 
the nona therogen ic  diet remained fairly con- 
stant at low levels, wi th  the total  serum 
cholesterol  less than 100 mg/dl ,  which is ca. the 
normal  value for this breed.  The serum CE and 
FC values of  the pigs fed the a therogenic  diet 
rose markedly and drastically as exper ienced 
previously (6) wi th  a major share of  the serum 
cholesterol  in the fo rm of  CE. The serum TG 
values of  the cont ro l  pigs remained in the 
normal  range (50-100 mg/dl) ,  while,  in pigs fed 
the a therogenic  diet ,  the  values were elevated 
significantly only at the last sampling period of  
24 weeks. This value (139 -+ 17), a l though 
significantly higher than the  normals  (81 + 24), 
is still not  a severely elevated value. Table II 
shows the relative percentages of  the LP frac- 
t ions o f  the total  LP in serum of  the  pigs during 
the exper imenta l  period. The  exper imenta l  pigs 
acted as their  own controls  at the  start of  the 
exper imenta l  period (0 weeks). The values show 
a consis tent  pat tern  for the cont ro l  pigs 
th roughout  the  exper iment  wi th  roughly an 

equivalent  amoun t  of  HDL and LDL present 
and a m u c h  lower amoun t  of  VLDL. In the  
atherogenic-fed pigs, the  LP pat tern  changed 
quite drastically wi th  very large increases in 
LDL and a modera te  and significant increase in 
HDL. Figure 1 shows the ul t racentr i fugal  values 
in mg/dl  of  serum for the total  LDL and HDL 
spectra. LP concent ra t ions  in the cont ro l  pigs 
remained relatively cons tant  in all f ract ions.  
However ,  the a therogenic-fed pigs showed a 
huge increase in LDL,  part icularly of  the Sf 
12-20, or " r e m n a n t "  LP class. The V L D L  also 
increased, especially in the Sf 20-50 range, but  
not  as drastically as the LDL fract ion.  This 
total  LDP spec t rum suggests a similarity to type  
III h y p e r b e t a l i p o p r o t e i n e m i a - o n e  that  should 
be correctable and reversible. A part icular  
feature was the huge increase in the Sf 12-50 
LDL and VLDL which were at ex t remely  low 
levels in all cont ro l  animals. Those a therogenic-  
fed pigs wi th  substantial  amoun t s  of  Sf > 20 
exhib i ted  a " f loa t ing  ~"  componen t  by aga- 

rose-gel e lectrophoresis  in their  isolated total  
V L D L  fractions ( o <  1.006 g/ml).  However ,  
unlike the human type  III LP p ro f i l e ,  to ta l  
HDL in the  a therogenic-fed pigs significantly 
increased (almost  two-fo ld)  and exhib i ted  a 
broader  LP spectrum.  

The CE and FC contents  of  the aort ic  tissue 
of  the pigs are shown in Table III. The 
atherogenic-fed pigs all showed lesion areas by 
gross observat ion and, a l though no t  severe, 
were graded as grade i (6 pigs) and grade iii (1 
pig) (12). The  lesion area values for CE and FC,  
a l though quite  variable (see large standard error) 
and no t  statistically different  due, in part ,  to 
the relatively small number  of  animals available, 
did show a large increase in b o t h  fract ions 
compared  to the cont ro l  pigs. 

This exper iment  demonst ra tes  the develop- 
ment  of  a severe hyperbe ta l ipopro te inemia  in 
the pig. Fur ther  studies should be ex t remely  
valuable, especially in the realm of  in tervent ion  
and potent ia l  regression of  the a therosclerot ic  
disease process. 
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Lipids of Freshwater Dolphin Sotalia fluviatilis: Comparison of 
Odontocete Bioacoustic Lipids and Habitat 
R.G. ACKMAN and C.A. EATON, Environment Canada, Fisheries and Marine Service, 
Halifax, Nova Scotia, Canada B3J 2R3, JOHN KINNEMAN and CARTER LITCHFIELD, 
Department of Biochemistry, Rutgers University, New Brunswick, New Jersey 08903 

A B S T R A C T  

The melon  and jaw lipids of  the  
f reshwater  do lphin  Sotalia fluviatilis are 
c o m p o s e d  mainly o f  isovaleroyl  wax es- 
ters and  diisovaleroyl  t r iglycerides.  The 
b lubber  fat  conta ins  only  a t race of  wax 

ester  and is mos t ly  tri- ( long chain) and 
monoisovaleroyl  tr iglycerides.  Detai led 
gas l iquid ch roma tog raph ic  analyses of  

the in tact  wax esters  and  tr iglycerides and 
of  the derived fa t ty  acids and fa t ty  

alcohols  indica te  c o m m o n  compos i t iona l  

pa t te rns  in the wax esters  and tr iglycer-  
ides of  the  respect ive head lipids. Both  

odd  and even long chain (C12-C16) iso- 
s t ruc tures  are p r o m i n e n t  in the  me lon  
and jaw lipids,  but  only  higher odd  chain 

leng th  iso-acids are major  c o m p o n e n t s  in 

the  b lubber .  Sotalia fluviatilis (family 
Delphinidae)  and Inia geoffrensis (family 
Platanist idae)  share the  same f reshwate r  

habi ta t  in the  u p p e r  Amazon  River, and 
b o t h  util ize echo loca t ion  to  navigate and 
to f ind food.  Compar i son  of  the i r  respec-  

tive bioacoust ical  l ipid compos i t i ons  
shows dist inctive types  of  head  fats,  

Sotalia being r ich  in iso-5:0 and lnia 
lackingiso-5:0 .  This indicates  tha t  iso- 
valeric acid per se has no obl igatory  role 

in dolphin  echo loca t ion .  

TABLE I 

Lipid Class Composition (wt percent) of Sotalia 
Melon, Jaw, and Blubber Fats 

Class Subclass a Melon Jaw Blubber 

Wax esters XV 21.6 47.8 ND b 
XX 0.3 1.0 Trace 

Diacyl glyceryl XXX ND ND Trace 
ethers 

Triglycerides VXV 75.9 48.3 6.7 
XXV 2,0 2.8 40.5 
XXX 0.2 0.1 52.7 

ax = long chain (~  C8) fatty alcohol or fatty acid. 
V = principally isovaleric acid. 

bND = not detected under the conditions em- 
ployed. 

I N T R O D U C T I O N  

Members  of  the ce tacean suborder  Odon to -  
ceti  (dolphins ,  porpoises ,  and  t o o t h e d  whales)  
util ize ul t rasonic  echo loca t ion  to  navigate and 
to  f ind f o o d  (1-3). Varanasi and Malins (4,5) 
and Blomberg (6) recent ly  have pos tu la ted  tha t  
the occurrence  of  large amo u n t s  of  isovaleric 
acid in various o d o n t o c e t e  head  fats may  
facili tate echo loca t ion  by providing essential  
b ioacoust ic  proper t ies  for  sound  t ransmiss ion  
and refract ion.  Our recent  f inding (7) tha t  the  
jaw fat  o f  the  Amazon  River do lph in  Inia 
geoffrensis (family Platanist idae)  conta ins  no  
isovaleric acid p o i n t ed  ou t  an incons i s tency  in 
this i sova lera te /echoloca t ion  corre la t ion among  
dolphins .  However ,  we were uncer ta in  w h e t h e r  
this u n e x p e c t e d  l ipid compos i t i on  represen ted  
the d i f ferent  familial evolu t ionary  re la t ionship  
o f  Inia or the  adapta t ion  of  the  animal to  a 
f reshwater  env i ronment .  To help answer  this  

TABLE II 

Carbon Number Distribution (mole percent) of Wax 
Esters in Sotalia Melon and Jaw Fats 

Alcohol moiety if Carbon Melon Jaw 
isovaleroyl wax ester number fat fat 

Wax esters of short chain acids 

iso-14:0 19 0.2 0.3 
n-14:0 19 0.7 0.8 

iso-15:0 20 16.6 19.2 
n-15:0 20 2.0 2.6 

iso-16:0 21 47.4 38.3 
n-16:0 21 22.2 28.2 

iso-17:0 22 5.4 5.1 
n-17:0 22 0.3 0.4 

iso-18:0 23 0.2 0.1 
n-18"0 23 3.6 2.9 
n-20:0 25 Trace Trace 

Total XV 98.4 97.9 
Wax esters of long chain acids 

24 Trace Trace 
25 Trace Trace 
26 Trace Trace 
27 0.1 0.1 
28 Trace 0.1 
29 Trace Trace 
30 0.1 0.1 
31 0.4 0.6 
32 0.4 0.5 
33 0.3 0.5 
34 Trace Trace 
36 Trace Trace 

Total XX 1.6 2.1 
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FIG. 1. Gas chromatograms of hydrogenated iso- 
vaieroyl wax esters (XV) from Sotalia fluviatilis jaw 
and melon fats. Peaks labeled according to earbon 
number, i.e. C21 = isovalerate (principally) esters of 
iso-16:0 and n-16:0 alcohols, etc. Operating cozldi- 
tions: stainless steel column 1.80 m x 2.5 mm inside 
diameter packed with 20% diethyleneglycol succinate 
polyester on 60-80 mesh Chromosorb W, 190 C, 25 
ml/min. N carrier gas. 

question, we now have examined the lipids of 
Sotalia fluviatilis, a dolphin that shares the 
common freshwater habitat of the upper Am- 
azon River with Inia but is a member of the 
family Delphinidae in which many isovalerate- 
rich genera are known (4-6, 8-1 2). No previous 
studies on Sotalia lipids have been reported in 
the literature. 

EXPERIMENTAL PROCEDURES 

Materials 

An adult 1.40 m female S. fluviatilis 
[MLF-255] from Marineland of Florida was 
sampled. The animal was caught in the Napo 
River near Iquitos, Peru, on November 4, 1968, 
and transported by air to Marineland, where it 
was maintained until  its death on December 19, 
1968. A transverse center section was cut from 
the melon and divided into three wedge-shaped 
pieces of equal size. The center piece was 
subdivided into top, middle, and bottom, and 
the middle portion was extracted for analysis. 
The fatty tissue within one of the mandibles 
was removed and extracted in its entirety. A 
portion of the blubber layer (8 mm thick from 
skin to muscle) was removed near the dorsal fin 
and sliced into inner and outer layers of equal 
thickness; the outer layer was extracted for 
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FIG. 2. Gas chromatograms of hydrogenated tri- 
glycerides from Sotalia fluviatilis melon, jaw, and 
blubber fats. Peaks labeled according to carbon num- 
ber; C224~30 = VXV molecules, C31-C47 = XXV; and 
C44-C60 = XXX. Operating conditions: stainless steel 
column 0.60 m x 2.5 mm inside diameter packed with 
3% JXR on 100-120 mesh Gas-Chrom Q, column 
temperature programed 160-~ 360 C at 4.6 C/rain., 
100 ml/min. He carrier gas. 

analysis. Each fatty tissue was extracted by 
grinding in a Waring blender with distilled 
chloroform, slurrying with anhydrous Na:SO4, 
filtering, and stripping off the solvent on a 
rotary evaporator. 

Triglyceride and wax ester standards for 
chromatography were prepared as previously 
described (13,14). 

Methods 

Samples were resolved into lipid classes by 
preparative thin layer chromatography (TLC) 
on 200 x 200 x 1.0 mm plates of Adsorbosil-1 
(Applied Science Laboratories, State College, 
Pa.) developed in 87/12/l#petroleum ether/di- 
ethyl ether/acetic acid (11,13). Both hydro- 
genated and unhydrogenated forms of each 
sample were separated in this manner. 

The intact wax ester and triglyceride frac- 
tions from the hydrogenated samples were 
analyzed for carbon number distribution by gas 
liquid chromatography (GLC) on short, packed 
JXR-silicone columns, as already described 
(7,13; Fig. 2). In addition, the hydrogenated 
short chain wax esters (XV) were analyzed on a 
packed, 1.80 m, diethyleneglycol succinate 
polyester (DEGS) column under conditions 
appropriate for fatty acid methyl esters (Fig. 
1). Identification and quantitation procedures 
for such analyses have been described previ- 
ously (13,15). The hydrogenated XV wax esters 
also were examined for short chain esters other 
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t h a n  isovaleroyl  by  o p e n  t u b u l a r  gas ch roma-  
t og raphy  (9).  

Q u a n t i t a t i o n  of  l ipid classes in  the  m e l o n  
and  j aw  fat  samples  was accompl i shed  by  GLC 
of  the  to ta l  h y d r o g e n a t e d  l ipids (wax esters  + 
t r ig lycer ides)  on  the  JXR-s i l icone  c o l u m n  and  
by observ ing  the  area ra t io  of  the  C21 wax es ter  
and  the  C25 t r iglycer ide peaks.  Ca l ib ra t ion  
fac tors  (15)  based u p o n  GLC runs  of  k n o w n  
compos i t i on  wax es te r / t r ig lycer ide  mix tu re s  
t hen  were used  to ca lcula te  the  wt ra t io  of  C21 

wax es ter  to  C25 t r ig lycer ide  in t he  t o t a l  
sample.  Since the  c a r b o n  n u m b e r  d i s t r i bu t ions  
(wt  pe r cen t )  of  the  wax esters  and  t r ig lycer ides  
had  been  d e t e r m i n e d  a l ready,  the  l ipid class 
c o m p o s i t i o n  (wt  p e r c e n t )  cou ld  be ca lcu la ted  
direct ly.  

The  wax es ter  and  t r ig lycer ide  f r ac t ions  

TABLE III 

Carbon Number Distribution (mole percent) of 
Triglycerides in Sotalia Melon, Jaw, and 

Blubber Fats 

Carbon Melon Jaw Blubber 
number fat fat fat 

Diisovaleroyl triglycerides 

22 ND a 0.2 ND 
23 1.3 0.9 ND 
24 14.3 15.4 0.1 
25 53.2 43.8 0.5 
26 25.4 29.1 2.0 
27 0.3 0.3 0.1 
28 2.7 4.6 4.0 
30 Trace 0.1 ND 

Total VXV 97.2 94.4 6.7 
Monoisovaleroyl triglycerides 

31-34 t 1.3 
35 1.8 2.8 2.6 
36 1.7 
37 0.4 1.4 9.1 
38 0.1 0.1 1.2 
39 0.3 l . l  13.1 
40 ND ND 0.6 
41 Trace 0.1 7.3 
42 ND ND 0.5 
43 Trace Trace 1.4 
45 ND ND 1.0 
47 ND ND 0.6 

Total XXV 2.6 5.5 40.4 
Triglycerides without isovaleric acid 

44 Trace Trace 0.5 
46 Trace Trace 2.6 
48 0.1 Trace 8.0 
50 Trace Trace 14.1 
52 Trace Trace 14.2 
54 Trace Trace 8.3 
56 ND ND 3.8 
58 ND ND 1.3 
60 ND ND 0.1 

Total XXX 0.2 0.1 52.9 

aND = not detected under the conditions em- 
ployed. 

f rom the  u n h y d r o g e n a t e d  samples  were con-  
ve r t ed  to  a lcohol  ace ta tes  and  f a t t y  acid m e t h y l  
esters  (7)  for  de ta i led  GLC s tudy  on  46  m x 
0.25 m m  inside d i ame te r  o p e n  t u b u l a r  c o l u m n s  
c o a t e d  wi th  b u t a n e d i o l  succ ina te  po lyes te r  or  
Ap iezon  L (7 ,13) .  Isovaleric acid was charac-  
t e r i zed  and  q u a n t i t a t e d  by  GLC of  the  der ived 
b u t y l  esters  o n  a 2 .00 m x 3 .0  m m  inside 
d i ame te r  c o l u m n  p a c k e d  w i th  5% SE-30 sili- 
cone (13) .  P re sen t a t i on  of  f a t t y  acid and  f a t t y  
a lcohol  c o m p o s i t i o n a l  da ta  to  two  dec imal  
places is solely for  c o m p a r a t i v e  purposes  and  
does no t  imp ly  this  o rde r  of  accuracy .  

RESULTS AND DISCUSSION 

Lipid Composition 

Lipid class c o m p o s i t i o n s  (Table  I) show t h a t  
Sotalia melon  and  j aw  fats  are .mixtures of  wax 
esters  and  t r iglycer ides ,  whi le  the  b l u b b e r  fat  is 
a lmos t  en t i re ly  t r ig lycer ides .  The  level of  wax 
esters  in  the  j aw fa t  is more  t h a n  twice  t h a t  
f o u n d  in the  melon .  Diacyl glyceryl  e thers  are 
p resen t  in the  b l u b b e r  l ipids bu t  at  a level of  
< 1 %  as c h e c k e d  by  TLC against  a u t h e n t i c  
mix tu re s  o f  k n o w n  p r o p o r t i o n s .  I sovaleroyl  
wax esters  (XV)  and  di isovaleroyl  t r ig lycer ides  
( V X V )  are the  p r e d o m i n e n t  subclasses in the  
me lon  and  jaw,  bu t  long  cha in  ( X X X )  and  
mono i sova le roy l  (XXV)  t r ig lycer ides  p r e d o m i -  
na te  in  the  b lubbe r .  The  possible  presence  of  
t r i i sovaler in  was c h e c k e d  by  b o t h  TLC and  
GLC,  bu t  n o n e  was f o u n d  in any  of  t he  
samples .  The shor t  chain  wax esters,  a l t h o u g h  
des igna ted  XV for conven ience ,  were f o u n d  to 
con ta in  small  a m o u n t s  of  2 - m e t h y l b u t y r a t e  and  
i s o b u t y r a t e  es ters  w h e n  e x a m i n e d  by  o p e n  
tubu la r  GLC. Ac tua l  mole  pe rcen tages  were 
iso-5: 0 /an te iso-  5: 0/ iso-4:  0//96/2.9/1.1.  

The h igh  level of  i sovalera te  wax esters  and  
t r iglycer ides  in Sotalia head  fa ts  is typ ica l  for  
the  De lph in idae  fami ly  a n d  clearly d is t inguishes  
the  head  fats  f r o m  the  b lubbe r .  Similar f indings  
have been  r e p o r t e d  for  e ight  o t h e r  genera  in  
this  fami ly  by  Li tchf ie ld ,  et  al. (11 ,12) .  
A l t h o u g h  X V  wax esters  are p r o m i n e n t  in  all 
De lph in idae  head  fa ts  e x a m i n e d  to  date ,  t he  
levels of  such  wax esters  and  the  relat ive 
a m o u n t s  in  the  me lon  and  j aw fats  f r o m  the  
same an imal  seem to vary  widely  and  fo l low n o  
discernable  pa t t e rn .  However ,  t he  XV wax es ter  
c o n t e n t  of  Tursiops truncatus ( 1 6 ) a n d  Globi- 
cephala melaena (8)  me lon  fats  has been  s h o w n  
to vary  widely w i th  the  exac t  l oca t ion  sampled  
wi th in  the  melon ,  so pe rhaps  t he  direct  compa r -  
ison of  wax es ter  levels in  Delph in idae  head  fa t  
samples  co l l ec ted  by  d i f fe ren t  inves t iga tors  is 
no t  jus t i f ied .  

The chain  l e n g t h  and  c a r b o n  n u m b e r  distr i -  
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buttons for the wax esters ('fable II, Fig. 1) 
demonstrate the similarity of molecular species 
in both bioacoustic lipids. The carbon number 
distributions for triglycerides (Table III, Fig. 2) 
indicate that the VXV triglycerides are quite 
closely related in both melon and jaw lipids but 

are quite different from the VXV of the 
blubber. The XXV triglycerides have lower 
carbon numbers in the melon and jaw fats than 
in the blubber. Both trends point toward longer 
X fatty acid chains in the blubber triglycerides. 
Most other components are too minor to 

T A B L E  IV 

Fa t ty  Acid  Compos i t i on  (mole  percen t )  of  Sota l ia  Melon,  Jaw,  and Blubber  Fats 

Melon J a w  B l u b b e r  

Wax Wax 
Fa t ty  acid esters Tr ig lycer ides  esters Tr ig lycer ides  Tr ig lycer ides  

iso-5:0 98 .82  6 8 . 1 5  97.87 61 .89  I 8 .94 
n-I 0 :0  NI)  a ND NI)  0 .14  0.05 

iso-I l : 0  ND 0.15 NI)  0.24 0.17 
ante iso-I  1:0 NI) NI)  ND 0.21 0 .10  

n-t 1:0 ND 0.05 Nl)  Trace  0.05 
iso- 12:0 N D 0.09 ND O. 15 0 .44  

n -12 :0  ND 0.12 NI) 0.31 0 .74  
iso-I 3:0 NI)  0 .66  ND 0.54 0 .47  

an teiso- 13:0 ND 0.02 N D 0.05 0.22 
n-I 3:0 ND 0.08 NI) 0 .17  0 .54  

iso- 14:0 0 .03  2.35 0 .04  2 .04  0.9 I 
n- 1 4 : 0  0.26 2.71 0.28 4.07 4.8 I 

iso-I 5:0 0. l l 13.87 0.52 ! 1.71 1.14 
anteiso-I  5:0 0.02 0 .74  0.02 0.55 (I.39 

n-I 5:0 0.05 0 .40  0.05 0 .63  1.43 
iso- 16:0  0.05 2.79 0 .28  ! .97 0 .47  

n-1 6 :0  0 .33  3.55 0 .40  6.28 8.39 
iso-17:0 0.02 0.27 0 .08  0.60 0.25 

anteiso-  17 : 0 Trace  0 .08  0.02 0 .14  0.15 
n-17:0  0.05 0 .29  0.01 0.15 0.22 

iso- 18: 0 0.01 Trace  Trace  Trace  0.05 
n- 18:0 0 .03  0 .53  0 .03  0.53 1.36 

Total  s a t u r a t e d  99 .8  96 .9  99.6 92.4 41 .3  b 

14:1609 NI)  ND Trace  0.09 0 .30  
14:1r 0.01 0.02 NI)  0 .10  0.67 
14:1  w 5  Trace  0.02 0.01 0 .04  1.26 
15 : 1 60? NI)  Trace  Trace  0.02 0.12 
15:1607 0.01 0 .03  0.01 0 .03  0 .30  
! 6:1 609 0.05 0 .03  0.09 0 .33  1.93 
16:1607 0 .07  1.77 O. 14 3.33 19.25 
16 : 1 605 Trace  0.01 Trace  0.09 0.30 

7-Methyl-  
h e x a d e c e n o i c  ND 0.02 ND 0.10 0 .20  

1 7 : 1 ~ 8  Trace  0 .03  Trace  0 .10  0.81 
1 8 : 1 6 0 1  I +9 0.07 0 .74  0.12 2.03 19.58 
18:1607 Trace  0.12 0.02 0 .43  3.43 
I 8 : 1 6 o 5  ND 0.02 Trace 0.05 0 .10  
2 0 : l t J I  I NI) NI)  NI) 0.05 0.05 
20:1609 NI)  Nl)  Nl)  0.17 0.57 
20:1 607 NI)  Nl)  N I) 0 .02 0.05 

Tota l  m o n o e n e  0.2 2.8 0.4 7.0 49.5 c 

1 8 : 2 6 0 6  0.01 0.22 0.01 0.46 5.84 
18:3603 Trace  0.07 Trace  0 .19  1.38 

Tota l  polyene  < 0 . l  < 0 . 3  <0 .  I 0.7 9.2 d 

aND : not  de tec t ed  unde r  condi t ions  e m p l o y e d .  

b lnc ludes :  n-I 9 :0 ,  0.7%; and n-20:0 ,  0.15%. 

Clneludes: 12:1,  0.15%; 1 9 : l , 0 . 1 2 % ; 2 2 : l c J 1 3 + l l , 0 . 2 0 % ; 2 2 : l c u 9 , 0 . 0 7 % ; a n d  22:1co7,  
t race .  

d lnc ludes :  C16 polyene  acids total l ing 0 .37%; 1 8 : 3 ~ 6 , 0 . 0 5 % ;  1 8 : 4 ~ 3 ,  0 .07%; 20:2~v6,  
0.12%; 20:3r  0.39%; 20 :3cv6 ,  0 .17%;  20:4606,  0 . 5 4 ~ ;  20:4603,  0 .05%;  and 20 :5(o3 ,  
0.25%. C22 polyene  acids cou ld  not  be de t ec t ed .  
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permit confident comparisons. 
A detailed study of  the fatty acids in the 

wax esters and triglycerides (Table IV) also 
exposes the fundamental differences between 
lipid classes and concurrently the similarities 
within the two sets of  lipids from the bio- 
acoustic tissues. The extremely high isovaleric 
acid content of the wax esters made the study 
of  the other fatty acids difficult; but,  by 
isolating the XX band for study separately from 
the XV band (14), the GLC background noise 
was diminished. Isobutyric acid was a relatively 
minor component of wax ester acids compared 
to the 26.8 mole percent found in a jaw fat 
from T. truncatus (9). The various long chain 
saturated acids (normal and iso) are present in 
ca. parallel proportions in the respective jaw 
and melon wax esters and triglycerides, imply- 

ing a common biosynthetic origin in the two 
tissues. This idea further is supported by the 
similar iso-5:0 contents of the wax esters 
(98.8% vs 97.9%) and triglycerides (68.2% vs 
61.9%) in the fatty head tissues. 

The greater importance of iso-15:0 and 
iso-13:0 relative to n-15:0 and n-13:0 acids, 
respectively, in Sotalia melon and jaw fats 
(Table IV) has been reported previously in 
bioacoustic lipids of the Delphinidae (G. me- 
laena [8],  Tursiops gilti [4] ,  T. truncatus [9],  
Stenella attenuata [ 10]), the Monodontldae 
(Delphinapterus leucas [ 13]), and the Phoco- 
enidae (Phocoena phocoena [17],  Neomeris 
[Neophocoena] phocoenoides [ 18]) families. 
These fats all have major concentrations of 
isovaleric acid. On the other hand, the even 

TABLE V 

Fatty Alcohol Composition (mole percent) of 
Sotalia Melon and Jaw Wax Esters 

Fatty alcohol a Melon Jaw 

iso-14:0 0.28 0.25 
n-14:0 1.16 1.27 

iso-15:0 16.99 23.24 
anteiso- 15:0 0.74 Trace 

n-15:0 2.29 2.79 
iso-16:0 46.31 38.41 

n-16"0 20.94 25.91 
iso-17:0 4.58 3.54 

anteiso-17:0 1.33 0.59 
n-17:0 0.42 0.51 

iso-18:0 0.23 0.17 
n-18:0 0.57 0.73 

Total saturated 95.8 97.4 

16:1to7 1.92 0.79 
18:16ol 1+9 2.23 1.80 

Total monoene 4.2 2.6 

aThe shorthand notation is the same as is com- 
monly used for fatty acids. 

numbered iso-12:0, iso-14:0, and iso-16:0 
showed a different trend in genera where 
isovaleric acid is prominent,  generally com- 
prising less than the n-12:0, n-14:0, and n-16:0 
levels, respectively. In the head lipids of L 
geoffrensis (7,19) and Physeter catodon (20) 
where there is little or no isovaleric acid, there 
is quite a different relationship among these 
acids. Iso-13:0 and iso-15:0 are ca. equal to or 
less than the n-13:0 and n-15:0, while iso-12:0, 
iso-14:0, and iso-16:0 are ca. one-fifth to one- 
twentieth the n-12:0, n-14:0, and n-16:0 levels. 

It is known that odd numbered iso-acids 
originate by chain elongation of isovaleroyl- 
CoA and even numbered iso-acids similarly 
from isobutyroyl-CoA in mammals (21). Hence, 
the higher levels of odd numbered iso-acids 
in the Delphinidae, Phocoenidae, and Mono- 
dontidae families are probably a result of 
their accelerated isovaleric acid metabolism 
which generates iso-5:0 from leucine (22). It 
should be noted, however, that the fraction of  
long chain saturated acids having the iso-struc- 
ture (even + odd) is much lower in the 
nonisovalerate families (Inia jaw triglycerides = 
0.13 [7] ,  and Physeter melon triglycerides = 
0.06 [20] ) than in the isovalerate-rich families 
(Sotalia jaw triglycerides = 0.57; Delphina- 
pterus melon triglycerides = 0.60 [13];Globi- 
cephala melon wax esters = 0.69 [8] ;  and 
Phocoena jaw triglycerides = 0.39 [17]).  This 
difference indicates a much lower level of chain 
elongation activity for branched chain C4 and 
C 5 acids in the Platanistidae and Physeteridae 
than in the Delphinidae, Phocoenidae, and 
Monodontidae. 

The fatty alcohols from the two bioacoustic 
fats of Sotalia are also very similar (Table V) 
and show good agreement with the carbon 
number distribution found by GLC of the 
intact XV wax esters (Table II). Iso-15:0, 
iso-16:0, and n-16:0 comprise over 84% of the 
alcohol chains in both the melon and jaw. The 
distribution of  alcohol moieties does not  re- 
semble either the wax ester or the triglyceride 
fatty acids in their respective tissues, indicating 
considerable chain selectivity in the reduction 
of acids to alcohols. 

Comparison of Bioacoustic Lipids and Habitat 

The two dolphins S. fluviatilis (family Del- 
phinidae) and L geoffrensis (family Platanisti- 
dae) share a common freshwater habitat in the 
upper Amazon River, and both apparently 
utilize echolocation to navigate and to capture 
food in the muddy waters in which they live. 
Laboratory experiments have positively demon- 
strated echolocation by lnia (23); and there is 
good behavioral evidence (24,25) that Sotalia 
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also echo loca tes ,  based  u p o n  its emiss ion  o f  
typ ica l  e c h o l o c a t i o n - t y p e  click t ra ins  w h e n  
app roach ing  a f ish or  o t h e ;  ob jec t  unde r w a t e r .  
C o m p a r i s o n  o f  the  b ioacous t ica l  l ip id  compos i -  
t ions  r e p o r t e d  here  for  Sotalia wi th  those  
r epo r t ed  earl ier  for  lnia (7 ,19)  c lear ly ind ica tes  
two  dis t inct ive types  of head  fats.  

In  lnia (7 ,19) ,  t he  wax esters  and  t r iglycer-  
ides are d o m i n a t e d  by  the  C12,  C14,  and  C16 
chain  l e n g t h  f a t t y  acids,  while  the  f a t t y  alco- 
hols  are mos t ly  the  s t ra ight  CI 6 chains  f o u n d  in 
m a n y  mar ine  animals ,  i nc lud ing  the  spe rm 
whale  P. catodon (20) .  Iso-acids of  C10-C18 
chain  l eng ths  are p resen t  in small  a m o u n t s ,  and  
isovaleric  acid is essent ia l ly  absen t .  Similar f a t t y  
acid c o m p o s i t i o n s  have been  r e p o r t e d  for  Pla- 
tanista gangetica m e l o n  (26) ,  the only o t h e r  
m e m b e r  of  the  P la tan is t idae  for  w h i c h  l ipid 
data  are available. 

In Sotalia, however ,  an  a l t ena t ive  t y p e  o f  
b ioacous t i c  l ip id  has evolved based  essent ia l ly ,  
bu t  n o t  exclusively,  u p o n  the  C s isovaleric  acid. 
Chain  l eng then ing  of  the  h ighly  available iso- 
5 :0  p recursor  in Sotalia al ters  t he  c o m p o s i t i o n  
of  the  ~ CI0  f a t t y  acids and  f a t t y  a lcohols  by  
i n c o r p o r a t i n g  m u c h  h igher  levels of the  iso- 

s t ruc tures .  Thus,  t he  f r e shwate r  Sotalia clearly 
has r e t a ined  the  typ ica l  i sovalera te- r ich  bio-  
acous t ic  l ipids f o u n d  in all t he  sa l twa te r  Del- 
ph in idae  (11 ,12) .  

I t  is ev iden t ,  t he re fo re ,  t h a t  the  famil ia l  
evo lu t iona ry  re la t ionsh ip ,  r a t h e r  t h a n  the  com-  
m o n  f r e shwa te r  e n v i r o n m e n t ,  is the  de ter -  
min ing  fac tor  for  b ioacous t ica l  l ip id  compos i -  
t ions  in  S. fluviatilis and  1. geoffrensis. Since 
b o t h  an imals  a p p a r e n t l y  e c h o l o c a t e  ef fec t ive ly ,  
we conc lude  t h a t  isovaleric acid per  se has n o  
ob l iga to ry  role in do lph i n  echo loca t ion .  
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Peanut Alkaline Lipase 1 
T I M O T H Y  H. SANDERS and H A R O L D  E. PATTEE, Department of Botany, North Carolina State, 
University and Southern Region 2, Raleigh, North Carolina 27607 

ABSTRACT 

Peanut alkaline lipase, (glycerol ester 
hydrolase EC 3.1.1.3), pH optimum 8.5, 
was isolated from acetone powders pre- 
pared from developing and germinated 
peanut seed (Arachis hypogaea L. var. 
NC-2). Enzyme activity/seed increased in 
successive developmental stages. The 
course of the hydrolytic reaction was 
linear with regard to enzyme concentra- 
tion and all times tested up to periods 
exceeding 60 rain. K m for the reaction 
was determined to be 2.6 x 10-4M. 
Molecular weight of peanut lipase, as 
estimated by Sephadex gel filtration and 
sodium dodecyl sulfate gel electropho- 
resis, was ca. 55,000. 

I NT RODUCT!  ON 

In the literature, studies on lipase are en- 
tangled confusingly with studies on esterases 
(1). Sarda and Desnuelle (2) indicate that 
lipases act only on substrates in heterogeneous 
solutions and do not act, or act very slowly, on 
water-soluble substrates. Using this criterion, 
enzymes that catalyze the hydrolysis of all but 
the most soluble substrates (Tweens, triacetin, 

and p-nitrophenylacetate) may be classified as 
true lipases. 

In plants, lipase investigations have been 
most extensive on oleaginous seed where lipase 
activity generally is manifest upon germination. 
Peanut lipase investigations (3-7) have been few 
and almost exclusively concerned with lipase 
from germinated seed. Data from some of the 
studies indicate the presence of lipase in unger- 
minated peanuts, e.g. activity at 0 days germi- 
nation (3,6,7). Also, Pickett and Holley (8) 
reported lipase activity in mature and immature 
cure d peanuts. 

This is a report of some characteristics of a 
partially purified lipase from maturing and 
germinated peanut seed, although data from 
developing seed only are presented, since the 
various characteristics examined were the same 
from the two sources. 

1paper 4362 of the Journal Series of North 
Carolina State University Agricultural Experiment 
Station, Raleigh, North Carolina. 

2ARS, USDA. 

M A T E R I A L S  A N D  METHODS 

Materials 

Peanut seed (Araehis hypogaea L. var. NC-2) 
were acquired from the North Carolina Peanut 
Belt Research Station, Lewiston, N.C. Ammo- 
nium sulfate (special enzyme grade) and tri- 
butyrin were obtained from Mann Research 
Laboratories, Orangeburg, N.Y., and corn oil 
was purchased commercially as Mazola corn oil. 
Sephadex G-150 and DEAE-Sephadex A-50 
were from Pharmacia Fine Chemicals, Piscata- 
way, N.J.; acrylamide (electrophoresis grade), 
N , N ' - m e t h y l e n e  b i s a c r y l a m i d e ,  and  
N ,N ,N' ,N'- tetramethylmethanediamine were 
from Eastman Organic Chemicals, Rochester, 
N.Y.; sodium dodecyl sulfate (SDS) was pur- 
chased from Matheson, Coleman, and Bell, 
Norwood, Ohio. 

Enzyme Source 

Immature peanut seed were hand-picked and 
shelled, and stage of development was esti- 
mated by the methods of Pattee, et al. (9). Seed 
of the same approximate age were grouped and 
stage of development verified by comparison of 
percent moisture of each sample with percent 
moisture of the various stages determined in 
preliminary studies. 

Lipase from germinated peanuts was ob- 
tained from mature peanuts dusted with a 
fungicide and germinated in moist vermiculite 
at 25 C in the dark. 

Purification 

Acetone powders were prepared from all 
seed samples according to the procedure of 
Pattee and Swaisgood (10). Lipase was ex- 
tracted from acetone powder by stirring for 1 
hr at room temperature in 20 volumes of 0.9% 
NaC1. The slurry obtained was centrifuged at 
11,700 x g for 15 min (this force and time were 
used through the 60% (NH4)2SO 4 precipita- 
tion) and filtered through Whatman no. 4 filter 
paper. This crude extract was used as an 
enzyme source in selected studies. The crude 
extract was taken to 40% saturation with solid 
(NH4)2SO4, and, after standing for 1 hr at 6 C, 
the suspension was centrifuged. The precipitate 
obtained was assayed and discarded, and the 
supernatant was taken to 60% (NH4)2SO 4 
saturation. The precipitate obtained after 1 hr 
at 60% (NH4)2SO 4 was pelleted by centrifuga- 
tion, the supernatant decanted, and the precipi- 
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ment of peanut seed (tributyrin substrate). 

tate redissolved in a small volume of 0.9% NaC1. 
This solution was used in selected studies after 
overnight dialysis against 0.9% NaC1. For fur- 
ther purfication, enough cold 95% ethanol 
(ETOH) was added to the dissolved 60% 
(NH4)2SO 4 precipitate to obtain a 20% ETOH 
solution which was placed in a cold room at 6 C 
for 1 hr and then centrifuged a t  25,300 x g for 
10 min (this force and time were used for the 
remainder of the purification). The resulting 
pellet was discarded. The supernatant was 
dialyzed against 0.9% NaC1 for 3 hr, centri- 
fuged ,  and lipase precipitated by 70% 
(NH4)2SO 4 saturation. The precipitate was 
pelleted by centrifugation, the supernatant de- 
canted, and the pellet redissolved in a small 
volume of 0.1 M phosphate buffer, pH 7.0. This 
enzyme solution was dialyzed overnight against 
0.1 M phosphate buffer, pH 7.0. 

Gel Chromatography 

The dialyzed 70% (NH4)2SO4 precipitate 
was placed on a Sephadex G-150 column (2.5 
cm x 45 cm) which had been equilibrated with 
0.1 M phosphate buffer, pH 7.0. Reverse-flow 
elution was performed with the same buffer 
using a flow rate of 16 ml/hr. Two ml aliquots 
were collected automatically and protein elu- 
tion was monitored continuously by absorb- 
ance at 280 nm. Active fractions were pooIed 
and used for characterization studies. 

Assay Procedure 

The lipase assay was a modification of the 
titratable acidity procedure of San Clemente 
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TABLE I 

Purification of Lipase from Developing Peanut Seed 

Specific Percent 
Fraction activity recovery P u r i f i c a t i o n  

Crude extract 1.92 
40-60% (NH4)2SO4 6.33 58.4 3.3 
20% Ethanol 12.64 53.01 6.58 
70% (NH4)2SO 4 17.99 46.72 9.3"7 
Sephadex G-150 31.86 23.36 16.59 

and Vadehra (11) in which the reaction mixture 
pH is held constant against acid production by 
the addition of suitable base. The reaction 
mixture normally consisted of 5 ml 0.01 M 
tributyrin-0.1% Tween 20 mixture, emulsified by 
high speed blending for 1 min; 2 ml enzyme 
solution; and 3 ml water. The constituents were 
mixed in a small reaction vessel and allowed to 
equilibrate, in regard to temperature and pH, 
for 5 min before beginning the assay. Standard 
assay conditions were 25 C and pH 8.5; activity 
was reported as peq of free fatty acid released/5 
rain assay. Titration with 0.01 N NaOH was 
done automatically using a Radiometer pH 
meter, PHM 26, in connection with a Radiom- 
eter titrator, T T T l l ,  and Radiometer auto- 
burette, ABU12. 

Blank assays were conducted to determine 
acid production by reactions other than enzy- 
matic hydrolysis of the lipid substrate. Except 
for slight activity with Tween 20 and alkaline 
hydrolysis, which was noted and considered 
during determination of the higher ranges of 
the pH curve, no acid production was detected. 
Enzymatic hydrolysis was verified by thin layer 
chromatography of blank and standard tribu- 
tyrin assays. Diglycerides present in the stan- 
dard assay, but absent in the blank, indicated 
that substrate hydrolysis at pH 8.5 was a result 
of enzyme activity. 

Protein Determination 

Protein was estimated routinely by mea- 
suring absorbance at 280 nm and quantitated 
using the spectrophotometric method described 
by Layne (12). 

Sodium Dodecyl Sulfate Gel Electrophoresis 

Before gel electrophoresis, the pooled Sepha- 
dex G-150 fractions were concentrated using an 
Amicon pressure cell, and placed on a DEAE- 
Sephadex A-50 column (1.5 cm x 95 cm) 
equilibrated with 0.1 M phosphate buffer, pH 
7.0. The column was developed with a linear 
gradient of 0-0.4 M NaC1 in 0.1 M phosphate 
buffer, pH 7.0. 

SDS gel electrophoresis of proteins in the 
active peak from DEAE-Sephadex A-50 was 
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FIG. 2. Effect of pH upon peanut lipase activity 
(5.8 nag protein/assay, .01 M tributyrin substrate). 

carried out according to the methods of Weber 
and Osborn (13), except that the procedure was 
conducted at room temperature using an appa- 
ratus that did not have a thermostatted jacket. 
Under these conditions, the marker dye moved 
three-fourths through the get in 6-7 hr. Gels 
were stained with Coomassie brilliant blue and 
destained electrophoretically. 

RESULTS A N D  DISCUSSION 

Lipase Activity in Developing Seed 

Lipase activity increased steadily as develop- 
ment proceeded from stage 5-stage 12, with 
stage 12 being an almost mature seed (Fig. 1). 
Data, which are presented as activity units/seed, 
indicate that activity was highest in the mature 
seed. However, conversion of the data to 
activity/g acetone powder would indicate that 
activity was highest in the immature seed. This 
comes about, because, at stage 6, many more 
seeds were needed to produce 1 g acetone 
powder than at stage 12 (64 and 2.85 seeds, 
respectively). Pickett and Holley (8) reported 
that cured immature seed appeared to contain 
more lipase than cured mature seed when 
activity was reported/g defatted seed material. 

Kartha (14) found that lipase activity in 
seeds of Azadiachta indica was maximum, on a 
per seed basis, by the time oil development 
reached 45% of maximum and overall seed 
development reached 50%. With peanuts, how- 
ever, activity increased past stage 9-10 when oil 
content approaches maximum value (15) and 
overall seed development is well beyond 50%. 

Purification 

The lipase obtained after extraction, precipi- 

z 

15 u3 

o 
<~ 12 62mg : 12 o 

09  0 9  >_ 

w 06 o 6  < 

03 o3 
t~ 

i 2MI N 3 4 5 2 4 6 8 io 
mg PROTEIN 

FIG. 3A. Effect of time upon rate of tributyrin 
hydrolysis by various peanut lipase concentrations. 3B 
Effect of enzyme concentration upon peanut lipase 
activity. 

tation, and chromatographic procedures repre- 
sented a 14-17-fold purification with tributyrin 
substrate (Table I). Attempts to increase purifi- 
cation by stabilizing the enzyme with/3-mercap- 
toethanol and 0.9% NaC1 throughout the proce- 
dure were of little consequence. 

pH Optimum 

Optimum pH of lipase from peanut seed was 
8.5 (Fig. 2). However, optimum pH reported 
for lipase from germinated peanut seed varied 
from acid to alkaline. Using different assay 
methods, St. Angelo and Altschul (5) reported 
an opt imum pH of 4.6, Ramakrishnan (3) 
reported an opt imum of 5.2 and Urs, et al., (4) 
reported maximum activity at ca. pH 8. 

Rate of Hydrolysis 

The rate of hydrolysis of a typical peanut 
lipase reaction using various enzyme concentra- 
tions and 0.01 M tributyrin as substrate is 
presented in Figure 3A. The reaction was linear 
with time for each enzyme concentration. A 
linear rate of hydrolysis was exhibited for over 
60 min by some dialyzed 60% (NH4)2SO 4 
precipitates (data not  presented). The strict 
linearity with time denotes a zero order reac- 
tion indicating that substrate was not limiting 
and no inhibitory action was exhibited by the 
products. As with castor bean acid lipase (16), 
peanut lipase demonstrated a slower rate of 
hydrolysis with long chain triglycerides (corn 
oil) than with short chain triglycerides (tribu- 
tyrin). 

Enzyme Concentration 

The results of varying enzyme concentration 
with a constant substrate concentration, when 
plotted, were linear and passed through the 
origin (Fig. 3B). The conditions for measuring 
lipase activity in other experiments generally 
fell within the values presented here. 
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FIG. 4. Time course of heat inactivation of peanut 
lipase. 

Su bstrate Concentration 

The lipase activity curve produced by vary- 
ing substrate concentration was a typical rec- 
tangular hyperbola. The Michaelis-Menten con- 
stant, Kin, as calculated using a Lineweaver and 
Burk double reciprocal plot, was 2.6 x 10-4M. 
The value was the same with different concen- 
trations of enzyme and with peanut lipase from 
developing and germinated seed. This value lies 
between the K m of rapeseed lipase, 4.06 x 
10-4M (17), and the Km of wheat germ lipase, 
3.1 x 10-5M (18). 

Stability 

Stability of the enzyme in acetone powder, 
held at -20 C, was examined over a 6 month 
period, and no apparent loss in actNity was 
detected. Loss of activity in crude extracts was 
noticeable in 6-8 hr, but stability was extended 
to several days when the enzyme was purified 
partially by passage through Sephadex G-150. 

To determine heat stability, 60% (NH4)2 
SO 4 precipitate dissolved in 0.9% NaC1 was 
dialyzed overnight against 0.9% NaC1 and sub- 
jected to preselected temperatures for various 
times (Fig. 4). Temperatures approaching 50 C 
drastically altered activity, but 30 min at 40 C 
had little effect. Peanut lipase appears to be 
more heat labile than castor bean lipase which 
lost only ca. 20% of its activity during 30 rain 
at 60 C (19). 

Mercuric Chloride Inhibition 

The activity of peanut alkaline lipase was 
inhibited by HgCI2, thus indicating the pres- 
ence of sulfhydryl groups in the enzyme mole- 
cule. Activity was inhibited completely by 1.5 
x 10-4M IlgC12 and over 60% by 1.6 x 10-SM. 
Attempts were made to reverse the inhibition 
with a reaction mixture containing 0.01 M 

ethylenediaminetetraacetic acid and 0.05 M 
cysteine; however, acid production at alkaline 
pll by one or both precluded assay of the 
enzyme after treatment. Ory, et al., (16) found 
that castor bean lipase was inhibited completely 
by 5 x 10-4M HgC12, and Singer (20) found 
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FIG. 5. Peanut lipase tool wt determination by 
Sephadex gel filtration (e-e) and sodium dodecyl 
sulfate gel clectrophoresis (o-o). 

that wheat germ lipase was inhibited by 1 x 
10-3M p-chloromercuribenzoatc, as well as by 
other sulfhydryl reagents. 

i o l  Wt 

Mol wt of the enzyme was determined by 
SDS gel electrophoresis and Sephadex gel filtra- 
tion. After elution from DEAE Sephadex A-50, 
lipase-activc fractions yielded two bands on SDS 
gels. After standard proteins were run, and 
relative mobilities calculated and plotted vs tool 
wt, the two bands were determined to have mol 
wt of ca. 55,000 and 82,000. To determine 
which of the bands was peanut lipase, Sephadex 
gel filtration was performed. Elution volumes 
of standard proteins were determined by ab- 
sorbance at 280 nm, and elution volume of 
lipase was determined by enzyme activity from 
a calibrated 2.5 c m x  45 cm reverse flow 
Sephadex G-150 column. A plot of relative 
elution volume vs mol wt indicated that lipase 
had a tool wt of ca. 55,000 (Fig. 5). 

The mol wt of 55,000 reported here is, with 
one exception, in relative agreement with tool 
wts estimated for lipase from other sources. 
Downey and Andrews (21), employing gel 
filtration techniques, determined the tool wt of 
a triacctin-hydrolyzing wheat germ enzyme to 
be ca. 51,000 and found a tool wt of 42,000 for 
pig pancreatic lipase. Though not reporting a 
tool wt per se, Conners and Diffendall (22) 
suggested a tool wt of less than 50,000 for 
lipase from tobacco leaves, while Olney, et al., 
(23) associated lipase activity in Vernonia 
anthelmhTtica seed with a molecule of over 
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200,000 mol wt. 
This study neither proved nor disproved the 

in vivo activity of peanut lipase. Any statement 
as to the physiological importance of lipase in 
developing seed would be purely speculative. 
However, the implications as to physiological 
preparation for germination are interesting, 
since several reports (3,6,7) indicate measurable 
lipase activity in dormant seed. In these reports 
(3,6,7), lipase activity increased upon germina- 
tion but whether the increase was activation of 
already formed enzyme or de novo synthesis 
remains to be determined. 
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SHORT COMMUNICATIONS 

Location of Double Bonds in Long Chain Esters by Mass 
Spectroscopy of Methoxyhalogeno Derivatives Prepared from 
Methoxymercuriacetate Adducts 

ABSTRACT 

Methyl esters of mono-, di-, and triun- 
saturated long chain fat ty  acids react 
quantitatively with mercuric acetate in 
methanol to produce methoxyacetoxy-  
mercuri derivatives. Demercuration of  
these products with solutions of  bromine 
or iodine in methanol yields methoxy-  
bromo or methoxyiodo derivatives read- 
ily isolable by thin layer chromatography.  
Mass spectra of the methoxyhalogeno 
derivatives of monounsaturated esters are 
characterized by intense peaks due to loss 
of halogen and cleavage adjacent to me- 
thoxy functions; the latter fragmentation 
allows the position of the original double 
bond to be established. The mass spectra 
of the methoxyhalogeno derivatives of 
polyunsaturated esters are more complex. 

I NTRODUCTI  ON 

Dcmercuration of methoxymercuriacetate  
derivatives of unsaturated long chain esters by 
reaction with sodium borohydride (1,2) leads 
to methoxylated derivatives whose mass spectra 
contain intense peaks due to cleavage adjacent 
to the methoxy functions (3,4). As a method 
for the location of the position of double bonds 
in long chain esters, this procedure is conve- 
nient (2,4), but, since each double bond leads 
to two isomeric derivatives, the mass spectra 
contain an excess of diagnostic peaks. An 
alternative demercuration procedure is the re- 
placement of the mercuriacetate group b y  
halogen (5) according to the following scheme: 

t 1~ v ~  v a '  t~g{OAc) 2 R L'l~ ( l ~  R' 

X2 

R /"l l  Ctt R' I,  R ( H  ( 'H - R' 

X = U r ,  I 

It was thought that such methoxyhalogeno 
derivatives of long chain esters might give mass 

spectra showing intense peaks of the type 

R ( R ' ) . C H  = ~ - Me, but  those due to 
+ 

structures of the type R(R ' ) .CHX.CH = O - 
Me would be of much lower intensity. 

RESULTS AND DISCUSSION 

Methoxyiodo derivatives were prepared from 
methyl oleate, elaidate, linoleate, and lino- 
lenate; methoxybromo derivatives of the mono- 
unsaturated esters also were studied. Methoxy- 
mercuriacetate adducts were prepared by heat- 
ing the reactants under reflux for 1 hr, as 
described previously (4,6). To the cold crude 
reaction mixture, 5% solutions of bromine or 
iodine in methanol were added until the color 
persisted, and the mixture then was kept  at 
room temperature for 3 hr. The final mixture 
was part i t ioned between equal volumes of 
dichloromethane and 5% aqueous sodium 
sulphite, the organic layer washed with water 
and dried over anhydrous sodium sulphate. The 
crude reaction products were investigated by 
thin layer chromatography (TLC) on 0.5 mm 
layers of silica gel (Merk PF254+366) using a 
solvent system of hexane-diethyl ether (90:10).  
In all cases, no unchanged unsaturated esters 
(Rf 0.60) were detected. The methoxybromo 
derivatives from methyl  oleate and elaidate had 
identical Rmethyl oleate values of 0.77; the 
value for the corresponding iodo ester was 0.80. 
The iodo derivatives from methyl  linoleate and 
linolenate had Rmethyl oleate values of 0.64 
and 0.42, respectively, in this chromatographic 
system. Pure samples of the methoxyhalogeno 
esters were obtained by preparative TLC. 

Mass spectra (70 eV) were determined on an 
AE1 MS9 instrument.  The mass spectrum of the 
methoxyiodo derivative from methyl  oleate is 
shown in Figure 1; the spectrum of the corre- 
sponding derivative from methyl  elaidate gave a 
practically identical spectrum. Loss of an iodine 
atom gives rise to an intense fragment having 
m/e 327, which successively loses the elements 
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FIG. 1. Mass spectrum of the methoxyiodo esters derived from methyl oleate by methoxymercuration 
followed by demercuration with iodine. 

of methanol to produce the fragments at m/e 
295 and 263. The position of the original 
double bond is shown clearly by the intense 
peaks at m/e 157 [CH3.(CH2)7.CH=I~-CH3] 
and 201 [CH3-0=CH.(CH2)7.COOCH3] ; the 
latter fragment successively loses the elements 
of methanol to produce the peaks at m/e 169 
and 137. Peaks at m/e 297 and 341 attritibuta- 
ble, respectively, to the ions CH3.(CH2) 7. 
C H I . C H = 6 - C H 3  a n d  CH3-()=CH.CHI.  
(CH2)7.COOCH 3 are of very low intensity. 
The spectra of the methoxybromo derivatives 
from methyl oleate and elaidate contained the 
same major peaks as shown in Figure 1, the 
fragment having m/e 327 being formed by loss 
of a bromine atom from the molecular ion (m/e 
407). The mass spectra of the methoxyiodo 
derivatives of methyl linoleate and linolenate 
had prominent peaks (m/e 483 and 639, respec- 
tively) due to loss of iodine atoms from the 
molecular ions and other peaks which indicated 
the position of the original double bonds. The 
overall spectra of the derivatives from these 
polyunsaturated esters were, however, much 
more complicated and less reproducible, chang- 
ing considerably in pattern with the mass 
spectrometer temperature and other param- 
eters. 

Demercuration of methoxymercuriacetate 
derivatives of monounsaturated long chain es- 
ters by treatment with bromine or iodine, 
therefore, produces metho• or me- 
thoxyiodo derivatives whose mass spectra con- 
tain peaks which enable the position of the 
original double bond to be established easily. 
The mass spectra are simpler than those of the 
methoxylated esters prepared by demercuration 
of long chain methoxymercuriacetates (4) and, 
indeed, contain the same diagnostic peaks as 
those found in spectra of dimethoxy esters 
produced by methylation of glycols prepared 
by hydroxylation of unsaturated esters (7). The 
mass spectra of the present derivatives (Fig. 1) 
have the advantage that the tool wt is given by 
the intense peak due to loss of the halogen 

atom. This present technique and the procedure 
involving demercuration with borohydride (4) 
both have the advantage that the chemistry is 
performed in a single flask. Indeed, these two 
procedures are quite complementary; the same 
crude methoxymercuriacetate can be divided 
and used for both demercuration methods. For 
routine experiments, demercuration with iodine 
is preferred from the point of view of safety 
and convenience. Methoxyiodo derivatives of 
polyunsaturated esters, such as methyl linoleate 
and linolenate, are formed readily by using the 
present procedure but their mass spectra do not 
allow the location of the original double bonds 
to be established so clearly. 

Alkoxybromination of long chain monoun-  
saturated esters also has been carried out by 
reaction with t-butyl hypobromite in the pres- 
ence of various alcohols (8,9). It was noted that 
methyl hendec-10-enoate gave a mixture of 
isomeric alkoxybromo derivatives (9); since 
demercuration of methoxymercuriacetate ad- 
ducts of this ester with borohydride leads only 
to the 10-methoxy esters (1,3), the procedure 
described in this paper should allow the facile 
synthesis of 11-halogeno-10-methoxyhendeca- 
noates. 
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Synthesis of Prostaglandins in Platelets of Hypercholesterolemic 
Rabbits 

A B S T R A C T  

As a con t inua t ion  of  previous studies 
on the synthesis  of  prostaglandins in 
platelets o f  human  venous b lood,  the 
present communica t ion  describes the 
synthesis of  prostaglandins in exper imen-  
tal hypercholes te ro lemia  induced  in rab- 
bits by dietary means. In such a condi-  
t ion,  high serum level of  cholesterol  did 
no t  change the rate of  prostaglandin 
synthesis. 

I N T R O D U C T I O N  

Recent  studies have shown that  human  
platelets synthesize prostaglandins (PGs) (1-3). 
Among  the PGs synthesized are prostaglandins 
E j  (PGE1),  E2 (PGE2),  F (PGFs),  and also 
probably PGAs and PGBs (2,4).  The inhibi t ing 
effect  of  PGE 1 upon platelet  aggregation in- 
duced by adenosine diphosphate  (ADP) or  
o ther  natural ly occurr ing agents is 10 t imes  the  
potent ia t ing  effect  of  PGE 2 upon  this phenom-  
enon (5-10). As bo th  PGE1 and PGE 2 are 
fo rmed  in a lmost  equal  amounts  in the plate- 
lets, the  balance in normal  prostaglandin 
synthesis may be dis tor ted in pathological  
condi t ions,  such as hyper l ipemia,  affect ing 
platelet  funct ion.  

In previous studies (1,2), the biosynthesis  of  
PGs in  normal  platelets  was elucidated.  This 
communica t ion  presents  some data concerning 
the biosynthesis  o f  PGs in hypercholes tero l -  
emia,  mimicking  cardiovascular  diseases (11) 
and in which an abnormal  platelet  aggregation 
is thought  to be a part of  the pathogenic  
mechanism. 

M A T E R I A L S  A N D  M E T H O D S  

Five albino white  female rabbits  weighing 
3-3.5 kg fed a pellet diet (Kanino,  opt imal  in 
every respect  and ob ta ined  f r o m  Aktieselskabet  
Korn- og Fode r s to f  Kompagnie t ,  Viby J. ,  Den- 
mark) were s tudied for  PG synthesis in their  
platelets during a per iod of  normal  feeding. The 
animals then  were fed  a diet  conta in ing choles- 
terol  (dietary in take:  400 mg choles te ro l /day  
for 40 days) and then  evaluated again for their  
capabil i ty to synthesize PGs in the platelets in 
hypercholes te ro lemic  state,  

The cholesterol  enr iched diet was prepared 
by dissolving an appropr ia te  amount  of  choles- 

terol  in e ther  which then  was poured  over an 
appropr ia te  amoun t  of  chicken pellets. By 
evaporat ion of  e ther  at 45 C, choles terol  was 
adsorbed on the pellets. Cholesterol  con ten t  
was regulated so tha t  in the  week  prior to  

TABLE I 

Serum-Cholesterol Level a in Rabbits Prior to and after 40 Days' Feeding on 
Pellet Diet with 400 mg Cholesterol/Day 

Animal no. 290 359 454 614 733 

Serum-cholesterol prior to diet 18.0 77.2 14.6 20.3 30.2 b 
Serum-cholesterol after 40 days c 985 386 506 765 

on cholesterol diet. 

amg/100 ml. 
bSlight hemolysis of serum. 
CNot studied since the animal did not eat the cholesterol diet. 
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mechanism. 
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mark) were s tudied for  PG synthesis in their  
platelets during a per iod of  normal  feeding. The 
animals then  were fed  a diet  conta in ing choles- 
terol  (dietary in take:  400 mg choles te ro l /day  
for 40 days) and then  evaluated again for their  
capabil i ty to synthesize PGs in the platelets in 
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The cholesterol  enr iched diet was prepared 
by dissolving an appropr ia te  amount  of  choles- 

terol  in e ther  which then  was poured  over an 
appropr ia te  amoun t  of  chicken pellets. By 
evaporat ion of  e ther  at 45 C, choles terol  was 
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was regulated so tha t  in the  week  prior to  

TABLE I 
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T A B L E  II  

In v i t ro  Biosynthesis  o f  Pros taglandins  in Platelets  f r o m  N o r m a l  an d  H y p e r c h o l e s t e r o l e m i c  Rabbi t s  a 

No. of  P r~  Platelet  c o u n t / m l  

an imal  PGE 1 PGE 2 PGF  PRP 

290 0 .040  0 .045  0 .217  3.94 x 108 
Prior to 359 0 . 064  0 .023  0 .258  5.48 x 108 
choles tero l  454  0 . 078  0 .038  0 .096  6.52 x 108 
diet  614 0 . 028  0 .015  0 .102  4 .50  x 108 

733 0 .012  0 .049  0 .094  5.17 x 108 

0 . 044  -+ 0 . 026  0 .034  -+ 0 .013  0 .153  -+ 0.0"/3 

359 0 . 128  0 .047  0 .128  4 .56  x 108 
Af t e r  40  454  0 . 028  0 . 040  0 .0 9 6  5.44 x 108 
days on 614 0 .059  0 . 024  0 .135  4.31 x 108 
choles te ro l  diet 733  0 .037  0 . 037  0 .149  4 .36  x 108 

0 .063  -+ 0 .039  0 .035  -+ 0 .008  0 .127  +- 0 .019  

t = 0 .728  t = 0 .144  t = 0 .721 

NS NS NS 

aBiosynthes is  is expressed  as n m o l e  1-14C-aceta te  i n c o r p o r a t e d / 5 0 0  /~liter p la te le t - r ich p lasma (PRP) /hr .  

b p G E  1 = p ros tag land in  E l ,  PGE 2 = p ros tag land in  E2,  and  P G F  = pros tag land in  F a .  t = Stat is t ical  value an d  
NS = no t  s ignif icant .  

dietary experiment, the mean daily intake of 
pellets/rabbit could be estimated. From this 
figure, the amount of cholesterol in the pellets 
was regulated to give a daily intake of 400 mg 
cholesterol/rabbit/day. Control of the intake of 
cholesterol enriched food confirmed that all 
rabbits but no. 290 took the estimated amount 
of pellets. 

Radioactive acetate, various PGs used as 
carriers in chromatographic processes, and nec- 
essary chemicals were obtained and used as 
described in our previous communications 
(1,2,12,13). Venous blood-anticoagulant mix- 
ture from rabbits, both  on normal pellet diet 
and on cholesterol enriched diet, obtained by 
puncturing a marginal ear vein, was centrifuged 
at 270 g for 20 min, the supernatant transferred 
to another tube, and recentrifuged at 270 g for 
10 min. This gave a platelet-rich plasma (PRP), 
free from other elements of blood. Platelet-free 
plasma (PFP) was prepared as described previ- 
ously (2, note all figures concerning platelet 
count appearing as "x  109,, should read "x  
108"). The reaction mixture during incubation 
consisted of (A) PRP, 500/aliter; (B) PFP, 420 
/lliter; (C) glutathione, 55 gliter (55 /lg); and 
(D) radioactive acetate, 2.5 /~moles in a total 
incubation volume of 1 ml. The air from the 
incubation tube was replaced by oxygen. The 
incubation temperature was 37 C, and incuba- 
tion time was 1 hr. After the incubation was 
complete, to each incubation mixture were 
added 5 /.tg of each PG followed by an 
immediate reaction-termination and extraction, 
as described elsewhere (14). Thin layer chro- 
matographic (TLC) separation of the material 
obtained from the incubation mixture was 

performed as described elsewhere (14). Thin 
layer chromatographic (TLC) separation of the 
material obtained from the incubation mixture 
was performed as described earlier (1,2). The 
zone due to the PGF compounds was extracted 
repeatedly with methanol, the extract centri- 
fuged, and the supernatant transferred directly 
to a counting vial from which the solvent was 
evaporated completely to give a residue which 
was dissolved in 200/~liter methanol and counted 
for its radioactivity (1,2). The material present 
in the PGE zone was similarly extracted and 
then resolved further into PGE1, PGE2, and 
PGE 3 by argentation-TLC. The material present 
in each individual PGE zone was extracted 
as described earlier (12). The organic extract 
was placed directly into a counting vial and 
evaporated to a residue followed by assay of 
its radioactivity, as described above. 

RESULTS AND DISCUSSION 

Table I shows the serum cholesterol level in 
the 5 experimental animals prior to and after 
40 days of cholesterol feeding. Apart from 
animal no. 290 which did not eat the choles- 
terol enriched diet, the remaining 4 animals 
increased their serum cholesterol level from 
12-27-fold. Table II shows the biosynthesis of 
prostaglandins (PGE1, PGE2, and PGF) in 
platelets of animals prior to and after 40 days' 
cholesterol feeding. Great individual variations 
in the synthetic capability were found. Thus, 
the rate of formation of PGE1 was within 
0.012-0.078 nmole acetate incorporated by the 
platelets present in 500/l l i ter  PRP/hr in rabbits 
on normal pellet diet, while the same for 
rabbits in hypercholesterolemic state was in the 
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range of  0 .028-0 .128  uni t s  (a un i t  r epresen t s  1 
nmole  ace ta te  i n c o r p o r a t e d  by 500  pl i ter  PRP 
in 1 hr i n c u b a t i o n ) .  In case of  PGE2,  these  
values were 0 .015-0 .049  and  0 .024-0 .047  uni t s ,  
respect ively;  and,  for  PGF,  the  values were 
wi th in  0 .094-0 .258  uni t s  in n o r m a l  r abb i t s  as 
against  0 .096 -0 .149  un i t s  in the  hypercho les -  
t e ro lemic  state.  Stat is t ical  eva lua t ion  reveals no  
s ignif icant  d i f ferences  in no rma l  and  h y p e r c h o -  
l es te ro lemic  rabbi t s .  Conce rn ing  the  p r o p o r t i o n  
be tween  PGE 1 and  PGE2,  this  ra t io  was 1.3 in 
the  n o r m a l  group and  1.8 in the  hype rcho le s -  
t e ro lemic  group.  This  d i f ference  in ra t io  was, 
however ,  no t  s ignif icant .  

The present  c o m m u n i c a t i o n  indica tes  t ha t ,  
in r abb i t s  as in h u m a n s ,  b o t h  PGE 1 and PGE2 
are fo rmed .  Since, on  a molecu la r  basis, PGEI  
inh ib i t s  p la te le t  aggregat ion ca. 30 t imes  more  
effect ively than  PGE 2 p r o m o t e s  i t  (15 ) ,  the  
relat ive ra tes  of  b iosynthes i s  of  the  two prosta-  
glandins  effect ively  shou ld  inh ib i t  aggregat ion.  
F rom expe r imen ta l ly  i n d u c e d  hype rcho le s -  
t e ro lemia  in an imals  and  obse rva t ion  of hyper -  
cho les t e ro lemic  cases in h u m a n  clincs,  it has 
been suggested t ha t  the  pa thologica l  e leva t ion  
of  b lood  cho les te ro l  may  lead to c o r o n a r y  
t h r o m b o s i s ,  l l y p o t h e t i c a l l y ,  the  co rona ry  
t h r o m b o s i s  cou ld  be due to an a l te red  rate of  
PG synthes i s  in pla te le ts ,  such t h a t  more  PGE 2 
is syn thes ized  in h y p e r c h o l e s t e r o l e m i c  t han  in 
normal  subjects  and,  the re fo re ,  p la te le t  aggrega- 
t ion  p r o m o t e d .  We have f o u n d  no c o n f i r m a t i o n  
for th i s  idea,  s ince our  data  ind ica te  t h a t  at  
least  diet  i nduced  hype r cho l e s t e r o l em i a  in rab- 
bi ts  does  not  s ignif icant ly  al ter  PG synthes is  in 
pla te le ts .  Our c o n t i n u i n g  s tudies  wi th  hyper -  
cho les t e ro lemic  h u m a n s  shou ld  reveal w h e t h e r  
the  same obse rva t ion  holds  t rue for  humans .  
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Effect of Dietary Linolenic and Linoleic Acids upon Growth 
and Lipid Metabolism of Rainbow Trout I (Salmo gairdneri) 
T.C. YU and R.O. SINNHUBER, Department of Food Science and 
Technology, Oregon State University, Corvallis, Oregon 97331 

ABSTRACT 

Nine diets, each containing different 
levels of linoleic acid (18:2636) and lino- 
lenic (18:3633) were fed to duplicate 
groups of rainbow trout for 14 weeks. 
The growth rate, feed efficiency, accumu- 
lated mortality, and fatty acid composi- 
tion of neutral fat and phospholipids of 
these groups of fish were determined. The 
growth was slow in the groups of fish re- 
ceiving diets containing (A) low concen- 
tration of 18:3o33 and (B) high concen- 
tration (5%) of 18:2(.o6. The accumulated 
mortality was high in these groups of fish. 
The diet containing 1% 18:3o)3 alone 
supported rapid fish growth with low 
mortality. The feed efficiency of tiffs diet 
was also high. The metabolism of 18:2636 
and 18:3o33 in fish and their conversion 
to more unsaturated fatty acids typical of 
fish lipids was investigated. 

INTRODUCTION 

Recent investigations have shown that the 
essential fatty acid (FA) requirement of rain- 
bow trout differed from that of the land ani- 
mals. It was reportcd that the FAs of the 603 
family were required by trout for normal 
growth (1,2), while linoleic acid (18:2636) of 
the o36 family accentuated the deficiency 
symptoms, such as abnormal heart conditions 
and shock syndrome (3). ]lowever, the growth 
response of the fish to diets containing both o33 
and cv6 FAs has not been investigated thor- 
oughly. 

Analysis of the lipids extracted from a num- 
ber of commercial trout rations showed that 
most of the rations contained a high percentage 
of o36 FAs and a low percentage of o33 FAs. 
The  co3/o36 ratio of these rations varied 
0.14-0.86 (4). It appears that these rations may 
not be providing adequate amounts of required 
FAs to support optimum growth. 

The purpose of this experiment is to deter- 
mine the effect of various levels of dietary 633 
and o)6 FAs upon growth, mortality, and FA 
composition of rainbow trout. 

1Technical Paper 3854 Oregon Agricultural Experi- 
ment Station. 

MATERIALS AND METHODS 

Rainbow trout, immediately after hatching, 
were fed a fat-free diet for 1 month. Fifty ran- 
domly selected fish then were stocked in each 
of 18 fiberglass tanks, 75 liter capacity. Water 
temperature was 11.5 C and the flow rate ca. 
8 liters/rain. 

Diet ingredients, such as casein, gelatin, dex- 
trin, and a-cellulose, were extracted with warm 
isopropanol to remove trace lipids. Ethyl lau- 
rate, ethyl ]inoleate, and ethyl linolenate were 
obtained from commercial sources. (;as liquid 
chromatographic (GLC) analysis showed them 
to be at least 997/0 pure. Nine diets were pre- 
pared. The composition and calorie content of 
these diets were identical except for the lipid 
component.  The diet composition is shown in 
Table I, and the lipids in each diet are listed in 
"Fable II. Each diet was fed to duplicate lots of 
fish three times daily. Food was offered as long 
as the fish continued to feed. The fish were 
weighed every 2 weeks. Feed consumption and 
mortality were recorded. The experiment was 
terminated at the end of 14 weeks. Five fish 
were taken from each lot, and the FA composi- 
tion of the lipid extracted from the whole fish 

TABLE I 

Composit ion of Trout Diets 

Component  Wt (%) 

Casein 51.0 
Gelatin 9.0 
D e x t r i n  16.8 
Lipid a 6.0 
Mineral mix b 4.0 
Carbon y me tb ylcell ulose 1.4 
c~-Cellulose (Alphacel-N BC) 8.6 
Vitamin mix c 2.0 
Choline chloride 1.0 
Vitamin E concentrate (330 internat ional  

units/g as dl- - tocopheryl acetate) 0.2 

aLipid composi t ion listed in Table II. 
bBernhart-Tonlerelli  Salt Mix. modified by adding 

NaF and CoCI 2 at 0.0002 and 0.02~'zc, respectively. 
eSupplied vitamins at following levels: (mgjkg) thi- 

amine, 64; riboflavin, 144; niaeinamide, 512; biotin, 
1.6; Ca D-pantothenate,  288; pyridoxine,  48: folic 
acid, 19.2; menadione, 16: cobalamine, 0.159: i-inosi- 
tol (meso-), 2500; ascorbic, 1200: and p-amino- 
benzoic acid, 400. Vitamins A and D were added 
25,000 and 4000 internat ional  units/kg, respectively. 
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TABLE II 

Effect of Dietary Lipids upon Growth, Feed Efficiency, and 
Mortality of Rainbow Trout 

Lipid composition (%) Average Feed efficiency b Accumulated 
Diet no. 18:3to3 18:2to6 12:0 final wt (g)a (gain/feed) mortality (%) 

1 0.1 0 5.9 1.75" 0.60 26.0 
2 0.5 0 5.5 3.26** 0.94 14.0 
3 1.0 0 5.0 4.84*** 1.14 4.0 

4 0.1 1.5 4.4 3.45** 0.89 26.0 
5 0.5 1.5 4.0 4.00**** 0.98 6.0 
6 1.0 1.5 3.5 4.03**** 0.99 2.0 

7 0.1 5.0 0.9 1.98* 0.65 44.0 
8 0.5 5.0 0.5 1.75" 0.58 34.0 
9 1.0 5.0 0 1.75" 0.61 39.0 

aAverage fish wt at the end of 14 weeks. Values with the same symbol are not significantly differ- 
ent (P<0.01). 

bFeed efficiency is defined as units of wt gained/unit of dry feed consumed. 

TABLE III 

Effect of Dietary Lipids upon Growth Rate of Rainbow Trout 

Average fish wt (g) in weeks a 

Diet 0 2 4 6 8 i 0 12 14 

1 0.43 0.48 0.61 0.75 0.98 1.10 1.39 1.75 
2 0.44 0.49 0.75 1.07 1.49 1.90 2.46 3.26 
3 0.44 0.57 0.90 1.35 1.94 2.54 3.62 4.84 
4 0.44 0.58 0.87 1.21 1.71 2.14 2.72 3.45 
5 0.44 0.59 0.89 1.30 1.81 2.36 3.19 4.00 
6 0.44 0.57 0.88 1.26 1.39 2.34 3.15 4.03 
7 0.44 0.57 0.80 1.05 1.29 1.58 1.63 1.99 
8 0.44 0.57 0.78 1.03 1.25 1.32 1.44 1.75 
9 0.43 0.53 0.70 0.93 1.24 1.23 1.42 1.80 

aAverage of two lots. 

was de te rmined .  The lipid ex t r ac t ion  and GLC 
me thods  used in th is  s tudy  were descr ibed pre- 
viously (1). 

RESULTS A N D  DISCUSSION 

The g rowth  rate of f ish receiving diets 1, 2, 
and 3, in which  no 606 was added ,  was depen-  
dent  u p o n  the respective level o f  18:3603 in the  
diet. Diet 1 con ta ined  only  0.1% 18:3603, and 
the g rowth  rate of  the fish was ex t r eme ly  slow. 
In diet  2, the  18:3603 FA was increased to  
0.5%. The g rowth  rate of  the fish was signifi- 
cantly (P<0 .01)  higher than  the  diet 1 fish. The 
highest  g rowth  rate was achieved by the group 
of  f ish receiving diet 3, in which  1% 18:3663 
was added.  These results  are shown in Tables II 
and III. 

Diets 4, 5, and 6 con ta ined  the  same per- 
centages o f  18:3603 as diets 1, 2, and 3, respec-  
tively; but  each  diet was s u p p l e m e n t e d  wi th  
1.5% of  18:2606 FA.  The average final wt 
(Table II) o f  diets 4 and 5 fish was s ignif icant ly 

(P< .01)  higher than  tha t  o f  diets 1 and 2 fish, 
respectively.  These results  ind ica ted  tha t  fish 
g r o w t h  w a s  i m p r o v e d  by supp lemen t ing  
1.5%6o6 FA to  diets insuff ic ient  in 663. How- 
ever, no addi t ional  g rowth  was observed wi th  
the  same level o f  18:2666 s u p p l emen t a t i o n  to  
diet 3 which  was suff ic ient  in 603 FA. 

Diets 7, 8 ,  and 9 again conta ined  0.1, 
0.5, and 1.0% 18:36o3,  respect ively.  Each of  
these diets were s u p p l e m e n t e d  wi th  5% of  
18:2666. Fish receiving these diets all grew 
poor ly  wi th  accompany ing  high mor ta l i ty  rates.  
It appeared  that  t rou t  could n o t  to lera te  diets 
conta in ing  high percentages  o f  606 FA. These 
data verif ied the  f inding of  Lee, et al. (1) that  
an exper imenta l  d i e t  wi th  10% corn oil as the  
only lipid s o u rce  suppo r t ed  poor  t rou t  growth.  

Table II also shows tha t  the  accumula ted  
mor ta l i ty  was high in the  groups of  fish receiv- 
ing diets 1 and 4. These diets con ta ined  only 
0.1% 603 FA. As : the  603 FA level increased to  
0.5% in diets 2 and 5, the fish mor ta l i ty  was 
r educed  greatly. The mor ta l i ty  was r educed  fur- 
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to3 AND to6 F A T T Y  ACIDS IN T R O U T  

T A B L E  IV 

In f luence  of  Die ta ry  Lipids upon Percentages  of  Certain Phosphol ip id  
Fat ty  Acids in T ro u t  a 

65 

Fat ty  Diets 

acids 1 2 3 4 5 6 7 8 9 

1 8 : 0  4.6 5. I 5.9 6.6 6.9 7.2 8,1 9.3 8.9 
18:1 t~o9 34.9 30.0 26.9 19.3 20.5 20.0 9.9 10.8 11.5 
18 :2 t06  b 3.5 2.8 2.1 I 0.5 9.4 8.0 16,9 17.7 17.6 
18:3co6 0.5 0.6 0.5 2,3 2.1 2.1 
18:3co3 0.8 1.8 0.2 0.8 1.2 0.6 1.3 
20: I to9 2.6 1.8 1.3 1.4 1.1 1.0 0.2 0.2 0.3 
1 8 : 4 w 3  0.6 1.0 0.3 0.4 0.3 0.6 
20 :2 t09  2.2 2.3 1.3 0.5 0.6 0.4 
20 : 2 t ~6  1.8 1.4 1.1 2.4 2.7 2,0 
20:3co9 6.0 5.3 2.2 1.2 0.8 0.4 
2 0 : 3 t u 6  2.8 2.7 2.0 3.6 3.5 3.1 
2 0 : 4 t o 6  0.9 0.5 0.3 6.1 5.0 4.4 9 .8  9.2 8.0 
2 0 : 4 t o 3  0.3 0.4 
20:5t,o3 0.4 1.0 1.3 0.3 0.4 0.8 0.5 0.9 1.2 
22:4co6 0.5 0.9 1.0 0.5 
22:5c06 14.5 7.5 4.5 18.1 10.8 6.7 
22:5c03 1.2 1.0 0.2 
22 :6c03  6.4 14.0 19.8 6.1 13.7 18,.3 6.3 1 1.0 15.3 

Tota l  to3 6.8 16.4 25.4 6.6 15.2 22.1 6.8 12.8 18.6 
Tota l  ~ 6  4.4 3.3 2.4 36.7 26 .6  20.5 54.0 47 .0  40 .0  

aAverage  of  analysis of  dupl ica te  lots. 

b o t h e r  isomers  may  be present .  

T A B L E  V 

Inf luence  o f  Die tary  Lipids upon  Percentages  o f  Cer ta in  Neut ra l  Lipid 
F a t t y  Acids in T r o u t  a 

Fa t ty  Diets 

acids I 2 3 4 5 6 7 8 9 

18:0 
1 8 : 1 ~ 9  
18:2co6 b 
18 :3 to6  
18 :3 to3  
20: I to9 
18 :4 to3  
20:2co9 
2 0 : 2 t 0 6  
2 0 : 3 ~ 9  
20:3~o6 
20:4r 
20 :4 t o3  
20 :5 t o3  
20 :4 t o6  
22 :5 t o6  
22:5~o3 
2 2 : 6 t o 3  

Tota l  to3 
Tota l  co6 

2.7 3.1 3.0 3.7 4.3 4.1 4.6 4.2 4.7 
35.0 29.6 26,7 21.9 22.5 23.7 8.6 6.8 10.5 

1.4 1.4 1.2 14.3 14.9 13.8 43 .9  49 .8  43 .0  
0.6 0.8 0.5 6.5 6.6 5.5 

1.5 4.3 0.4 2.2 4.1 0.3 1.8 3.6 
2.3 1.6 1.2 1.3 1.1 0.6 0.7 

1.0 1.4 1.0 0.8 1.2 2.5 
1.0 1.6 1.0 0.4 0.5 0.4 0.2 

0.8 1.0 0,5 2.0 1.7 1.6 
0.5 0.~ 0.4 

0.6 0.6 0,6 3.1 2.9 2.2 
1.2 1.1 1.0 6.4 6.1 4.3 

0.2 
0.3 0.3 0.3 0.4 0.8 

0.5 0.2 0.4 
5.1 2.7 2.0 1.3 0 .8  0.2 

0.1 
1.1 2.2 0.8 1.9 2.7 

0 3.6 7.9 1.2 5.6 8.0 1.9 6.2 11.2 
1.4 1.4 1.2 18.8 19.2 16.6 67.5 70.0 59.0 

1.3 2.8 4.3 

aAverage  o f  analysis o f  dupl ica te  lots. 

b o t h e r  i somers  may  be presen t .  

ther in the groups of fish fed diets 3 and 6 to 
which 1% 6o3 FA was added. The accumulated 
mortality was highest in the groups of fish fed 
diets containing 5% 18:2co6 (diets 7, 8, and 9). 

A possible explanation for the excessive 
mortality may be the high dietary percentage of 
lipids of w 6  family (1). The added factor of 
ethanol derived from the hydrolysis of FA 
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ethyl  es ters  in the  diet also may  make  a con t r i -  
bu t ions  (5).  Assuming  an in take  of  3.2 g dry 
diet for 100 g body  wt of  fish (die t  9), the  con-  
s u m p t i o n  of  e t hano l  would  a m o u n t  of  28.6  mg 
or 286  mg/kg  body  wt.  However ,  no  in fo rma-  
t ion  was f o u n d  on  the  e f fec t  of  e t h a n o l  upon  
FA me tabo l i sm in fish. 

The FA comi:~osition of  the  phospho l ip ids  
and  neut ra l  lipids e x t r a c t e d  f rom the  whole fish 
is shown in Tables IV and  V. A high concen t r a -  
t ion  of  20:3039 FA was present  in the  p h o s p h o -  
lipids of  diets 1 and  2 fish,  whicfi is an indica-  
t ion of  essential  FA def ic iency (6,7) .  The 
g rowth  rate  of  these groups  of  fish was low. 
The  20:3039 FA was less in the  g roups  of  fish 
fed diets 4 and  5. These two diets c o n t a i n e d  the  
same levels of  18:3033 as diets 1 and 2 but  were 
s u p p l e m e n t e d  with 1.5% 18:2036, The  add i t i on  
of  18:2036 at this  level appeared  to sat isfy 
partial ly the  me tabo l i c  needs  of  the  fish, and  
the g rowth  rate  of  diets 4 and  5 fish was h igher  
than the groups of  fish fed diets  1 and  2, re- 
spectively.  

No 20:3039 was de t ec t ed  in the t issues of  
fish fed diets  7, 8, and  9, in which 5% of  
18:2o36 was added.  The poor  g rowth  e x h i b i t e d  
by these groups seemed  to  be the  resul t  of  a 
dietary imba lance  of 18:3033 and  18:2036 FAs. 

By e x a m i n a t i o n  of the  body  FA compos i -  
t ion,  the  m e t a b o l i s m  of  die tary  18:2036 in 
t rou t  can be seen in fish fed diets  4, 5, 6, as 
well as diets  7, 8, 9. T h r o u g h  ca rbon  chain  
e longat ion  and  desa tu ra t ion ,  the  1 8 :2  was con-  
ver ted  in to  18:3,  20 :2 ,  20 :3 ,  20 :4 ,  and  22 :5  
FAs of  the 036 family.  The dietary 18:3033, on  
the o t h e r  hand ,  was c o n v e r t e d  in to  18:4 ,  20 :4 ,  
20:5 ,  22 :5 ,  and  22 :6  FAs of  the 033 family.  
The convers ion  of  18:2036 in to  22:5036 was 
i n h i b i t e d  to a cer tain e x t e n t  by d ie tary  
18:3033. Diets 4, 5, and  6 c o n t a i n e d  the  same 
level (1.5%) of  18:2036, bu t  the  level of  
18:3033 in these  diets varied.  In diet  4, in which  
only  0.1% 18:3033 was added ,  the  c o n c e n t r a -  
t ion  of  22:5036 and  tota l  036 fa t ty  acids in 
phospho l ip ids  was 14.5% and 36.7%, respect ive-  
ly. As the  level of  18:3033 increased in diets  5 
and  6; the  c o n c e n t r a t i o n  of  22:5036,  was well 
as to ta l  036 FAs,  decreased accordingly .  

The me tabo l i sm of 18:3033 was i n h i b i t e d  by 
die tary  18:2036 but  to a lesser degree. This  can 
be seen in diet  series 2, 5, 8 or 3, 6, 9, in which  
the level of  18:3033 was c o n s t a n t ,  while the  

level of  18:2036 varied.  The c o n c e n t r a t i o n  of 
22:6033 and  to ta l  033 FAs in phospho l ip ids  de- 
creased as the  18:2036 levels in the diets in- 
creased. These resul ts  were in accord  wi th  the  
rat  e x p e r i m e n t s  c o n d u c t e d  by  Holman  and 
coworkers  (6,8) ,  where in  the  compe t i t i ve  in- 
h ib i t ion  be tween  l inoleate  and  l ino lena te  was 
demons t r a t ed .  

The FA c o m p o s i t i o n  of  body  lipids reflects  
the die tary  lipids (9). l l igh body  036 FAs were 
found  in the fish on diets  7, 8, 9. The level 
found  was abnorma l ly  high when  c o m p a r e d  to 
fish in the wild s tate .  These diets s u p p o r t e d  
poor  fish growth.  P resumably ,  increas ing the  
level of  18:3033 in these diets  would  have re- 
duced  the i n c o r p o r a t i o n  of  036 FAs in to  the  
phospho l ip ids  of  the  fish and  b e t t e r  fish g rowth  
would  have occurred,  

The  results  suppor t  the  conc lus ion  tha t  rain- 
bow t rou t  grow best  on diets  high in lipids of  
the 033 family and  low in lipids of  the  036 
family.  Diets 3, 5, and  6 s u p p o r t  this  con t en -  
t ion.  These diets,  in add i t ion  to p roduc ing  rapid  
growing fish wi th  low mor ta l i ty ,  exh ib i t ed  high 
feed eff ic iency.  
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Nature of Alkanes in Beef Heart Lipids 
E R I C  L. B A N D U R S K I  and B A R T H O L O M E W  N A G Y ,  Organic Geochemistry Laboratory,  
Department  of Geosciences, The Universi ty of  Ar izona,  Tucson, Ar izona 85721 

A B S T R A C T  

n-Alkanes have been found to be the 
major saturated hydrocarbon components 
in the fatty tissues on beef heart. These 
alkanes consist of a homologous series 
C14-C35, with the C29 and C31 n-alkanes 
being most abundant.  C16 , C ]9 , and  C20 
isoprenoid alkanes also were identified. A 
C17 isoprenoid alkane tentatively was 
identified. The fatty tissues on beef heart 
contained 32 #g]g saturated hydrocar- 
bons. The distribution pattern of these 
saturated hydrocarbons is in marked con- 
trast to the alkane distribution in beef 
liver where branched and cyclic alkanes 
are predominant. The enrichment and the 
similarity of the n-alkane distribution in 
the fatty tissues on heart and in pasture 
plants may have implications for the 
physiological aspects of hydrocarbons in 
the diet. 

INTRODUCTION 

Trace amounts of saturated hydrocarbons 
generally are regarded to be ubiquitous in 
nature. The occurrence of alkanes in several 
animal and plant species and tissues has been 
summarized (1), and it became apparent that 
relatively few studies have been made concern- 
ing the occurrence and, particularly, the physio- 
logical role of saturated hydrocarbons in mam- 
malian tissues (2-7). Studies of beef liver (1) 
and beef brains (8) showed distributions of 
alkanes (chiefly branched and cyclic) which are 
different from the distribution in pasture 
plants. In addition, these results suggest prefer- 
ences in the accumulation of certain classes of 
hydrocarbons in different anatomical sites of 
the same species. In an attempt to better 
understand the occurrence and role of alkanes 
in mammals, part of another organ, i.e. the 
fatty tissues on the beef heart muscle, was 
analyzed. 

M E T H O D S  A N D  RESULTS 

Extraction and Isolation of Saturated Hydrocarbons 

All solvents used in the analyses were redis- 
tilled from spectral-grade or pesticide-grade 
reagents using 12 cm columns packed with 
Raschig rings. All glassware and Teflon fittings 
were cleaned in a mixture of hot concentrated 

H2SO4/HNO3(85: 15, v/v). As a further precau- 
tion against contamination, a complete pro- 
cedure blank was made under conditions iden- 
tical to those used for the beef heart fatty 
tissue analysis. The blank run revealed no 
hydrocarbons or other compounds, confirming 
that no contaminations occurred in the labora- 
tory. 

The beef heart was obtained from a freshly 
butchered animal. The organ was handled with 
and wrapped in solvent-cleaned aluminum foil, 
packed in dry ice during transport, and then 
immediately dissected. As an added precaution 
against contamination the outer 1/2 cm fatty 
tissue was discarded. The remaining fatty and 
connective tissues on the heart muscle (246 g) 
were used for the analysis. The fatty tissue was 
cut into N1 cm sized pieces and macerated in 
portions in a modified Waring blender with ca. 
450 ml chloroform/methanol (2:1, v/v). (All 
lubricants previously had been removed from 
the blender and acid-cleaned Teflon gaskets 
installed.) Aliquots of this mixture were next 
passed through a medium-porosity BiJchner 
funnel. 

After filtration, the solution was flash evapo- 
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FIG. 1. Gas chromatogram of unsieved hydrocar- 
bons-Dexsil-300 column. 
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rated at 55 C in 100 ml portions. The final 
residue consisted of 200 g yellow liquid. This 
residue then was saponified in 70 g portions by 
refluxing each of the aliquots for 1 hr in a 
solution of 600 ml benzene/methanol (2:3, 
v/v), 60 ml H20 ,  and 33 g KOH. The KOH 
solution was prewashed with hexane to remove 
any contaminating hydrocarbons. After saponi- 
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FIG. 2. Gas chromatogram of unsieved hydrocar- 
bons (low mol wt pQrtion)-OS-138 column. Hydro- 
carbons: (1) n-C14, (2) C16 isoprenoid, (3) n-Cls, (4) 
n-C16, (5) pristane, (6) n-C17, (7) phytane, (8) n-ClS, 
(9) n-C19 , (10) n-C20, (11) n-C21, (12) n-C22, and 
(13) n-C 23- 
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fication, the benzene and methanol solutions 
were resolved in a separatory funnel, and the 
methanol fraction then was washed twice with 
benzene. The combined benzene fractions, 
which contained the hydrocarbons, were flash 
evaporated to give a residue of 10 ml light 
yellow liquid. This liquid was next extracted 
with 200 ml hexane and washed again with 100 
ml 5% aqueous KOH to remove remaining 
traces of soap. The hexane was evaporated 
under electronic grade N 2 (passed through 
molecular sieves) to yield 2.05 g light yellow 
oil. 

The oil was poured onto a prewashed alu- 
mina column (120 g Woelm neutral, Waters 
Associates, Framingham, Mass.) and eluted with 
n-hexane. At room temperature the eluate 
yielded an 8.9 mg mixture of a colorless, waxy 
solid and viscous liquid after evaporation under 
N 2. Further chromatography on prewashed 
silica gel (100 g of Adsorbosil-CAB 140-200 
mesh, Applied Science Laboratories, State Col- 
lege, Pa.) by elution with n-hexane yielded at 
room temperature a mixture of 7.9 mg white 
crystals and a colorless oil after evaporation 
under N 2 . 

Before analysis, two-thirds of the hexane 
eluate from the silica gel column was separated 
into branched~cyclic and normal fractions by 
the use of  Linde 5)~ molecular sieve pellets, 
preactivated at 250 C for 2 weeks. The solu- 
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FIG. 3. Mass spectrum of C17 branched alkane. Lower spectrum is the standard (9). 
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tion, together with the molecular sieve pellets, 
w a s  refluxed in benzene for 1 week. The 
benzene, which contained the branched al- 
kanes, then was decanted, n-Alkanes were 
removed from the molecular sieve pellets by 
refluxing with n-hexane for 1 week after the 
benzene solution was removed. 

Identification of Saturated Hydrocarbons by 
Combined Capillary Gas Chromatography-Mass 
Spectrometry 

Identifications of the hydrocarbons were 
made by injecting the sieved and unsieved 
fractions into a Perkin-Elmer model 226 gas 
chromatograph directly connected to a Hitachi 
RMU-6E mass spectrometer through a molecu- 
lar separator. The gas chromatograph was 
equipped with a 50 ft, 0.02 in. inside diameter, 
Dexsil-300 support coated open tubular 
(SCOT) column and programed at 150-300 C at 
5 C/rain (Fig. 1). For better separation, the 
unsieved material was programed on a 100 ft, 
0.02 in. inside diameter, OS-138 (polyphenyl- 
ether) SCOT capillary column at 100-195 C 
(Fig. 2). Rapid mass spectral scans were re- 
corded of each peak as it emerged from the gas 
chromatograph. 

Interpretation of  Mass Spectra 

Mass spectra of the unsieved fraction re- 
vealed a complete homologous series of satu- 
rated hydrocarbons C14-C35 showing fragmen- 
tation patterns typical of n-alkanes. Three 
i s o p r e n o i d s  a l so  were identified: C16 
(2,6,10-trimethyltridecane), C19 (2,6,10,14- 
t e t r a m e t h y l p e n t a d e c a n e ) ,  and  C20 
(2 ,6 ,1  0,1 4 - t e t r a m e t h y l h e x a d e c a n e ) .  The 
branched/cyclic fraction revealed an additional 
gas chromatographic peak whose mass spectrum 
indicated a branched C17 alkane. This branched 
alkane had fragment ions at m/e = 99, 113, and 
183 which suggest an isoprenoid structure. 
Although this mass spectrum showed some 
variation from a published spectrum (9) of C17 
isoprenoid (Fig. 3), such differences could be 
caused by imperfect gas chromatographic sepa- 
ration and by instrumental variations between 
mass spectrometers. Consequently, this com- 
pound tentatively was identified as a C17 
isoprenoid alkane. No branched or cyclic com- 
pounds having mol wts higher than C20 were 
indicated by the mass spectra. The C19 iso- 
prenoid (pristane) was identified by comparison 
with a standard; the C2o (phytane) and C16 
isoprenoids were identified by comparison with 
published spectra (10,11 ). 

DISCUSSION 

The hydrocarbons in fatty tissues on beef 
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heart muscle consisted mainly of n-alkanes 
(n-C14-n-C35). A strong odd carbon preference 
in the region n-C21-n-C33 was observed, n-C31 
was the most abundant alkane, followed by 
n-C29 and n-C27 (Fig. 1). Among the branched 
chain compounds, phytane predominated, fol- 
lowed by the branched C17 hydrocarbon. 

Total yield of saturated hydrocarbons from 
the bovine heart fatty tissue was 32/ /g/g.  This 
yield and the distribution pattern differed from 
those of beef liver (1) which contained 4 ~g 
saturated hydrocarbon/g liver, consisting of  
predominantly branched/cyclic alkanes (C19 
and C20) and only trace quantities of  normal 
alkanes. In contrast to the heart alkanes, 
Cl 8-Ce2 were the most abundant n-alkanes in 
liver. The analysis of a third tissue, beef brains 
(8), yielded dominantly branched alkanes 
C10-C30 (identifications were based upon gas 
chromatographic retention times and on IR 
spectroscopy). 

n-Alkanes in beef heart fatty tissues appear 
to have been partially absorbed from ingested 
plant material; such plants have similar n-alkane 
distributions (5). 
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Studies of Lipid Class and Fatty Acid Profiles of Rat Mammary 
Tumors Induced by 7,12-Dimethylbenz(a)anthracene 
W.C. TAN, C. CHAPMAN, T. TAKATORI, and O~S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55919 

ABSTRACT 

The lipid class and fatty acid composi- 
tion profiles of mammary glands of fe- 
male rats fed a nutrit ionally adequate diet 
are compared to those of tumors induced 
in the mammary glands by intravenous in- 
jection of dimethylbenz(a)anthracene of 
animals fed the same diet. Ca. 95% of the 
lipids of the mammary glands of the con- 
trol group of animals consisted of tfiglyc- 
erides; glycolipids and phospholipids were 
present in only minor amounts. In con- 
trast, the lipids of the mammary tumors 
contained much lower amounts of neutral 
lipids and higher concentrations of phos- 
pholipids. The glycolipid fraction was a 
minor component of both tissues but dif- 
fered greatly in composition. The compo- 
sition of the phospholipid and neutral 
lipid fractions, particularly the latter, of 
the mammary tumors also differed from 
that of the mammary glands of the con- 
trol animals. The neutral lipids of the 
tumor tissues contained elevated levels of 
free fatty acids and cholesterol and much 

lower concentrations of triglyceride com- 
pared to the mammary gland lipids. Dif- 
ferences also were observed in the fatty 
acid composition of tumor and mammary 
g l a nd  lipid. The greatest differences 
occurred in the concentrations of poly- 
unsaturated fatty acids which were gen- 
erally much higher in the tumor lipids. 

INTRODUCTI ON 

The invasion of malignant tumor growth to 
adjacent normal tissue is believed to involve the 
action of cell surface membranes and intercellu- 
lar contact (1-4). Phospholipids are major con- 
stituents of cell membranes and may be impor- 
tant in tumor growth (5-7); glycolipids appear 
to be involved in tumor growth by virtue of 
their antigenic properties (8-10). Since the 
lipids of various tissues differ in fatty acid com- 
position (11), the properties of phospholipids 
in the matrix of surface structures can vary by 
virtue of differences in their constituent fatty 
acids, as evidenced by physical studies (12-14). 

Endocrine effects upon the lipid and fatty 
acid composition of mammary gland and tumor 

T A B L E  1 

Ana lys i s  o f  Ra t  M a m m a r y  G l a n d  a n d  T u m o r  Tissue L ip id  F r a c t i o n s  a 

N e u t r a l  l ip id  G l y c o l i p i d  b P h o s p h o l i p i d  

F a t t y  ac ids  C o n t r o l  T u m o r  C o n t r o l  T u m o r  C o n t r o l  T u m o r  

P e r c e n t ~ o f  
t o t a l l i p i d  9 8 . 6 •  1.0 c 6 4 . 1 •  0 . 4 •  2 . 5 •  1 . 1 •  3 3 . 5 •  

• 
1 4 : 0  1.1 0 .3  0 . 8 •  2,2 1.3 0 . 4 •  0 . 4 •  
1 6 : 0  1 8 . 5 •  1 5 . 8 •  16 .4  12 .6  2 1 . 3 •  2 1 . 5 •  
16 :1  4 . 4 •  3 , 2 •  4 .6  3 ,0  1 . 2 •  1 . 1 •  
1 8 : 0  4 . 7 •  6 . 2 •  9 .4  10 .0  1 8 . 3 •  1 6 . 8 •  
18 :1  3 7 . 9 •  3 2 . 9 •  27 ,5  14 ,1  1 4 . 5 •  1.5 1 4 . 5 •  
18 :2  2 6 . 3 •  2 2 . 9 •  14 .7  6,9 1 3 . 8 •  8 . 0 •  
1 8 : 3  2 . 5 •  2 . 0 •  2 .3  1.0 0 . 5 •  0 , 4 •  
2 0 : 3  0.1 •  0 . 6 •  1.1 2 ,4  1 . 4 •  2.1 •  
2 0 : 4  0 . 9 •  7 . 3 •  5.1 9,1 1 3 . 8 •  2 0 . 0 •  
2 0 : 5  0 . 3 •  0 . 7 •  2 .7  7,2 0 . 4 •  0 . 8 •  
2 2 : 3  0 . 3 •  0 . 5 •  2 .7  12 ,3  0 . 7 •  1 . 5 •  
2 2 : 4  0 . 2 •  1 . 6 •  1.5 3 .7  3 . 3 •  3 . 5 •  
2 2 : 5  0 . 6 •  1 . 5 •  1 .4  1,9 1 . 4 •  1 . 8 •  
2 2 : 6  1 . 0 •  2 . 7 •  1.5 4.1 4 . 9 •  3 . 2 •  1.0 

O t h e r s ( < l ~  1 . 3 •  1 . 4 •  6.9 10 .4  3 . 8 •  4 . 8 •  

a L i p i d  c o n t e n t  o f  t u m o r  t i ssue  = 30 ,7  • 13 ,2  mg/g w e t  t issue.  L ip id  c o n t e n t  o f  m a m m a r y  g lands  o f  
c o n t r o l  an ima l s  601 • 1 2 0  m g / g  w e t  t issue.  

b F a t t y  ac id  ana lys i s  c a r r i ed  o u t  o n  p o o l e d  f r a c t i o n s  f r o m  t u m o r s  o f  s ix an ima l s  a n d  g lands  o f  f o u r  
h e a l t h y  an ima l s .  

CMean • s t a n d a r d  dev ia t i on .  
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tissue in rats have been observed by Rees, et al. 
(15). In these studies, major differences were 
observed in the amount and fatty acid composi- 
tion of the triglycerides. Reported here is a 
comparison of the lipid class and fatty acid pro- 
files of mammary glands of female rats of the 
Sprague-Dawiey strain fed a nutri t ionally ade- 
quate diet and tumors induced in this organ by 
intravenous administration of 7,13-dimethyl- 
benz(a) anthracene (DMBA) of animals fed the 
same diet. 

MATERIALS AND METHODS 

Induct ion o f  rat mammary tumors: Weanling 
female rats of the Sprague-Dawley strain, ob- 
tained from ARS/Sprague-Dawley, Madison, 
Wis., were housed in individual cages and fed ad 
libitum a basic casein-sucrose diet containing 
vitamins and minerals in the required amounts 
and 10% by wt of corn oil (16). 

Tumors were induced in the mammary 
glands of the animals by a modification of the 
procedure described by Huggins, et al. (17). A 
lipid emulsion (0.2 ml) of 1% (w/v) DMBA was 
injected into the caudal vein of animals at ages 
of 50, 53, and 56 days. The DMBA emulsion 
was prepared by dissolving 50 mg in 1.5 ml 
corn oil by warming and stirring the mixture 
until  a clear solution was obtained. The final 
emulsion was obtained by mixing 3.5 ml fresh 
rat serum vigorously with the solution. The ani- 
mals were sacrificed ca. 3 months after the last 
injections of DMBA when they showed external 
symptoms of the presence of mammary tumors. 

Mammary tumors measuring I-4 cm in di- 
ameter were dissected, cleaned of adhering tis- 
sue, and quick-frozen on dry ice immediately 
after the animals were sacrificed. The mammary 
glands were removed from 6 animals that had 
been maintained as a control group at ca. the 
same time, frozen on dry ice, and stored at 
-20 C until  analyzed. The lipids were extracted 
from the tissues under an atmosphere of nitro- 
gen by h o m o g e n i z a t i o n  in  chloroform- 
methanol, 2:1, and the nonlipid impurities were 
removed by aqueous extraction of a solution of 
the lipid in chloroform and petroleum ether, as 
previously described (14). The amount  of lipid 
in each tissue was determined from an aliquot 
of this solution by gravimetric analyses. 

Fractionation of the lipid into neutral lipids, 
glycolipids, and phospholipids was carried out 
using columns of silicic acid treated with am- 
monium hydroxide, as previously described 
(18). The neutral lipids were eluted with chlo- 
roform, the glycolipids with acetone, and the 
phospholipids with methanol after flushing ace- 
tone out of the column with chloroform. The 

FIG. 1. Thin layer chromatogram of neutral lipid 
fractions. A, B, and C, rat mammary gland; D, glyceryl 
ether diester; E, F, and G, rat mammary tumor. Silica 
Gel H, 0.3 mm thick, solvent system, Skelly F:diethyl 
ester:acetic acid, 90:10:1. CHE = cholesteryl esters, 
GEDE = glyceryl ether diester, TG = triglyceride, 
FFA = free fatty acid, CH = cholesterol, DG = diglyc- 
eride, and PL = polar lipid. 

fractionation was carried out on a column 
39 x 1 cm containing 17.5 g adsorbent with 
samples of the order of 65 mg. The relative 
amount of each fraction was determined by 
gravimetric analysis. 

Fatty acid composition was determined by 
gas liquid chromatography (GLC) of methyl 
es te r s  prepared by interesterification with 
methanol by heating a small sample of 1-10 mg 
at 95 C for 4 hr in sealed tubes containing 
nitrogen using HC1 as a catalyst. The GLC anal- 
yses were carried out with an Aerograph gas 
chromatograph equipped with a 6 ft x 1/8 in. 
column packed with 10% EGSS-X on Gas 
Chrom P at 195 C at a flow rate of carrier gas 
N 2 of 40 ml/min using a flame ionization detec- 
tor. Fatty acid composition was determined by 
comparison of retention volumes with authen- 
tic methyl ester standards. Quantitative analysis 
was made on the basis of the proportionalities 
of the peak areas. Precision of the method was 
ca. ~ 5% for the major components. 

Thin layer chromatography (TLC) of the 
lipid classes was carried out using Silica Gel G 
or H (Merck, A.G., Darmstadt, Germany) 
coated plates. The specific conditions used for 
these analyses and the components that were 
identified are described in the figures. 

RESULTS 

The lipids of the mammary glands of the 
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FIG. 2. Two dimensional thin layer chromatogram of glycolipid fractions. A. Rat mammary gland. B. Rat 
mammary tumor. 1. Ceramide monohexoside. 2. Ceramide dihexoside. 3. Ceramide trihexoside. 4. Ceramide 
polyhexoside. 5. Ganglioside. Silica Gel H, 0.3 mm thick, solvent system, first direction (y-direction), chloro- 
form:methanol:water, 65:25:4, second direction (x-direction), chloroform:acetone:methanol:acetic acid:water, 
5:2:1:1:0.5. 

FIG. 3. Two dimensional thin layer chromato~am of the phospholipid fractions. A. Rat mammary gland. 
B. Rat mammary tumor. 1. Phosphatidyl ethanolamine. 2. Phosphatidylcholine. 3. Lysophosphatidylethanot- 
amine. 4. Sphingomyelin. 5. Phosphatidyl inositol. 6. Lysophosphatidyl choline. 7. Phosphatidic acid. 8-15. Un- 
identified. Silica Gel H, 0.3 mm thick, solvent system, (y-dffection), chloroform:methanol:ammonium hydrox- 
ide, 65:35:5; (x-direction), chloroform:acetone:methanol:acetic acid:water, 5:2:1:1:0.5. 

con t ro l  an ima l s  and  the  t u m o r  t issue d i f fered  mary  glands. This  d i f fe rence  was largely a re- 
great ly in  c o m p o s i t i o n ,  as s h o w n  in Table  I. f l ec t ion  of  the  relat ive a m o u n t s  of  the  n e u t r a l  
The  a m o u n t  o f  l ipid in  the  t u m o r  t issues was and  p h o s p h o l i p i d  f rac t ions .  The  p h o s p h o l i p i d  
on ly  ca. o n e - t w e n t i e t h  o f  those  of  the  mare-  f r ac t ion  was on ly  a m i n o r  c o m p o n e n t  of  the  
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mammary gland lipid, but a major component  
of the tumor lipid. The glycolipid fraction was 
greater in the lipid of the tumors than the mam- 
mary glands but was a minor component in 
both lipids. The composition of the tumor 
lipids was more variable than the lipids of the 
mammary glands of the control animals, as evi- 
denced by the higher standard deviation un- 
doubtedly because of differences in the individ- 
ual tumors as indicated, at least in part, by the 
differences in their sizes. 

Large differences existed in the fatty acid 
composition of the lipids of the tissues as 
shown in Table I. The greatest differences ap- 
peared to be in the relative amounts of long 
chain unsaturated fatty acids. There were fairly 
large variations in the fatty acid composition of 
the tumor lipids, as indicated by the standard 
deviations, but the same general pattern was 
evident in all of the fractions (Table I). 

TLC showed that the composition of the 
lipid fractions of the tumor tissue differed 
greatly from their counterparts isolated from 
the lipids of the mammary glands of the control 
group. The differences were greater in some tu- 
mors than others; however, the pattern of the 
differences was similar. Typical differences in 
the neutral lipids are shown in Figure 1. 

The neutral lipids of the tumor tissues con- 
tained a much higher percentage of cholesterol 
and free fatty acids. No glyceryl ether diesters 
were detected in the lipids of either the tumors 
or the mammary glands of the control animals. 
Quantitative analyses of the composition of 
the  n e u t r a l  l ip id  f r a c t i o n  by  T L C -  
charring-densitometry technique (18) showed 
that the mammary gland lipid of the con- 
trol animals consisted of ca. 90% triglyc- 
eride, 6% free fatty acid, and less than 1% cho- 
lesterol. Tumor lipid varied considerably in 
composition; the average of the two samples F 
and G, Figure 1, was 20.5% for triglyceride, 
57.2% free fatty acid, and 15.2% cholesterol. 
Small amounts of cholesterol esters also were 
detected in the tumor lipid, as shown in 
Figure 1, but  were not measured. 

The composition of the glycolipid fractions 
of the two tissues differed both quantitatively 
and qualitatively, as illustrated in Figure 2. The 
tumor tissue contained less ganglioside and ap- 
peared to be devoid of some of the components 
of this fraction observed in the lipid of the 
mammary glands of the control animals. Differ- 
ences also were observed in the cerebroside and 
polyhexoside fractions. In addition, the glyco- 
lipid fraction of the tumor lipid appeared to 
contain a number of unknown constituents. 
Comparison of the two dimensional chromato- 
grams of the TLC of the phospholipids also 

showed some differences in the composition of 
this fraction, but the differences appeared to be 
mostly quantitative (Figure 3). 

DI SCUSSI ON 

The present study, like that of Rees, et al., 
(15) showed that large differences existed in 
the relative amounts of triglycerides and phos- 
pholipids of the mammary glands of rats and 
the tumors induced in this gland by DMBA. 
The neutral lipids of the tumors contained 
much higher concentration of free fatty acids 
and cholesterol than that of the mammary 
glands of the control group of animals. Some 
differences also were present in the composi- 
tion of the phospholipids, but the differences in 
the composition of the glycolipid fractions 
were the most interesting and significant. The 
concentration of the glycolipid fraction was ele- 
vated in the tumor lipids, but it was a minor 
component of the lipid of both tissues. The 
striking feature of the differences between the 
composition of this fraction of the mammary 
gland tissue of the control animals and mam- 
mary tumor tissue was its similarity to the dif- 
ferences observed in this fraction between 
human liver and hepatoma tissue previously re- 
ported (19). The similarity of the differences in 
these fractions was even more remarkable con- 
sidering the large general differences between 
the lipids of these organs and their neoplasms 
from two widely different mammalian species, 
human and the rat. The significance of the 
glycolipid fraction in tumor growth is not 
known. However, glycolipids have been re- 
ported in the reactions involving cell surface 
antigens and are important in contact inhibition 
phenomenon in the regulation of cell prolifera- 
tion (3,8). The difference in fatty acid composi- 
tion between the mammary gland lipid and 
mammary tumors also may be important in 
tumor growth, inasmuch as the properties of 
the host molecules are influenced by the con- 
stituent fatty acids (5,12-14,20). 
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Influence of Dietary Fatty Acids on Membrane Properties and 
Enzyme Activities of Liver Mitochondria of Normal and 
Hypophysectomized Rats 
E.W. HAEFFNER 1 and O.S. PRIVETT, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Studies are reported on the effects of 
diets containing fatty supplements with 
(A) a high concentration of arachidonate 
(46% concentrate of ethyl arachidonate), 
(B) a high concentration of linoleate 
(corn oil), and (C) an essential fatty acid 
deficient, fully saturated fat (hydro- 
genated coconut oil) upon lipid composi- 
tion, membrane permeability, and en- 
zyme activities of liver mitochondria of 
normal and hypophysectomized rats. The 
fatty supplements produced differences 
in the fatty acid composition of the liver 
mitochondria; hypophysectomy, in addi- 
tion, influenced the neutral and phospho- 
lipid composition. Permeability, indicated 
by swelling properties, correlated gener- 
ally with the degree of unsaturation and 
essential fatty acid content of the lipid of 
the mitochondria of the normal animals. 
The fatty supplements also influenced the 
enzyme acitivites of the mitochondria of 
the normal animals. The mitochondria of 
the hypophysectomized animals were less 
responsive to the differences in the die- 
tary fat in both their swelling properties 
and enzyme activities. Although the rela- 
tionship was complex, it appeared that 
the hypophysis was involved in the func- 
tions of essential fatty acids in liver 
mitochondria. 

INTRODUCTION 

The effects of dietary fat upon the lipid 
composition of mitochondria have received 
considerable attention in relation to the role of 
polyunsaturated fatty acids, particularly essen- 
tial fatty acids (EFA), in the structure and 
function of membranes (1-8). The importance 
of phospholipids as structural components of 
membranes has long been recognized. It is now 
apparent that these compounds also are re- 
quired for maximum activity of a number of 
membrane-bound enzymes (9-19). In this 
study, a comparison is made of the effects of 

1present address: Institut f/it Zellforschung am 
Deutschen Krebforschungszentrum D-69 Heidelberg, 
Kirschnerstrasse 6, West Germany. 

diets containing fatty supplements differing 
widely in their fatty acid composition, particu- 
larly in EFA, upon lipid composition, mem- 
brane permeability, and enzyme activities of 
liver mitochondria of normal and hypophy- 
sectomized rats. 

MATERIALS AND METHODS 

Male rats of the Sprague-Dawley strain were 
housed in individual cages and fed ad libitum a 
basic fat-free diet (20) supplemented with 10% 
corn oil (CO group), 10% hydrogenated coco- 
nut oil (HCO group), or 10% of a concentrate 
of ethyl arachidonate, 46% arachidonic acid 
(AR group). The ethyl arachidonate concen- 
trate was prepared from the fatty acids of fresh 
pig liver by low temperature fractional crystal- 
lization after removal of the nonsaponifiable 
material. The same diets were fed to corre- 
sponding groups of rats hypophysectomized 2-4 
days after weaning (Hormone Assay Labs, 
Chicago, Ill.). Each group contained I 0 animals. 
The animals were sacrificed starting ca. 10 
weeks after weaning. The livers were excised 
and homogenized in 10 volumes of 0.24 M 
sucrose containing 20 mM Tris-HC1, pH 7.4. 
Mitochondria were isolated by established pro- 
cedures (21) with only a few modifications. To 
reduce the microsomal contamination, the 
mitochondria were spun down at 4500 rpm for 
8 rnin and subsequently at 7500 rpm for 2 rain 
on a Sorvall centrifuge with an SS 34 rotor and 
washed twice at the same centrifugal force. This 
procedure reduced microsomal contamination 
to less than 10%, as measured by the specific 
activity of glucose-6-phosphatase. Contamina- 
tion of the mitochondria with the lysosomal 
fraction was also very minor as judged from the 
acid phosphatase activity. The preparation of 
outer and inner mitochondrial membrane was 
performed by the swelling and shrinking pro- 
cedure (21) followed by 3 hr sucrose-density 
centrifugation in an SW 39 rotor at 29000 rpm 
using a Beckman model L-2 ultracentrifuge. 
The mitochondria suspension (1.5 ml, 15-19 
mg/ml) was treated with potassium phosphate 
for 30 min and with adenosine 5'-triphosphate 
(ATP) for 5 rain at 0 C and layered on top of 4 
ml 1.18 M sucrose. 

All fractions were monitored for purity by 
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TABLE II 

Lipid Class Analysis of Mitochondria of Normal and Hypophysectomized (2-5 Days after Weaning) 
l0 Week Old Rats Fed a Basic Fat-Free Diet Supplemented with 10% Corn Oil (CO), 

Hydrogenated Coconut Oit (HCO), or an Ethyl Arachidonate Concentrate (AR) 

Percent  wt  o f  to ta l  l ipid 

CO group HCO group AR group 

Lipid classes Normal Hypox Normal Hypox Normal Hypox 

U n i d e n t i f i e d  a 2 . 3  2 . 4  6 .4  0 .9  2 .5  --- 
C h o l e s t e r o l  e s te r s  1.3-+ 0 .4  b 1.1 • 0 . 3  2 .8  • 1.8 3 .6  -2_ 1 .4  0 .2-+ 0.1 2,1 .2_ 0 .9  
3" r ig lycer ides  2 .0  -+ 1.'7 1.9 + 1.1 5.1 +- 0,.4 3.1 -+ 2.1 O.S +- 0 .1  6 .6  • 1.3 
F a t t y  ac ids  2 .2  • 0 . 9  3.3 -+ 2 .2  4 . t  • 1 .6 2 .2  +- 0 . 3  1.3 -+ 0 .4  1.5 • 1.0 
C h o l e s t e r o l  3 .7  -+ 2 .7  5.9 • 2 .7  8.9 -+ "/.8 6 .9  • 1.0 0 . 3  • 0.1 4 .2  -2_ 1.1 
N e u t r a l  l i p i d s  1 1 . 5 - + 1 . ' 7  1 4 . 6 - + 1 . 6  2 7 . 3 •  1 6 . 7 •  4 . 8 - + 0 . 5  1 4 . 4 •  
P o l a r  l i p i d s  c 88 .5  • g.O 8 5 . 4  • 6 .0  "/2.7 • 7 . 6  83 .3  +- 5 .8  9 5 . 2  • 2.1 8 5 . 6  • 7.1 

aMixture of minor components. 
bMean • standard deviation. 

CDetermined by the difference in the amount of total lipid and the sum of the neutral lipids. 

electron microscopy. 
For fatty acid and lipid analysis, the mito- 

chondria were extracted by the Folch proce- 
dure (22). The fatty acids were analyzed as 
their methyl esters by gas liquid chromatogra- 
phy (GLC) using an Aerograph instrument 
equipped with a flame ionization detector and 
an 8 ft x 1/8 in. column packed with 10% 
EGSS-X on Chromosorb W at 200 C. Nitrogen 
was used as the carrier gas and the percent 
distribution of the fatty acids was obtained by 
triangulation of the peak areas. The methyl 
esters were prepared by interesterification by 
heating 1-10 mg lipid with 3 ml dry 6% HC1 (by 
wt) in methanol under a nitrogen atmosphere in 
a sealed glass tube in a boiling water bath for 2 
hr. The lipid classes were analyzed by a 
combination of column and thin layer chroma- 
tography (TLC), as previously described (23), 
in which the charring densitometry technique 
was used for quantification of individual com- 
ponents using the appropriate reference stan- 
dards. The unknown components among the 
neutral lipids were not identified and were 
grouped together in the analysis. The polar lipid 
fraction was determined by the difference 
between the total sample and the total amount 
of the neutral lipid fraction. 

Fresh mitochondria, less than 5 hr old, were 
suspended in 0.25 M sucrose containing 20 mM 
Tris-HC1 buffer, pH 7.4, a system in which no 
swelling occurred at 25 C. The extent  of 
swelling was followed by the decrease in optical 
density at 520 nm using a Beckman DU model 
spectrophotometer connected to a Haake ther- 
mostat to maintain constant temperature of 25 
4- 1 C. To minimize variations, the protein 
concentration was controlled, and the equilibra- 
tion time at 25 C was standardized at 3 rain 
prior to the addition of the swelling agents. The 
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FIG. 1. Swelling of liver mitoehondria of normal 
(A,B,C) and hypophysectomized (D,E,F) rats fed the 
three different diets: ( ) corn oil (CO), ( - . - . - )  
hydrogenated coconut oil (HCO), and (--) arachi- 
donate concentrate (AR). Mitochondrial protein in 
rag: A, 0.46; B, 0.40; C, 0.46; D, 0.59; E, 0.68; and F, 
0.60. The mitochondria were suspended in 0.25 M 
sucrose containing 20 mM Tds-HCI, pH 7.4. The 
swelling was measured as decrease in optical density at 
520 nm at temperature 25 C after the addition of: 
(A,D) 10 mM glutathione (A, 0.02-0.10 and D, 
0.05-0.18 A520 units); (B,E) 2 mM K2HPO4 (B, 
0.01-0.10 and E, 0.02-0.16 AS20 units); (C,F) mito- 
chondria suspended in 75 mM NH4C1, 20 mM Tris- 
HC1, pH 7.4, 2 taM Rotenone, 0.5 taM valinomyein (C, 
0.01-0.05 and F, 0.02-0.10 A52 o units). Probability 
differences between the HCO and the AR groups for 
both the normal and hypophysectomized animals are: 
(A) P < 0.025, (B) P < 0.01, (C) P < 0.10, (D) P > 
0.50, (E) P > 0.5, and (F) P < 0.10. 

concentration of the swelling agents was chosen 
so that maximum swelling was reached in less 
than 20 min. The swelling properties of the 
mitochondria of the hypophysectomized and 
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FIG. 2. Swelling of the liver mitochondria of 
normal (A,B) and hypophysectomized (C,D) rats fed 
three different diets: ( ) corn oil (CO), ( - . - . - )  
hydrogenated coconut oil (HCO), and (---) arachi- 
donate concentrate (AR). Mitochondrial protein in 
rag: A, 0.40; B, 0.46; C, 0.68; and D, 0.60. The 
mitochondria were suspended in 0.25 M sucrose 
containing 20 mM Tris-HCl, pH 7.4. The swelling was 
measured as decrease in optical density at 520 nm at 
temperature 25 C after the addition of: (A,C) mito- 
chondria suspended in 0.1 M NH4C1 and 2 mM 
Tris-HC1, pH 8.3 (A, 0.01-0.04 and C, 0.01-0.13 A52 o 
units); (B,D) mitochondria suspended in 65 mM 
NH4C1, 20 mM Tris-HC1, pH 7.4, 1.5 pM ethvlene- 
diamine tetraacetic acid and 80 mM NaN 3 (B, 
0.01-0.09 and D, 0.02-0.14 A520 units). Probability 
differences between the HCO and the AR groups for 
normal and hypophysectomized animals are: (A) P < 
0.005 and (C) P < 0.10. 

0.3 

z 

0.2 

~0 ,1  

normal  animals were de termined  using gluta- 
thione,  phosphate ,  sod ium azide,  NH4C1 plus 
val inomycin,  and NH4C1 under  alkali condi-  
t ions as swelling agents. The condi t ions  used 
with  each  agent are described in the legends of  
the figures. 

ATP, d iphosphopyr id ine  nucleot ide ,  oxi- 
dized fo rm (DPN),  d iphosphopyr id ine  nucleo-  
tide, reduced  fo rm (DPNH),  t r iphosphopyr id ine  
nucleot ide,  ox id ized  fo rm (TPN),  t r iphospho-  
pyridine nucleot ide ,  reduced fo rm (TPNH),  
g l u c o s e - 6 - p h o s p h a t e ,  ~-g lycerophospha te ,  
j3-hydroxybutyrate  acid, L-glutamic acid, nicot in-  
amide, and cy toch rome  C were purchased f rom 
Sigma Chemical  Co., St. Louis,  Mo. 

E n z y m e  measurements :  glucose-6-phos- 
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FIG. 3. L-Glutamate dehydrogenase of liver mito- 
chondria matrix of normal (A) and hypophysecto- 
mized (C) rats kept on either a corn oil (CO) ( -), 
a hydrogenated coconut oil (HCO) ( - . - . - ) ,  or an 
arachidonate concentrate (AR) containing diet (--) .  
The enzyme activity was measured as increase in 
optical density at 340 nm at 37 C. The cuvettes 
contained in 2.0 ml: 0.5 mg (1.0 rag) mitochondrial 
matrix protein; 50 raM phosphate buffer, pH 7.4; 30 
mM nicotinamide; 0.4 mM potassium cyanide (KCN) 13 
mM L-glutamate; and the reaction was started with 0.7 
mM diphosphopyridine nucleotide, oxidized form 
(DPN). #-Hydroxybutyrate dehydrogenase of liver 
mitochondria inner membrane of normal (B) and 
hypophysectomized (D) rats. The enzyme activity was 
measured as increase in optical density at 340 nm at 
37 C. The cuvettes contained ha 2.0 mh 0.5 mg (0.25 
rag) mitoehondrial inner membrane protein; 20 mM 
Tris-HCl buffer, pH 8.5; 30 mM nicotinamide; 1.0 mM 
ethylenediamine tetraacetic acid; 0.4 mM KCN; 50 mM 
sodium (DL)/~-hydroxybutyrate; and the reaction was 
started with 0.7 mM DPN. 

phatase, acid phosphatase,  cy toch rome  C oxi- 
dase, TPNH cy toch rome  C reductase,  succinate 
cy toch rome  C reductase,  6-phosphogluconate  
dehydrogenase,  /3-hydroxybutyrate ,  and L-glu- 
tamate  dehydrogenase  were measured as de- 
scribed by Beaufay, et  al. (24).  Mitochondria-  
located ATPase was assayed according to 
Sandoval,  et  al., (25) except  for arsenate which 
was omi t ted .  The enzyme was s t imulated by 
2 ,4-dini t rophenol  and inhibi ted  by ol igomycin.  
Lipid peroxidase was analyzed according to the 
procedure  of  Placer, et  al. (26).  Protein was 
de termined  by the Lowry m e t h o d  (27) and 
phosphorus  by the Bartlet t  procedure  (28). 

RESULTS 

The fat ty  acid compos i t ion  of  the dietary fat 
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FIG. 4. Cytochrome C oxidase of liver mitochon- 
dria of normal (A) and hypophysectomized (C) rats 
kept on either a corn oil (CO) ( ), a hydro- 
genated coconut oil (HCO) ( - . - . - ) ,  or an aracbi- 
doncate concentrate (AR) ( - - )  containing diet. The 
enzyme activity was followed as decrease in optical 
density at 550 nrn at 37 C. The cuvettes contained in 
2.0 ml: 0.05 mg (A) and 0.06-0.064 mg (C) mitochon- 
drial protein; 30 mM phosphate buffer, pH 7.4; and 50 
/aM reduced cytochrome C. Succinate cytochrome C 
reductase of mitochondria of normal (B) and hypo- 
physectomized (D) rats. The enzyme activity was 
followed as increase in optical density at 550 nm at 37 
C. The cuvettes contained in 2.0 mi: 0.1 mg (B) and 
0.2 mg (D) mitochondrial protein; 50 mM phosphate 
buffer, pH 7.4; 30 mM nicotinamide; 0.2 mM 
potassium cyanide (KCN); cytochrome C (oxidized) 
at the indicated amounts; and 5.5 mM succinate. 

~u OIO 

~ 005 
tu 

produced  well def ined differences in the fa t ty  
acid compos i t ion  of  the mi tochondr ia l  lipids as 
shown in Table I. The HCO supplement  pro- 
duced a fa t ty  acid compos i t ion  typical  of  an 
E F A  deficiency,  e levat ion of  20:3 ,  18:1,  and 
16:1 and a corresponding decrease in 18:2 and 
20:4  compared  to the CO supplement .  How- 
ever,  the  mi tochondr ia  of  the HCO group were 
no t  depleted ent i rely of  their  stores of  essential 
fa t ty  acids. The fat ty  acid compos i t ion  of  the 
mi tochondr ia  of  the A R  group differed mainly 
f rom that  of  the CO group by the higher l eve l  
of  20:4  and lower  level of  18:2.  There was lit t le 
effect  of  h y p o p h y s e c t o m y  upon  the fat ty  acid 
compos i t ion  produced  by the  fa t ty  supple- 
ments ,  except  for  a small amoun t  of  20:3  that  
was de tec ted  in the A R  and CO groups. 

The fa t ty  supplements  also p roduced  differ- 
ences in the relative amount s  of  neutral  and 
phosphol ipids  in the mi tochondr ia l  l ipid; the  
neutral  l ipid was highest in the  animals receiv- 
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FIG. 5. Adenosine triphosphatase (ATPase) of 
mitochondria of normal (A) and hypophysectomized 
(C) rats kept on either a corn oil (CO) ( - ) ,  a 
hydrogenated coconut oil (HCO) ( - . - . - ) ,  or an 
arachidonate concentrate (AR) (---) containing diet. 
The enzyme activity was measured by determining the 
liberated inorganic phosphate from ATP after incubat- 
ing the mixture for 15 min at 37 C. The incubation 
mixture contained in 1.0 ml: 40 mM KC1, 0.1 mM 
ethytenediamine tetraacetic acid, 5 mM ATP, and 
between 0.5 and 2.0 mg mitochondrial protein. The 
reaction was stopped by adding 2 mi 10% trichloro- 
acetic acid and centrifuged, and then an aliquot was 
taken for phosphate analysis. Lipid peroxidase of liver 
mitochondria of normal (B) and hypophysectomized 
(D) rats. The photometric measurement was carried 
out at 548 nm using the method of Placer, et al., (26) 
with a slight modification. The incubation mixture 
contained in 0.5 ml: 0.25 M Tris-maleate buffer, pH 
7.2; 2 mM arachidonic acid as sodium salt; and 
mitochondrial protein in the indicated amounts. The 
incubation was carried out at 37 C for 30 rain. 

ing the HCO supplement ,  which was the most  
saturated,  and the lowest  in the groups re- 
ceiving the A R  supplement ,  which was the most  
unsaturated.  These differences essentially were 
erased by h y p o p h y s e c t o m y  by an increase in 
the relative a m o u n t  of  neutral  lipids in the  
animals receiving the CO and A R  supplements  
(Table II). 

The swelling propert ies  of  the mi tochondr ia  
of  the normal  animals were inf luenced by the 
fat ty  supplements  wi th  all of  the swelling 
agents, excep t  sodium azide (Figs. 1 A,B,C and 
2 A,B). In general, the  effect  was greatest wi th  
the mi tochondr ia  of  the A R  group and least 
with those of HCO group, and the  differences 
were significant be tween  these groups with  
most  of  these agents. The swelling propert ies  of  
the mi tochondr ia  of  the  hypophysec tomized  
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animals also were influenced by the dietary 
supplements but to a lesser degree than those of 
the normal animals, and the particular stimula- 
tory effect of the AR supplemented diet was 
absent, inasmuch as it was generally ca. the 
same or less than the CO supplement (Figs. 1 
D,E,F and 2 C). The differences in the swelling 
properties of the mitochondria of the three 
groups of either the normal or hypophysecto- 
mized animals when sodium azide was used as 
the swelling agent were not significant (Fig. 2 
B,D). While the AR supplement appeared to 
have a shght stimulatory effect with this agent, 
the responses to the HCO and CO supplement 
were essentially the same. 

Studies of mitochondrial enzymes showed 
that, in general, the activities of the enzymes 
increased with increased unsaturation of the 
fatty supplements. The activities of L-glutamate 
dehydrogenase, a matrix located enzyme, and 
l~-hydroxybutyrate dehydrogenase, located in 
the inner membrane, were increased greatly by 
the AR supplement compared to the CO and 
HCO supplements (Fig. 3 A,B). The effect of 
the dietary fatty supplements upon these en- 
zymes was much different in hypophysecto- 
mized animals. In fact, the activity of these 
enzymes appeared to be suppressed by the AR 
supplement. 

The activity of cytochrome C oxidase was 
greater in the mitochondria of the normal 
animals receiving the AR and CO supplement 
than in those of the HCO group (Fig. 4 A). This 
effect also was erased by hypophysectomy as 
shown in Figure 4 C. The activity of succinate 
cytochrome C reductase of the mitochondria of 
the HCO group was lower than that of the 
other groups, and the differences were similar 
in the mitochondria of the hypophysectomized 
animals; but the activity of this enzyme did not 
appear to be related to EFA content, inasmuch 
as the CO and AR group were essentially the 
same (Fig. 4 B and 4 D, respectively). 

The activity of ATPase of the mitochondria 
was influenced by fatty supplements in the 
normal animals relative to their degree of 
unsaturation and EFA content. It was also 
lowest in the mitochondria of the hypophy- 
sectomized animals that received the HCO 
supplement, but the relationship between the 
CO and AR supplements was reversed by 
hypophysectomy (Fig. 5 A and C). With lipid 
peroxidase, the activity varied relative to the 
EFA content of the fatty supplement in both 
the normal and hypophysectomized animals, as 
shown in Figure 5 B and D, respectively. 

DISCUSSION 

Effects of dietary fat upon membrane strut- 

ture-function have been related mainly to stud- 
ies on the effect of EFA through the use of 
diets devoid of these acids (I-3) or by refeeding 
starved animals diets high in carbohydrates 
devoid of EFA (29-33). The fatty supplements 
used in the present study varied widely in their 
composition and produced wide differences in 
the fatty acid and lipid class composition of 
mitochondria. However, the mitochondria of 
the tlCO group of animals were not depleted 
entirely of their stores of linoleic and arachi- 
donic acids, ltence, the mitochondria of the 
three groups varied in their EFA content and 
also in lipid unsaturation. Hypophysectomy did 
not alter greatly the fatty acid composition of 
the mitochondria of the three groups but did 
affect the distribution of the fatty acids among 
the lipid classes, inasmuch as it influenced the 
relative amounts of neutral and polar lipids. In 
general, the rate of translocation of anions and 
cations, as measured by swelling, was slower in 
the mitochondria of the normal animals with 
the lowest EFA content. The swelling was also 
generally the lowest in the mitochondria of 
these animals after hypophysectomy but was 
inconsistent in the mitochondria of the hypo- 
physectomized animals receiving the AR and 
CO supplements. Hence, the swelling properties 
appeared to be related to the EFA content, 
either directly or relative to the fatty acid 
distribution among the lipid classes through a 
function of the hypophysis. Comparison of the 
mitochondria swelling properties between the 
HCO- and CO-fed animals did not exhibit the 
wide differences as in some reports, but the 
swelling amplitude under the conditions em- 
ployed in this study seem more likely to 
correlate with physiological phenomenon than 
long term (5 hr) swelling experiments. Sodium 
azide is known to uncouple oxidative phospho- 
rylation (34). Hence, the absence of an effect 
of this agent relative to the different dietary 
supplements may be explained by the general 
impairment of mitochondrial function. 

The enzyme activities of the mitochondria 
appeared to follow the same pattern as the 
swelling properties. With the normal animals, 
the enzyme activities of the mitochondria 
appeared to be related to their EFA content as 
reflected by the difference in the fatty acid 
composition of the supplements. There did not 
appear to be any well defined relationship 
between the enzyme activities and the EFA 
content of the mitochondria of the hypophy- 
sectomized animals, except for lipid peroxidase. 
However, the enzyme activity was generally 
lower in the mitochondria of the hypophysec- 
tomized ani.mals that received the tlCO supple- 
ment. Hence, as with the swelling properties, 
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the hypophysis appeared to be involved in the 
role of EFA in the enzyme activity of the liver 
mitochondria,  inasmuch as the fatty acid com- 
position was not  particularly influenced by 
hypophysectomy.  
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On Methylating Activity of L-(Methy1-1 4C)-Methionine in 
Metabolism of Phospholipids by Insect Ceratitis capitata 
C. JIMENEZ, A.M. MUNICIO, and A. SUAREZ, Department of Biochemistry, 
Faculty of Sciences, University of Madrid, Spain 

ABSTRACT 

The methylating activity of L-(methyl- 
14C)-methionine in different stages of 
development of the insect Ceratitis capi- 
tara was studied in a series of in vitro and 
in vivo experiments. Larval and pharate 
adult homogenates of the insect were 
used in the in vitro conditions, and the 
utilization of the methyl group of me- 
thionine for the synthesis of different 
classes of phospholipids was evaluated. 
Incorporation of radioactivity in lipids by 
pharate adult homogenates was signifi- 
cmltly higher than that by larval homog- 
enates. In both cases, phosphatidyl etha- 
nolamine showed the highest levels of 
radioactivity incorporation. Free bases 
from total lipid hydrolysates were re- 
solved and identified by paper chroma- 
tography, and the labeling was investi- 
gated by radioactivity scanning of paper 
chromatograms. Significant differences 
were observed in the activity of both 
stages of development of the insect. 
Larval and pharate adult homogenates 
incorporated mainly the labeled methyl 
groups into ethanolamine. Monomethyl 
ethanolamine was the only methyl deriva- 
tive that appeared in the hydrolysates of 
lipids synthesized by larval homogenates, 
whereas mono-, di- and trimethyl ethanol- 
amine clearly were detected in those 
synthesized by pharate adult homog- 
enates. Administration of L-(methyl- 
14C)-methionine to larvae confirmed the 
existence of methylation reactions ir~ the 
metabolic activity of the insect. 

INTRODUCTION 

It generally is accepted that transmethyla- 
tion reactions have no signification in the 
phospholipid metabolism among insects (1). 
Thus, no evidence for transmethylation pro- 
ducts was obtained by the labeling found in 
fractionated tissue extracts of Tribolium con- 
fusum, Phormia regina, and other insectsreared 
on diets containing labeled methyl donors (2). 

Nevertheless, larvae of Phormia regina and 
Musca domestica can synthesize large amounts 
of phosphatidyl-N,N'-dimethyl ethanolamine 

when dimethyl aminoethanol is added to the 
diet (3,4). 

On the other hand, by the injection of 
L-(methylA4C)-methionine to larvae of Vitula 
edmandsae serratilineela the presence of a 
transmethylation system capable of methylat- 
ing phosphatidyl ethanolamine (PE) to form 
phosphatidyl-N-methyl ethanolamine, phospha- 
tidyl-N,N'-dimethyl ethanolamine, and phos- 
phatidyl choline (PC) was indicated (5). 

In a series of previous experiments, the levels 
and specific radioactivities of the main phos- 
pholipid classes from Ceratitis capitata at dif- 
ferent stages of development were determined 
when 5 day old larvae were fed on diets 
containing either 3H-glycerol, 32p-orthophos- 
phate, or 14C-acetate (6). The clear tendency 
to equalize the specific activities of PC, PE, and 
phosphatidyl serine suggested the possibility of 
participation of base conversion mechanisms 
during the metamorphosis of the insect. 

The purpose of this contribution is to 
investigate further the methylating activity of 
L-(methylA4C)-methionine either when it was 
fed to larvae of C. capitata or when it was 
incubated in the presence of larval or pharate 
adult homogenates of the insect. 

MATERIALS AND METHODS 

Rearing of Insects 

Larval and pharate adult C. capitata (Wiede- 
mann) were used. Diet, temperature, and hu- 
midity conditions during culturing were con- 
trolled carefully. Culturing of the insect was 
carried out under the conditions previously 
described (7). 

Preparation of Homogenates 

Larvae were reared until  2-3 days before the 
larval-pupal apolysis and were starved 3-4 hr 
before used. Pharate adults were collected 5 
days beyond the larval-pupal apolysis. Both 
larvae and pharate adult were washed carefully 
with distilled water before use in the experi- 
ments. Larvae and pharate adults were homoge- 
nized directly with 3 vol cold homogenizing 
buffer (0.35 M sucrose-0.05 M tris, pH 7.4) in a 
Potter-Elvehjem glass homogenizer with a Tef- 
lon pestle. Homogenates were handled accord- 
ing to the method described (8). Floating lipids 
were removed from larval and pharate adult 
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FIG. 1. Radioactivity incorporated into different 
classes of phospholipids by larval homogenates of 
Ceratitis capitata from L-(methyl-14C)-methionine. PE 
= phosphatidyl ethanolamine, PC = phosphatidyl 
choline, LPC = lysophosphatidyl choline, and LPE = 
lysophosphatidyl ethanolamine. 

homogenates used as enzyme preparations in 
the in vitro experiments. 

In vitro Assay Mixtures 

The assay mixture for incorporating L- 
( m e t h y l  -1 4C)-methionine contained/1 ml: 
adenosine 5'-triphosphate, 2.4 rag; a-glycero- 
phosphate, 2.6 mg; MgC12, 2.0 rag; NaHCO3, 
1.6 rag; NaC1, 7.2 rag; KH2PO4, 0.70 mg; 
tris-base, 0.8 mg; sodium penicillin, 0.4 mg; 
streptomycin sulphate, 0.4 rag; phosphatidyl- 
N,N'-dimethyl ethanolamine, 4 mg; and sodium 
desoxycholate, 8 mg. The mixture was soni- 
cated for 15 sec. To 0.5 ml mixture was added 
0.5 ml respective homogenate containing 10-12 
mg proteins and 0.1 ml (12.5 /~Ci) of labeled 
methionine (specific activity, 56 mCi/mmol; 
The Radiochemical Centre, Amersham, En- 
gland). Incubations were carried out in a shaker 
at 37 C for different times. 

In vivo Assays 

Five day old larvae (5 g) were starved 5 hrs 
and fed afterwards for 3 hr on 0.5 g diet 
containing 250/ICi L-(methy1-14 C)-methionine. 
After this time, 1 g pool of larvae were washed 
carefully and submitted to the extraction of 
lipids. The rest of the pool of larvae were left to 
pupate under the ordinary conditions of diet 
and collected as 5 day old pharate adults. 
Insects at this stage of development also were 
submitted to the general procedure of extrac- 
tion of lipids. 

Extraction of Lipids 

At the end of the incubation, the reaction 
was stopped by the addition of chloroform, and 
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FIG. 2. Radioactivity incorporated into different 
classes of phospholipids by pharate adult homogenates 
of Ceratitis capitata from L-(methyl-14C)-methionine. 
PE = phosphatidyl ethanolaminc, LPC = lysophospha- 
tidyl choline, PC = phosphatidyl choline, PC = 
phosphatidyl choline, and LPE = lysophosphatidyl 
ethanolamine. 

total lipids were obtained according to the 
method of Bligh and Dyer (9). Larvae and 
pharate adults from the in vivo experiments 
also were extracted according to the procedure 
of Bligh and Dyer (9). Phosphorous was esti- 
mated according to the method previously 
described (10) based upon the procedure of 
Bartlett (1 1). 

Fractionation of Classes of Lipids 

The total lipids (3 g) were separated on thin 
layer plates prepared by coating a slurry of 65 g 
Silica Gel G (E. Merck, Darmstadt, Germany) in 
240 ml distilled water to a thickness of 0.3 ram. 
The solvents used were chloroform-methanol- 
water (65:25:4, v/v/v) as the first solvent and 
butanol-acetic acid-water (60:20:20, v/v/v) in 
the second direction. Lipids were visualized by 
placing the plates in iodine vapor, and, follow- 
ing evaporation of the iodine, the spots were 
removed carefully and used for either P deter- 
ruination or radioactivity estimation. 

Hydrolysis of kipids 

Total lipids were hydrolyzed with N HC1 
(0.1 ml/mg lipids) at 100 C for 16 hr. After 
hydrolysis, the mixture was extracted with 3 
vol heptane (3 times), and the aqueous solution 
was analyzed by paper chromatography. What- 
man no. 1 paper, impregnated in N KC1 
solution and dried, was used for paper chroma- 
tography. The upper phase of the mixture 
phenol-n-butanol-80% formic acid-KC1 satu- 
rated water (50:50:3:10,  w/v/v/v) was used as 
developing system. Location of radioactive 
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FIG. 3. Specific activities (sp act) (logarithmic 
scale) of phosphatidyl ethanolamine (PE) and phos- 
phatidyl choline (PC) vs time of incubation with larval 
and pharate adult homogenates of Ceratitis capitata. 
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FIG. 4. Changes of the quantitative composition 
0zg P[10 mg proteins) of different phospholipid classes 
during incubation of L-(methyl-14-C)-methionine with 
larval homogenates of Ceratitis capitata. PC = phos- 
phatidyl choline, PE = phosphatidyl ethanolamine, 
LPE = lysophosphatidyl ethanolamine, and LPC = 
lysophosphatidyl choline. 

spots on papers was carried out by autoradiog- 
raphy using Valca, H-27, films. 

Measurements of Radioactivity 
For the radioassay of individual classes of 

lipids, the spots from the thin layer plates were 
transferred to scintillation vials containing 10 
ml scintillation solution (4 g diphenyloxazole 
[ P P O ] ,  0.1 g diphenytoxazole-benzene 
[POPOP], toluene to 1 liter). 

Paper chromatograms were cut into 3 mm 
strips, and the radioactivity present in each one 
was determined by liquid scintillation counting. 
Data given in the figures represent the mean 
values of three individual determinations 
(p<0.01). Radioactivity was measured in a 
Nuclear Chicago model 67 66 liquid-scintillation 
spectrometer. Identification was carried out 
from Rf data of the literature and using pure 
standard samples. 

pherate adulta 

PE 

15 30 60 120 180 min 

FIG. 5. Changes of the quantitative composition 
(~g P/I 0 mg proteins) of different phospholipid classes 
during incubation of L-(methyl-14:C)-methionine with 
pharate adult homgenates of Ceratitis capitata. PE = 
phosphatidyl ethanolamine, PC = phosphatidyl cho- 
line, LPE = lysophosphatidyl ethanolamine, and LPC = 
lysophosphatidyl choline. 

RESULTS AND DISCUSSION 

In vitro and in vivo series of experiments 
were carried out to test the behavior of 
L-(methyl-14C)-methionine as methyl donor 
during different phases of development of the 
insect C. capitata. 

The in vitro experiments consist in a time 
study of incorporation of radioactivity into the 
main phospholipid classes, PE, PC, and their 
lysoderivatives (lysophosphatidyl ethanolamine 
[LPE] and lysophosphatiyl choline [LPC]) by 
either larval or pharate adult homogenates of 
the insect. 

Figures I and 2 show the distribution of the 
incorporated radioactivity by larval and pharate 
adult homogenates, respectively. Incorporation 
took place rapidly, and PE accounted in both 
cases for the highest levels; however, incorpora- 
tion was noticeably higher in the pharate adult 
homogenates than in those of the larval stage. 
PC exhibited low levels of radioactivity, and the 
PE/PC content ratio was higher in the pharate 
adult than in the larval homogenates. The 
incorporation of radioactNity in the lysoderiva- 
tires was the same as that of PC in both 
homogenates. 

These findings clearly show that larval and 
pharate adult homogenates of the insect exhibit 
a different incorporation capacity of the radio- 
activity from L-(methy1-14C)-methionine into 
the different phospholipid classes. This fact 
stresses again the previous findings on the 
different metabolic activity of the two stages of 
development of the insect (8,12,13). 

The labeled carbon atom of the methyl 
group of the methionine was incorporated into 
PE, mainly by pharate adult homogenates, in 
agreement with results of Moulton, et al., (14) 
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C P M  RATE A D U L T S  

FIG. 6. Scanning of radioactivity on paper chro- 
matograms after separating the bases from lipid 
hydrolysates. (E = ethanolamine, M = monomethyl 
ethanolamine, D --- dimethyl ethanolamine, T = cho- 
line, V = valine, and B = 9-methyl choline). In vitro 
incorporation of radioactivity from L-(methyl- 
14C)-methionine by larval and pharate adult homoge- 
nares of Ceratitis capitata. 

using M. domes t i ca  larvae. Thus, the results 
obtained with C. capitata are consistent with 
the idea that one carbon reactions that occur in 
vertebrate metabolism also are performed in 
insects. On the other hand, the low levels of 
radioactivity which appeared in PC allow one to 
conclude that the in vitro methylation pathway 
for PC synthesis, although clear, was not of 
much quantatative significance. 

In Figure 3, the specific activities of PE and 
PC vs time are given. 

These results are consistent with the higher 
incorporation of the methionine methyl group 
into PE than into PC and confirm both the 
incorporation of the methyl group into the (1 
C) pool and the ability of homogenates to 
perform transmethylation reactions from me- 
thionine using ethanolamine or PE as acceptors. 

Figures 4 and 5 show the results of the 
quantitation of the phospholipids during the 
time course experiments using larval and 
pharate adult homogenates, respectively. Since 
the contents of both PE and PC undergo only a 
slight decrease during the experiments with 
larval homogenates, levels of labeled PC (Fig. 3) 
could be a measure of the synthesis of the 
phospholipid through the methylation path- 
way. Patterns of variation of the contents of PE 
and LPE during the time course experiments 
using pharate adult homogenates (Fig. 5) 
showed a sharp decrease during the first 60 rain 
of incubation. PC and LPC showed a low 
variation during the experiment. The concentra- 
tions of phospholipids in the enzyme prepara- 
tions used in these in vitro experiments differ 
from the composition of the insect (10) be- 

A D U L T S  

FIG. 7. Scanning of radioactivity on paper chro- 
matograms after separating the bases from lipid 
hydrolysates. (S = serine. Others as in Figure 6). In 
vivo incorporation of radioactivity from dietary 
L-(methyl-l-4C)-methionine in larvae and pharate 
adults of Ceratitis capitata. 

cause of the elimination of a layer of the less 
polar floating lipids during the preparation of 
the homogenates. From Figures 3 and 5, it is 
clear that, in spite of the net diminution of the 
contents of PE (Fig. 5) during the incubation 
with pharate adult homogenates, the specific 
activity of the phospholipid was higher than 
that exhibited in the experiments using larval 
homogenates (Fig. 3). Thus, it can be con- 
cluded that the synthesis of PE from methio- 
nine methyl groups can not counterbalance the 
net degradation of the phospholipid content 
and that transmethylation reactions occur more 
efficiently in the pharate adult than in the 
larval stage of development of the insect under 
the in vitro conditions. These findings could 
explain, at least partially, the tendency to 
equalize the specific activities of PE and PC 
during development of the insect when larvae 
were fed on several labeled precursors (6). 

To learn more about the methylation reac- 
tions in the in vitro experiments, aliquots of 
both total lipid extracts were hydrolyzed, and 
the bases were separated and identified by 
paper chromatography. Figure 6 shows the 
radioactivity patterns of labeled bases from the 
phospholipids synthesized in the in vitro experi- 
ments using either larval or pharate adult 
homogenates of the insect. In agreement with 
the findings on the distribution of radioactivity 
in phospholipids, ethanolamine exhibited the 
highest levels of incorporation in both stages of 
development of the insect; however, the levels 
achieved in the presence of pharate adult 
homogenates were much higher than those 
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using larval homogenates .  Labeling of  me thy l  
e thanolamines  was very scarce with larval 
homogenates ,  m o n o m e t h y l  derivative being the 
only one that  exhib i ted  a significant incorpora-  
tion. Using labeled meth ionine ,  it is clear f rom 
Figure 6 tha t  an increased p ropor t ion  of  labeled 
m o n o m e t h y l  and d imethyl  e thanolamine ,  cho- 
line and /3-methyl-choline was de tec ted  follow- 
ing the incubat ion  with  pharate  adult  homoge-  
nates. Evidence of  labeled/3-methyl-chol ine was 
gained by means of  in vivo exper iments  (15) in 
which larvae were fed on (methyl-14C)-chol ine  
and L-methionine  s imultaneously;  paper chro- 
matography of  to ta l  l ipid hydrolysates  led to a 
radioactive spot coincidental  wi th  the  posi t ion 
of  a pure standard. 

These results support  fur ther  the more active 
methyla t ion  capacity of  the pharate adult  
homogenates .  

Figure 7 shows the pat terns of  labeling of  
bases f rom lipids synthesized in vivo when 
larvae were fed on L-(methy1-14C)-methionine;  
bases also were analyzed f rom lipids of  pharate 
adults coming  from fur ther  deve lopment  of  an 
al iquote of  the pool  of  labeled larvae. Both 
patterns are very similar f rom a quali tat ive 
point  of  view, e thanolamine  and serine being 
the most  labeled bases. Larvae exhibi ted  slight- 
ly higher levels of  radioact ivi ty  in chol ine than 
those present in the pharate adult  stage. 

These results prove the presence of  the three 
methy la ted  e thanolamines  in bo th  stages of  
development  of  the insect,  larvae and pharate 
adults. These exper iments  indicated the exis- 
tence in C. capitata of a t ransfer  of  me thy l  
groups f rom meth ion ine  to PE in a similar way 
to the described process in the ver tebrate  
tissues (16). Evidence also is given of  the 
presence of  me thy la ted  in termedia tes  to the 
synthesis of  PC. Nevertheless,  in which propor-  
t ion the operat ing mechanism for the synthesis 
of the labeled PC is e i ther  the direct methyla-  
t ion of  PE or the incorpora t ion  of  me thy la ted  

e thanolamines  by the cyt idine 5 ' - t r iphosphate  
pathway remains an open quest ion.  

Paper ch romatography  of  the phosphol ipid  
hydrolysates  shows clearly the presence of  a 
radioactive ninhydrine-posi t ive  spot that  was 
ident i f ied  as valine. This fact  agrees again with  
the par t ic ipat ion of  the  meth ion ine  me thy l  
groups in the (1 C) metabol ic  pat terns  of  the 
insect.  Since free amino acids are no t  carried 
over the lipid extracts ,  the presence of  valine in 
the aqueous  solut ion after  the  hydrolys is  of  
phospholipids indicates the previous existence 
of  phosphat idyl  valine. 
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Decomposition of Unsaturated Fatty Acid Hydroperoxides by 
Hemoglobin: Structures of Major Products of 
13L-Hydroperoxy-9,11-octadecadienoic Acid 
MATS HAMBERG, Department of Chemistry, Karolinska Institutet, S-104 01 
Stock hol m, Sweden 

ABSTRACT 

1 3 L - H y d r o p e r o x y - 9 , l  l - o c t a d e c a -  
dienoic acid was decomposed rapidly in 
the presence of hemoglobin. The product  
consisted of five major compounds,  i.e. 
1 3 - k e t o - 9 , 1 1 - o c t a d e c a d i e n o i c  acid, 
1 3L-hydroxy-9,11-octadecadienoic acid, 
e ry thro-11-hydroxy- 12,13-epoxy-9-octa- 
decenoic acid, threo-11-hydroxy-12,13- 
e p o x y - 9 - o c t a d e c e n o i c  a c i d ,  a n d  
9 D L - h y d r o x y - 1  2,1 3 - e p o x y - 1  0 -oc ta -  
decenoic acid. 

I N T R O D U C T I O N  

Heine compounds catalyze decomposit ion of 
fatty acid hydroperoxides,  and free radical 
intermediates generated during this process 
initiate oxygenation of unsaturated fat ty acids 
(1). Since heme compounds frequently occur in 
proximity to oxygen and unsaturated lipids in 
biological systems, it  is probable that  heine 
catalysis is of wide importance.  Some aspects of 
this process, e.g. kinetics, relative effectiveness 
of different heme compounds,  and the effect of 
inhibitors have been studied in detail. On the 
other hand, lit t le is known about the structures 
of the oxygenated fat ty acid derivatives that  are 
formed during heme catalysis. In the present 
work, the product  formed on decomposit ion of 
13L-hydroperoxy-9,1 1-octadecadienoic acid by 
hemoglobin was studied. The structures of five 
compounds have been determined. After sub- 
mission of this paper for publication there ap- 
peared a paper by Gardner, et al. (2) in which 
nine oxygenated fat ty acids were identified fol- 
lowing t reatment  of an isomeric mixture of 
linoleic acid hydroperoxides with an Fe(III)-  
cysteine couple. 

M A T E R I A L S  A N D  METHODS 

[ 1-14C] 13 L-Hydroperoxy-9 ,11-oc tadeca -  
dienoic acid (70/JCi/mmole)  was prepared as 
previously described (3). The preparat ion con- 
tained 4-5% of the isomeric 9-hydroperoxide. 

erythro- And threo-11,12-dihydroxy-l-octa- 
decanols were obtained by trans-hydroxylation 
of trans- and eis-vaccenic acids, respectively, 
with performic acid followed by reduction with 

LiA1H4 (3). Hemoglobin (bovine, mixture of 
methemoglobin, and oxyhemoglobin)  was pur- 
chased from Sigma Chemical Co., St. Louis, 
Mo. 

Oxidative ozonolysis of (-)-menthoxycar- 
bonyl derivatives and analysis of the esterified 
product  by gas liquid chromatography (GLC) 
was performed as previously described (4). 

Thin layer chromatography (TLC) of fat ty  
acid hydroperoxides and their reaction prod- 
ucts was carried out  with plates coated with 
Silica Gel G. The organic layer of an equili- 
brated mixture of ethyl  acetate-2,2,4-trimethyl- 
pentane-water (50:100:100,  v/v/v) was used as 
solvent. Separation of erythro- and threo-11,12- 
dihydroxy-l-octadecanols  was achieved by TLC 
on sodium arsenite-impregnated plates and 
methanol-chloroform (3:97, v/v) as solvent (3). 
Spots and bands were located by spraying with 
2' ,7 '-dichlorofluorescein and viewing by UV. 
Radioactivity on TLC plates was determined 
with a Berthold D/Jnnschichtscanner II. 

GLC was carried out with an F&M biomedi- 
cal gas c h r o m a t o g r a p h  m o d e l  402 and  
columns of 1% SE 30 on Gas Chrom Q (long 
chain  compounds) and 5% QF-1 on Gas 
Chrom Q (ozonolysis products).  Mass spectra 
were recorded with an LKB 9000 instrument 
equipped with a column of 1% OV-1 on Supel- 
coport  (Supelco, Bellefonte, Pa.). 

RESULTS 

[ l - 1 4 C ] 1 3 L-Hy  droperoxy-9,11-octadeca-  
dienoic acid (0.5 rag) in 6/aliter ethanol was 
added to 1 ml solutions of hemoglobin (0.15%, 
0.5%, 1.5%, and 5%, w/v) in 0.1 M potassium 
phosphate buffer at 37 C. The mixtures were 
incubated at 37 C for 5 rain and subsequently 
diluted with water, acidified, and extracted 
twice with diethyl ether. The ether phase was 
washed until  neutral and dried over MgSO4. 
Evaporation of  the ether gave a residue (ca. 
60% of the added radioactivity) that was 
treated with diazomethane and subjected to 
TLC. Radioactivity assay showed that the fat ty 
acid hydroperoxide had disappeared in all incu- 
bations and that  five major compounds were 
present and together consti tuted ca. 90% of the 
recovered radioactivity (Fig. 1). Use of high 
concentrations of hemoglobin (1.5 and 5%) 
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appeared to favor formation of compound V. 
To obtain sufficient amounts of  compounds I-V 
fo r  s t r u c t u r a l  w o r k ,  b a t c h e s  of 8 m g  
[ 1-14 C ~ 13 L-hy droperoxy-9,11-octadecadienoic 
acid were incubated with 500 mg hemoglobin 
in 10 ml buffer and the esterified product sub- 
jected to preparative TLC (Fig. 1). The product 
contained the following percentages of the 
5 major compounds: compound I, 11% (Rf = 
0.75); compound II, 25% (Rf = 0.60); com- 
pound IlI,  10% (Rf = 0.48); compound IV, 14% 
(Rf = 0.43); compound V, 31% (Rf = 0.38). 

E 
s  

o 

1800- 

> I ~I ~ 

0c "~ 1Fr! n___ 
i i i i i 

15 10 5 0 
Distance from origin (cm) 

FIG. 1. Thin layer radiochromatogram of esterified 
material isolated after incubation of  8mg 
[ 1 - 14C] 13 L-hy droperoxy-9,11-octadecadienoic acid 
with hemoglobin. Solvent system: organic layer of 
e t h y l  ace t a te-2,2,4-trimethylpentane-water 
(50:100:100, v/v/v). I, II, III, IV, and V = major com- 
pounds. 

S T R U C T U R E  O F  C O M P O U N D  I 

The UV spectrum of compound I showed an 

absorption band with X EtOH = 278 nm sugges- 
max 

ting a conjugated dienone chromophore. GLC 
analysis showed a single peak with equivalent 
chain length corresponding to C-20.1 (column, 
1% OV-1, column temperature, 190 C). The mass 
spectrum recorded on this peak (Fig. 2) showed 
ions of high intensity at m/e 308 (M), 277 
(M-31 ; loss of "OCH3), 252 (M-56; ~-cleavage 
with loss of CH2=CH-CH2-CH3), 237 (M-71; 
a-cleavage with loss of  "[CH2]aCH3),  209 
( M - 9 9 ;  a - c l e a v a g e  w i t h  l o s s  o f  
-C-[CH2]4CH3),  177 (209-32), and 151 

O 
([(CH=CH)2-C.-(CH2)4CH 3 ] +). 

O 
Cata ly t ic  hydrogenation of compound I 

(0.2 mg; 5% palladium-on-carbon) afforded a 
tetrahydro derivative, the mass spectrum of  
which was identical with that  of  authentic 
methyl 13-ketooctadecanoate (5,6). Finally, 
oxidative ozonolysis performed on compound I 
(0.2 mg) followed by esterification afforded a 
major compound identified by GLC as di- 
methyl azelate. Compound I, thus, possessed a 
keto group at C-13 and a double bond at A 9. 
The second double bond was placed at A11 by 
the UV data which had shown the presence of a 
conjugated dienone structure. 

The structure of compound I was, therefore, 
methyl 13-keto-9,11-octadecadienoate. 
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l lI Ill 209 237 252 277 

i 10 150 190 230 270 3 I0 
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FIG. 2. Mass spectrum of compound I. 
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DECOMPOSITION OF HYDROPEROXIDES 

TABLE I 

Thin Layer Chromatography of Dihydroxyoctadecanols Formed on Reduction of 
Hydrogenated Derivatives of Compounds III and IV 

89 

Compound Rf Position of hydroxyls a 

threo- 11,12-Dihy droxy-I -octadecanol 
erythro-11,12-Dihy droxy-1-oct adecanol 
Compound III hydrogenated and reduced 

Compound IV hydrogenated and reduced 

0.59 1,11,12 
0.47 1,11,12 
0.4"7 1,11,12 
0.29 1,11,13 
0.59 1,11,12 
0.47 1,11,13 (Major isomer) 

1,11,12 (Minor isomer) 

aDetermined by mass spectrometric analysis of the trimethylsilyl derivatives. 

STRUCTURE OF C O M P O U N D  I I  

UV spectrometry showed an absorption 

band with X EtOH= 2 3 4 n m  indicating the 
max 

presence of one pair of conjugated double 
bonds. The mass spectrum of the trimethylsilyl 
(TMSi) derivative of compound II (C-19.9) 
showed ions of high intensity at m/e 382 (M), 
311  ( M - 7 1 ;  a - c l e a v a g e  w i t h  loss  of  
�9 [CH 2 ] 4CH3) , 225 ([(CH=CH) 2-CH(OTMSi)- 
(CH2)4CH3] +), 186,143,  and 130, indicating a 
C18 ester carrying a TMSiO group at C-13. 
C a t a l y t i c  hydrogena t ion  afforded methyl 
1 3 - h y d r o x y o c t a d e c a n o a t e  as shown by 
GLC-mass spectrometry and comparison with 
authentic material (5,6). Oxidative ozonolysis 
performed on the menthoxycarbonyl derivative 
of compound II yielded dimethyl azelate and 
the menthoxycarbonyl derivative of methyl 
2L-hy droxyhept anoate. 

The structure of compound II was, thus, 
m e t h y l  13L-hydroxy-9,11-octadecadienoate. 

STRUCTURE OF C O M P O U N D  I I I  

No a b s o r p t i o n  b a n d  in  the  r ange  
220-320 nm was present in the UV sprectrum 
of compound III, showing that the conjugated 
double bonds of the starting hydroperoxide 
were not  retained. The mass spectrum of the 
TMSi derivative (C-20.7) showed ions at 
398 (M), 327 (M-71; loss of "[CH214CH3) and 
285 (M-113; loss of -CHx~CH-[CH214CH3) 

(3). Catalytic hydrogenation shifted the molec- 
ular ion to m/e 400, showing the presence of 
one double bond. The dihydro derivative was 
not affected by treatment with sodium boro- 
hydride. This was in agreement with the pres- 
ence of an epoxy group at C-12,13 but not 
with a keto group at any of these positions. The 
double bond was placed at A9 by oxidative 
ozonolysis which afforded inter alia dimethyl 
azelate. Finally, the dihydro derivative of corn- 

pound 1II (ca. 0.5 mg) was refluxed with 50 mg 
of LiA1H4 in 5 ml tetrahydrofurane for 18 hr. 
The product contained comparable amounts of 
11,1 2-dihydroxy- l -oc tadecanol  and 11,13- 
dihydroxy-l-octadecanol as shown by GLC- 
mass spectrometry (3), demonstrating conclu- 
sively the presence of a hydroxyl group at C-11 
and an epoxy group at C-12,13 in compound 
III. 

To obtain information about the configura- 
tion at carbons 11 and 12, the above mixture of 
dihydroxyoctadecanols was subjected to TLC 
with sodium arsenite-impregnated plates. Two 
peaks of labeled material appeared (Rf = 0.47 
and 0.29; references, threo-11,12-dihydroxy-1- 
octadecanol, Rf = 0.59, and erythro-l l ,12- 
dihydroxy-l-octadecanol, Rf = 0.47). The more 
polar material (Rf = 0.29) was due to 11,13- 
dihydroxy-l-octadecanol as shown by mass 
spectrometric analysis of the TMSi derivative 
(ions of high intensity were present at m/e 503 
[M-15; loss of .CHa])  , 428 (M-90; loss of 
TMSiOH), 357 (M-[90+71]; loss of TMSiOH 
plus  "[CH2]4CH3), 331 (M-187; loss of 
�9 C H 2 - C H [ O T M S i l - [ C H 2 ] 4 C H 3 ) ,  and 173 
(TMSiO+-CH-[CH2] 4CH 3) (3). The less polar 
material (Rf = 0.47) similarly was analyzed and 
found to be l l ,12-dihydroxy-l-octadecanol  
(the mass spectrum showed ions of high inten- 
sity at m/e 503 (M-15), 433 (M-85; loss of 
�9 [ C H 2 1 s C H 3 ) ,  331 ( M- 187 ;  loss of  
�9 C H [ O T M S i ] - [ C H 2 ] s C H 3 ) ,  a nd  187 
(TMSiO+=CH-[CH21 sCH3) (3). This must be 
the erythro- isomer according to the TLC data. 
No radioactivity was detected at the position of 
the threo- isomer of l l ,12-dihydroxy-l-octa- 
decanol (Table I). 

On the basis of these experiments, Com- 
pound III was assigned the structure methyl 
ery th ro - 1 1 -hy droxy- 12,13-epoxy-9-octadece- 
noate. 

STRUCTURE OF C O M P O U N D  IV 

The UV spectrum of compound IV did not 
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FIG. 3. Mass spectrum of the trimethylsilyl derivative of compound V. 

s h o w  any  absorption band in the range 
220-320 nm demonstrating that the conjugated 
double bonds of  the precursor were not re- 
tained. The mass spectrum of the TMSi deriva- 
tive (020 .7 )  was almost identical with that of 
the corresponding derivative of compound III 
and of methyl 1 I-hydroxy-12,13-epoxy-9-octa- 
decenoate (3). One double bond was present in 
compound IV, since catalytic hydrogenation 
shifted the molecular ion from m/e 398 to m/e 
400. Oxidative ozonolysis afforded inter alia di- 
methyl azelate, demonstrating that the double 
bond was present at A9. These experiments sug- 
gested that compound IV was a stereoisomer of 
compound III. The relative configuration at car- 
bons 11 and 12 was determined by TLC analy- 
sis of the derived dihydroxyoctadecanols as de- 
scribed above. Two peaks of  radioactivity ap- 
peared (Rf = 0.59 and 0.47; coinciding with the 
references, threo- and ery thro-11,12-dihydroxy- 
1-octadecanols, respectively [Table I]) .  The less 
polar material derived from compound IV was 
due to  1 1,1 2-dihydroxy- l -oc tadecanol  as 
shown by GLC-mass spectrometry. This must 
be the threo-iso'mer according to the TLC data. 
The more polar material (Rf = 0.47) consisted 
mainly of l l ,13-dihydroxy-l-octadecanol but 
also 11,12-dihydroxy-l-octadecanol. From the 
relative intensities of the ions at m/e 173 and 
m/e 187 in several mass spectra recorded on the 
common peak of the TMSi derivatives and from 
the relative amounts of the two reduction prod- 
ucts isolated by sodium arsenite TLC (Table I), 
it was calculated that compound IV was ca. 
80% threo- and 20% erythro-isomers of methyl  
11 -hydroxy- 12,13-epoxy-9-octadecenoate. 

STRUCTURE OF COMPOUND V 

The conjugated double bonds of 13L-hydro- 

peroxy-9,11-octadecadienoic acid were not re- 
tained in compound V, since the UV spectrum 
showed no absorption band in the range 
220-320 nm. The mass spectrum of the TMSi 
derivative (O21.5)  (Fig. 3) showed ions of high 
i n t e n s i t y  at m / e  327 ( M - 7 1 ;  loss  of 
�9 [ C H 2 ] 4 C H 3 )  , 285 ( M - 1 1 3 ;  loss  o f  
�9 CH - CH-[CH2]4CH3) ,259 (M-139;loss of  

"XO/ 
�9 C H = C H - C H  c~/CH-[CH 214CH3) , and 241 

(TMSiO+=CH-CH=CH-CH - CH-[CH 2] 4CH3). 
- . o  / 

Treatment of  compound V (0.5 mg) with 
glacial acetic acid at 70 C for 2 hr yielded a 
more polar compound (Rf = 0 .10-0 .15) tha t  
was converted into the TMSi derivative and 
analyzed by mass spectrometry. The mass spec- 
trum showed an ion at m/e 470 (M-60; elimina- 
tion of CH3COOH) as well as intense ions at 
m/e  387 (M-143; loss of -CH[OCOCH3]- 
[ C H 2 ] 4 C H 3 ) ,  259  (TMSiO+=CH-[CH2]7 - 
C O O C H 3 ) ,  a n d  1 73 ( T M S i O + = C H  - 
[CH2]4CH3) , indicating a mixture of mono- 
unsaturated C18 esters carrying one acetoxy 
group and two TMSiO groups. Although the 
positions of the oxygen functions were not ana- 
lyzed further, it was clear that compound V 
readily incorporated one molecule of acetic 
acid in agreement with the presence of an 
epoxy group. 

Oxidat ive  ozonolysis performed on the 
menthoxycarbonyl derivative of  Compound V 
a f f o r d e d  inter alia the menthoxycarbonyl 
derivatives of dimethyl 2L-hydroxy-(52%)and 
2D-hydroxy-(48%) sebacates. This demonstra- 
ted the presence of double bond at AlO, as well 
as the presence of  a hydroxyl group at C-9 
(52% 9D, 48% 9L). 
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The structure of compound V was, there- 
f o r e ,  methyl  9DL-hydroxy-12,13-epoxy-10- 
octadecenoate. 

DISCUSSION 

The mechanism proposed (1) for heine 
catalysis consists of initial formation of an acti- 
vated coordination compound from the fatty 
acid hydroperoxide and the heme compound. 
Subsequent homolytic scission of the O-O bond 
affords oxy-fatty acid and oxy-heme radicals 
that may initiate autoxidation of unsaturated 
fatty acids. The fact that phenolic antioxidants 
inhibit heine catalyzed autoxidation supports 
the view that free radicals are involved. 

The product formed on decomposition of 
linoleic acid hydroperoxides by heme com- 
pounds has earlier been characterized by UV 
spectrometry (7). This showed a decreased ab- 
sorption at 233 nm and increased absorption at 
285 nm, indicating partial disappearance of the 
conjugated diene structure and formation of a 
conjugated dienone. TLC revealed a "complex 
range of products" (7). Notably, the same com- 
plex mixture apparently was formed when lino- 
leic acid hydroperoxides were treated with 
transition metals salts or exposed to heat. 

The present work describes isolation and 
s t ructure  determination of five major com- 
pounds present in the product formed on incu- 
b a t i o n  of  1 3L-hydroperoxY-9,11-octadeca- 
dienoic acid with hemoglobin (Fig. 4), The least 
polar compound (compound I) was shown to be 
1 3-ke to -9 ,1  1-octadecadienoic acid (methyl 
ester). Its strong absorption at 278 nm ex- 
plained the increased absorption around this 
wavelength earlier observed in products of 
heine catalysis. Formation of 13-keto-9,11- 
octadecadienoic acid from the starting hydro- 
peroxide probably occurs by expulsion of 
OH- from the 13-peroxy radical: 

-CH- ~ -(~- -+ - C - + O H "  
I I I} 

O O "  O O H  O 

The same mechanism was postulated for for- 
mation of 13-keto-9,11-octadecadienoic acid 
f r o m  1 3-hydroperoxy-9,11-octadecadienoic 
acid incubated anaerobically with linoleic acid 
and soybean lipoxygenase (8). An alternate 
mechanism consists of elimination of H" from 
the 13-oxy radical: 

-CH-  --+ -C- + H"  
I II 

O" O 

For the formation of 13L-hydroxy-9,11- 
octadecadienoic (parent acid of compound II), 
two mechanisms seem possible, i.e. addition of 
a hydrogen atom to the 13-oxy radical (9): 

OOH 
I 

CH3--(CH2)4--CH-CH=CH--CH =CH--(CH2)7--COOH 

I 

0 
II 

CN3--(CH2)4--C--CN=CH--CH =CH-(CH2)7-COON I 

OH 
I 

CN3_(CH2)4-CH -CN = C H - - C H =  CH - - (CH2)?-  COOH II  

O OH 
�9 / \  I 

CH 3 --(CH2) 4 --CH -CH--CH--CH =CH-{CH2) ? --COON TII 1'9" 

0 OH 

CH3_{CH2}/~ --C/H -\CH - CH = CH-- /N--(CH2)?--  COON "7 

FIG. 4. Structures of the five major oxygenated 
fatty acids formed from 13L-hydroperoxy-9,11-octa- 
decadienoic acid on incubation with hemoglobin. 

- ~ H - + H "  -+ - ~ H -  

O" O H  

and reduction of the hydroperoxide group as a 
result of attack by nucleophilic groups present 
in the hemoglobin molecule: 

- C H - + X "  -+ - C H - + H O X  
I I 

O O H  O" 

Compounds III and IV were shown to be 
stereoisomers of ll-hydroxy-12,13-epoxy-9- 
octadecenoic acid (methyl esters). Compound 
III was found to be the pure erythro-isomer, 
whereas compound IV was mainly (ca. 80%) 
the threo-isomer. The reason for the presence 
of erythro-isomer (ca. 20%) in compound IV is 
not known. Possibly, this isomer differed from 
compound III with respect to the configura- 
tions at the epoxy group and the A9 double 
b o n d .  The  1 1,12-dihydroxy-1-octadecanols 
derived from compounds III and IV were ac- 
companied by comparable amounts of two iso- 
meric l l ,13-dihydroxy-l-octadecanols of un- 
known configurations (Table I). It is planned to 
correlate the latter compounds with the dia- 
stereoisomeric pair of l l ,13-dihydroxy-l-octa-  
d e c a n o l  (1  1 D , 1 3 D + t 1 L , I 3 L  a n d  
l lD,13L+I1L,13D).  Knowledge of the con- 
figuration at C-I 1,13 of compounds III and IV 
coupled with the configuration at C-11,12 
(Table I) will allow assignment of the configura- 
tion of the epoxy group (eis or trans) of com- 
pounds III and IV. 

th re o- l 1-Hydroxy-12,13-epoxy-9-octadece- 
noic acid recently was isolated from the prod- 
uct formed on heat treatment of 13L-hydro- 
p e r o x y - 9 , 1 1 - o c t a d e c a d i e n o i c  ac id  (3) .  
1 1 -Hydroxy- 12,13-epoxy-9-octadecenoic acid 
and its isomer, 11-hydroxy-9,10-epoxy-12-octa- 
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decenoic  acid, also were f o r m e d  during autoxi -  
dat ion of  l inoleic acid (3). 

C o m p o u n d  V w a s  i d e n t i f i e d  as 9DL- 
h y d r o x y - 1  2 , 1 3 - e p o x y - 1 0 - o c t a d e c e n o i c  acid 
(methy l  ester) .  This acid has been  isola ted  pre- 
viously after  i ncuba t ion  of  l inoleic acid with 
flour doughs (10).  The mechan i sm in the  for- 
mat ion  of  c o m p o u n d s  III-V p robab ly  consists  o f  
addi t ion  of  OH" to the  o x y - f a t t y  acid radical 
wi thout  ( c o m p o u n d s  III and IV) or wi th  (com- 
p o u n d  V) shif t  o f  the A9 double  bond :  

-CH=CH-CH=CH-CH- + OH" -+ 
I 
O" 

-CH=CH-CH-CH - CH- 
OH O 

-CH=CH-CH=CH-CH- + OH" --* 
O" 

-CH-CH=CH-CH - CH- 
6 .  "0 / 

In  t h e  case of  threo-ll-hydroxy-12,13- 
epoxy-9 -oc t adeceno ic  acid fo rmed  by heat  
t r e a tmen t  of  13L-hydroperoxy-9 ,1  1-octadeca- 
dienoic acid (3),  i so top ic  s tudies  showed  tha t  
the major part  o f  the epoxide  was f o r m e d  by a 
react ion involving e l iminat ion of  the distal 
oxygen of  the hyd rope rox ide  group and incor-  

pora t ion  o f  OH (ion or radical)  f rom the  
aqueous solvent .  Similar s tudies  on the forma-  
t ion of  the c o m p o u n d s  described in the p resen t  
paper  are in progress.  
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Effects of Administration of Hypolipidemic Agent, 
9'" ,_ - [ (1 -Methyl-4, 4-Di phenylbutyl idene) bis(p-Phenyleneoxy)] 

Bistriethvlamine Oxalate (SQ 10,591) upon Cholesterol 
Esterification by Aorta, Adrenal, and Testes of Cholesterol-Fed 
Rabbits 
ROBERT J. MORI N, Department of Pathology, Harbor General Hospital, 
University of California at Los Angeles School of Medicine, Torrance, California 90509 

ABSTRACT 

Administration of 2,2'"-([1-methyl- 
4, 4 - d i p h e n y l b u t y l i d e n e ]  bis(p-phenyl- 
eneoxy])  bistriethylamine oxalate (SQ 
10,591) at 20 mg/Kg daily for 5 days to 
cholesterol-fed rabbits resulted in no 
change in aortic microsomal cholesterol 
esterification with a palmitoyl coenzyme 
A substrate or of aortic mitochondrial 
cholesterol esterification with a palmitate 
substrate. Esterification by both reactions 
in the adrenal was much higher than in 
either aorta or testes. Adrenal and testicu- 
lax mitochondrial esterification and tes- 
ticular microsomal esterification were 
inhibited significantly after SQ 10,591 
administration. In vitro addition of 
0.0001 M SQ 10,591 significantly inhibi- 
ted both microsomal and mitochondrial 
cholesterol esterification in aorta, adre- 
nal, and testes. 

INTRODUCTION 

Of the arterial accumulation of cholesteryl 
esters occurring during atherogenesis, up to half 
may be attributable to local esterification (1). 
Increases in cholesterol esterifying activity have 
been observed in atherosclerotic arteries in 
several species (2-4); in pigeons fed an athero- 
genic diet, the increase in cholesterol esterifica- 
tion seems to precede development of demon- 
strable lesions (5). In both rabbit and swine 
arteries, there appear to be two distinct enzy- 
matic esterifying systems-an acyltransferase 
mechanism, requiring adenosine 5'-triphosphate 
(ATP) and coenzyme A (CoA) and localized 
primarily in the microsomal compartment,  and 
an enzyme not  requiring cofactors, with opti- 
mal activity at low pH (6,7), Previous studies 
utilizing swine arterial preparations (7) have 
demonstrated that the acyltransferase esterifica- 
tion in the microsomal fraction, and the low pH 
direct reaction in the mitochondrial fraction 
both could be inhibited by in vitro addition of 
2 , 2 ' " - (  [ 1 -met  hyl-4,4-diphenylbutylidene ] bis 
[p-phenyleneoxy]) bistriethylamine oxalate 

(SQ 10,591). In the present study, the latter 
compound was administered to cholesterol-fed 
rabbits to determine if any in vivo inhibitory 
effects upon esterification could be observed in 
the early atherosclerotic aorta. Since steroido- 
genic tissues also have a significant rate of 
cholesterol esterification, activity was assayed 
in adrenal and testes to determine any effects 
of the administered SQ 10,591. 

MATERIALS AND METHODS 

Two groups of 5 male New Zealand white 
rabbits each, 4 months of age, were maintained 
for 2 months on a stock commercial diet 
(Purina) to which was added 1% cholesterol + 
3% hydrogenated coconut oil. One group of 
these rabbits then was injected subcutaneously 
daily for 5 days with 20 mg/Kg SQ 10,591 
(oxalate salt of 2,2'"-([1-methyl-4, 4-diphenyl- 
butylidene-bis (p-phenyleneoxy)] bistriethyl- 
amine) in sterile sesame oil. The other group of 
rabbits served as controls and were injected 
with sesame oil on the same schedule as the SQ 
10,591 treated group. All rabbits were killed by 
intravenous administration of sodium pentobax- 
bital 18 hr after their last treatment. Aortas, 
adrenals, and testes were removed and dissected 
free of surrounding connective tissue. The 
advential layer of the aortas was discarded. The 
tissue then was minced with an Arbor tissue 
press (Harvard Apparatus Co., Millis, Mass.) 
suspended in 0.25 M sucrose + 0.001 ethyl- 
enediaminetetraacetic acid (EDTA) (100 mg 
tissue/ml solution) and further homoge- 
nized at 2000 rpm. The homogenates were 
centrifuged for 10 rain at 500 x g and the 
supernatant fluid centrifuged at 12,000 x g for 
15 rain and then recentrifuged at 18,000 x g for 
15 rain (the latter pellet was discarded). The 
12,000 x g mitochondrial pellet was resus- 
pended in an equal volume of 0.25 M sucrose 
and recentrifuged (this pellet was used for all 
mitochondrial assays). The 18,000 x g superna- 
tant fluid was centrifuged at 104,000 x g for 60 
rain. This microsomal pellet was resuspended in 
0.15 M potassium chloride (KC1) and recentri- 
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TABLE I TABLE III 

Synthesis of Cholesteryl Esters by Aortic, Adrenal, 
and Testicular Microsomes from Control and SQ 

10,591 Treated Cholesterol-Fed Rabbits a 

Microsomes 
from: Control SQ 10,591 

Aorta 616 • 80 715 • 83 NS 
Adrenal 20,190 • 2,200 22,350• 1,795 NS 
Testes 719•  63 454_+ 43 P<0.O1 

alncubations were done for 1 hr in 0.2 ml phos- 
phate buffer, pH 7.4, with 0.5 /ac, 1.0 nmole of a 
palmitoyl-l-14C coenzyme A substrate, and 0.5 mg 
microsomal protein. Figures given are mean pmoles 
substrate esterified/mg protein/hr -+ standard devia- 
tions of incubations from five separate preparations; 
pmoles esterified are calculated assuming no equi- 
librium with endogenous substrate. NS = nonsignifi- 
cant difference. 

TABLE II 

Synthesis of Cholesteryl Esters by Aortic, Adrenal, 
and Testicular Mitoehondria from Control and SQ 

10,591 Treated Cholesterol-Fed Rabbits a 

Effect of In Vitro Addition of SQ 10,591 upon 
Synthesis of Cholesteryl Esters by Aortic, 

Adrenal, and Testicular Microsomal and 
Mitochondrial Preparations from 

Cholesterol-Fed Rabbits a 

SQ 10,591 
Tissue fraction Control 0.0001 M 

Microsomes 
Aorta 613 • 71 180 -+ 22 
Adrenal 20,500 + 1,830 6,190 + 780 
Testes 794+ 110 2 1 4 -  + 56 

Mitoehondria 
Aorta 43 -+ 6.7 10 + 4.3 
Adrenal 888 -+ 98 272 -+ 36 
Testes 63 -+ 4.1 12 + 2.7 

aMicrosomal incubations and calculations were 
done as described in Table I. Mitochondrial incuba- 
tions and calculations were done as described in Table 
11. SQ 10,591 was dissolved in the buffers. Tissues for 
this group of experiments were all obtained from the 
sesame oil-injected control group. All differences be- 
tween control and SQ 10,591 groups were significant 
at P<0.001. 

Mitochondria 
from: Control SQ 10,591 

Aorta 41 -+ 3.7 36 -+ 2.4 NS 
Adrenal 772 -+ 60 506 • 55 P<0.01 
Testes 58 • 9.0 31 -+ 3.2 P<0.01 

alncubations were done in 0.2 ml citrate-phosphate 
buffer, pH 5.0, with 0.25/ac, 5.0 nmoles of a palmitic- 
1-14C substrate, and 0.5 mg mitochondrial protein. 
Figures given are pmoles substrate esterified/mg pro- 
tein/hr -+ standard deviations of five separate deter- 
minations; pmoles esterified are calculated assuming 
no equilibrium with endogenous substrate. NS = non- 
significant difference. 

fuged.  The  wash ing  ( s u p e r n a t a n t  f lu id)  f r o m  
this  c en t r i f u g a t i o n  was discarded.  

For  assay o f  choles te ro l  e s te r i fy ing  ac t iv i ty ,  
0.2 ml a l iquo t s  o f  each  m i c r o s o m a l  f rac t ion  
were m i x e d  wi th  0.2 ml  a l iquots  of  0.2 M 
p h o s p h a t e  buf fe r ,  pH 7.4, plus a pa lmi toy l -  
1-14C Co A subs t r a t e  (New England  Nuclear ,  
Bos ton ,  Mass.;  0.05 /1c, 1.0 n m o l e s ) ,  and  
i n c u b a t e d  for  1 hr  at 37 C. Cont ro l  a l iquo ts  
were hea t ed  at 90 C for 10 min  a n d  o t h e r  
u n h e a t e d  con t ro l s  s t o p p e d  at  zero t ime  or  
i n c u b a t e d  for 1 hr  wi th  bu f f e r  plus subs t r a t e  
bu t  no  t issue.  In so m e  e x p e r i m e n t s ,  14CO2 was 
col lec ted  in a cen te r  well con t a in ing  20% 
NaOH.  The  i n c u b a t i o n s  were s t o p p e d  by  addi-  
t ion  of  c h l o r o f o r m / m e t h a n o l ,  2 :1 ,  and  t he  
lipids ex t r ac t ed  by the  p rocedure  o f  Fo lch ,  et 
al. (8). Samples  were e v a p o r a t e d  to  d r y n e s s  
u n d e r  an N2 s t r eam,  dissolved in c h l o r o f o r m ,  
a n d  the  lipid f rac t ions  sepa ra ted  by t h in  layer  
c h r o m a t o g r a p h y  on Silica Gel H, 0.5 m m  plates  
us ing  an a scend ing  so lvent  m i x t u r e  of  h e x a n e -  

e thy l  e ther -ace t ic  acid,  1 2 0 : 2 0 : 1 .  The  free and  
es ter i f ied cho les te ro l  bands  were sc raped  and  

e lu t e d  wi th  2 success ive  po r t i ons  of  ch loro-  
f o r m / h e x a n e ,  4: I by m i x i n g  at  40  C for 1 hr .  
Radioact iv i t ies  in these  f rac t ions  were deter-  
m i n e d  by l iquid sc in t i l la t ion  c o u n t i n g  us ing  a 
d i p h e n y l o x a z o l e - d i p h e n y l o x a z o l e - b e n z e n e  
(PPO-POPOP) in t o lue ne  sc in t i l la t ion  so lu t ion  
and  a Packard  mode l  3314  a u t o m a t i c  refr iger-  

a t ed  l iquid sc in t i l la t ion  c oun t e r .  Q u e n c h i n g  was 
m o n i t o r e d  by  the  c ha nne l s  ra t io  t e c h n i q u e .  

An  add i t iona l  e s t e r i f i ca t ion  reac t ion  was 
a s sayed  by i n c u b a t i n g  0 .2  ml a l iquo t s  of  each  
m i t o c h o n d r i a l  f rac t ion  w i th  0.2 ml  0.2 M 
c i t r a t e -phospha te  bu f fe r  pH  5.0, con ta in ing  
0.25 /ac, 5.0 n m o l e s  o f  a p a l m i t a t e - l - 1 4 C  
subs t r a t e  (New Eng land  Nuclear )  added  in 10 
/ll i ter ace tone .  Because of  the  s lower  rate of  
th is  reac t ion ,  these  m i x t u r e s  were i n c u b a t e d  for 
18 hr  at  37 C, a n d  samples  t h e n  were p rocessed  
as in the  assay descr ibed  above.  Con t ro l  ali- 
quo t s  were h e a t e d  a t  90 C for 10 min ,  and  
o the r  u n h e a t e d  c on t ro l s  s t o p p e d  at zero t ime  or 
i n c u b a t e d  for 18 hr  wi th  bu f fe r  plus  subs t r a t e  
bu t  no  t issue.  

Pro te in  c o n t e n t  o f  e a c h  f r a c t i on  was ana- 
lyzed  by  the  m e t h o d  of  Lowry ,  et al., (9) 
adap t e d  for  the  a u t o a n a l y z e r .  

The  probabi l i t ies  t h a t  a p p a r e n t  d i f fe rences  
in the  data were due to c ha nc e  was ca lcula ted  
by t he  t- test .  

RESULTS A N D  DISCUSSION 

In Table I are s h o w n  the  ra tes  o f  m i c r o s o m a l  
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incorporation of the palmitoyl CoA substrate 
into aortic, adrenal, and testicular cholesteryl 
esters. Esterification was markedly higher by 
adrenal microsomes than either aortic or testic- 
ular microsomes. SQ 10,591 administration had 
no significant effect upon esterification by 
aortic or adrenal microsomes but did decrease 
testicular microsomal esterification. 

Mitochondrial synthesis of cholesteryl esters 
from the palmitate substrate at pH 5.0 without 
added cofactors is shown in Table II. As in the 
microsomes, esterification by the adrenal mito- 
chondria occurred more rapidly than in either 
aortic or testicular mitochondria. Significant 
inhibition of adrenal and testicular mitochon- 
drial cholesterol esterification was induced by 
SQ 10,591 administration. 

Effects of in vitro addition of SQ 10,591 in 
10"4M concentration to microsomal and mito- 
chondrial preparations are shown in Table III. 
SQ 10,591 markedly inhibited both microsomal 
esterification with the palmitoyl CoA substrate 
and mitochondrial esterification with the palmi- 
tate substrate in aorta, adrenal, and testes. 

No significant alterations in oxidation of 
either the palmitoyl CoA or palmitate substrate 
to CO 2 were induced by either in vivo adminis- 
tration or in vitro addition of SQ 10,591, 
indicating that observed effects of SQ 10,591 
upon rates of esterification were not due to 
diminished substrate concentrations. 

Administration of SQ 10,591 to rats previ- 
ously has been shown to inhibit the conversion 
of polyisoprenol pyrophosphates to cholesterol 
(10). Formation of liver and serum cholesterol 
esters is inhibited to a greater extent than free 
cholesterol synthesis, suggesting possible inhibi- 
tory effects of SQ 10,591 upon esterification 
(10). Addition of SQ 10,591 to incubated 
preparations of swine aortic microsomes and 
mitochondria has been found to inhibit esteri- 
fying activity in both of these fractions (7). 
Similar in vitro inhibition of esterification was 
observed in the aortic microsomal and mito- 
chondrial fractions from the cholesterol-fed 
rabbits of the present experiments, but no 
effect could be demonstrated after in vivo 
administration of 20 mg/Kg SQ 10,591, a 
dosage level which did inhibit cholesterol ester 
biosynthesis from acetate in rats (10). 

Decreased incorporation of palmitate into 
adrenal mitochondrial cholesteryl esters was 
observed in the present experiments both after 
administration of SQ 10,591 and after in vitro 
addition to incubated preparations. In a previ- 
ous study, SQ 10,591 administration produced 
no change in incorporation of acetate into rat 
adrenal cholesteryl esters (10). At 10-SM con- 
centrations, SQ 10,591 has been noted to 
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inhibit both adrenocorticotropin activated and 
cyclic adenosine 5'-monophosphate activated 
rat adrenal steroidogenesis (11). If rates of 
adrenal cholesterol esterifying activity are regu- 
lated by mechanisms similar to those in the 
ovary, a reduced local steroid concentration 
would have been expected to activate, rather 
than inhibit, cholesterol esterification (12). A 
more probable mechanism of inhibition by SQ 
10,591 may be related to its cationic amphi- 
pathic, or surface-active properties, which, like 
a structurally similar compound SKF 525-A 
(diethylamino diphenylvalerate HCI), may in- 
h i n t  enzyme activity directly or may bind to 
subcellular membranes and limit diffusion of 
substrates to the sites of esterification (13,14). 

In the testes, incorporation of palmitoyl 
CoA into microsomal cholesterol esters and 
palmitate into mitochondrial cholesterol esters 
both were inhibited after administration of SQ 
10,591. In vitro addition of SQ 10,591 also 
inhibited both types of esterification, similar to 
the effects previously observed in rabbit ovarian 
preparations (15). The mechanisms of inhibi- 
tion may be similar to those discussed above for 
the adrenal. Testicular microsomal esterifica- 
tion appears to be more sensitive to SQ 10,591 
administration than is adrenal microsomal ester- 
ification; this possibly may be related to the 
diminished pituitary gonadotropin stimulation 
of the testes observed by Lerner, et al., (10) 
after SQ 10,591 administration. 
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Lipid and Fatty Acid Composition of Testes of Quaking Mice 
J.G. CONIGLIO ,  W.M. GROGAN,JR. ,D.G.  HARRIS,  and M.L. F ITZHUGH,  
Department of Biochemistry, Vanderbilt University, Nashville, Tennessee 37232 

ABSTRACT 

Testes of quaking mice (sterile mu- 
tants) and of controls were analyzed for 
major lipid classes and fatty acid compo- 
sition. Of the main lipid classes, only 
cholesterol esters differed significantly in 
concentration between the two groups 
(1.01 for quakers vs 0.69 mg/g wet wt of 
tissue for controls). The concentration of 
triglycerides was 4.5-5.0, that of total 
phosphatides 18-19, and that of free 
cholesterol 1.9-2.0 mg/g for mutants and 
controls. The concentrations of phospha- 
tidyl ethanolamine and of sphingomyelin 
were both lower in quaking than in 
normal mice, but only the change in the 
former was statistically significant. Phos- 
phatidyl choline was the major phospha- 
tide (43-45% of total phosphatides) fol- 
lowed by phosphatidyl ethanolamine 
(24-26%) and sphingomyelin, phospha- 
tidyl serine, and phosphatidyl inositol (all 
ca. 7% of total phosphatides). Minor 
differences between the mutants and con- 
trois were observed in concentrations of 
fatty acids of major lipid classes. The 
mutants, sterile because of-faulty sperma- 
rid differentiation, had normal quantities 
of 22:6 w3 and 22:5 w6. These data are 
consistent with the hypothesis that the 
22-carbon polyenes are associated with 
the formation of spermatids, rather than 
with their final differentiation into sper- 
matozoa. 

I NTR OD UCTI ON 

The male quaking mouse (qk/qk) has been 
reported to be sterile because of faulty sper- 
matid differentiation (1). Lipid abnormalities 
have been found in the central nervous system 
(2,3) and in organs, such as thymus, spleen, and 
kidney (4) of this animal. However, lipids or 
the testis of the quaking mouse have not been 
studied. Our interest in the role of lipids and 
fatty acids in male reproductive tissue led us to 
consider the possibility of a defect in lipid 
composition and metabolism in the testis of 
this mutant.  Accordingly, we have determined 
the major lipid classes and fatty acid composi- 
tion of testes of the quaking mouse and 
compared the values with those of controls. 

METHODS 

The mice were C 57BL/6J males obtained 
from the Jackson Laboratory, Bar Harbor, 
Maine. Controls were furnished by the same 
supplier (qk/+ or +/+, indistinguishable). The 
animals were maintained on Purina chow until  
their death by decapitation. Testes were re- 
moved quickly and chilled in ice, after which 
they carefully were cleaned of all adhering 
tissue and weighed. A small amount of tissue 
was used from each of several testes from the 
various groups of quaking and control mice for 
histological examination. These were fixed in 
Bouin's media and stained with periodic Schiff 
stain (PAS) and counter-stained with Wright's 
iron hematoxylin. The balance of the tissues 
was either hydrolyzed with alcoholic potassium 
hydroxide for total fatty acid separation by 
methods reported previously (5) or homoge- 
nized in Folch mixture (chloroform:methanol 
2/1) for extraction of total lipid. Aliquots of 
the extracts were used for determinations of 
triglyceride (6), phospholipid phosphorus (7), 
and of free and esterified cholesterol (8). 
Classes of lipids wre separated by thin layer 
chromatography (TLC) using the solvent sys- 
tem: petroleum ether-ethyl ether-glacial acetic 
acid, 80:20:1 (v/v/v). Individual phosphatides 
were separated using Supelcosil 42A (Supelco, 
Bellefonte, Pa.) for two dimensional TLC using 
the solvent systems: (A) chloroform-methanol- 
28% ammonia, 65:25:5 (v/v/v) and (B) chloro- 

TABLE I 

Fatty Acid Composition of Testicular Total 
Lipids of Quaking Mice 

Fatty acid Percent of total fatty acids 

16:0 a 29.9 + 0.78 b 
16:1 1.48 + 0.09 
18:0 6.95 +- 0.22 
18:1 15.8 -+ 0.82 
18:2 8.11 + 0.89 
20:3 1.17 + 0.04 
20:4 11.9 + 0.37 
22:4 1.67 + 0.21 
22:5 11.0 +- 0.43 
22:6 7.01 + 0.26 
24:4 t 2.79 + 0.25 
24:5 

aNumber of carbons in chain: number of double 
bonds. 

bMean of 6 samples -+ standard error of the mean; 
testes of 2-5 mice/sample. 
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fo rm-ace tone-methano l -  acetic acid-water, 
6:8:2:2:1 (all on a volume basis). After devel- 
oping and charring lightly with sulfuric acid, 
the identified spots were scraped quantitatively 
into test tubes and phosphorus quantitated (7). 
All analyses of lipid fractions were done at least 
in duplicate. Fatty acids from total lipids and 
from separated lipid classes were methylated 
with boron trifluoride-methanol (9) for analysis 
by gas liquid chromatography (GLC). GLC 
analyses were done as reported previously (5). 
Standard methyl esters obtained from Applied 
Science Laboratories, State College, Pa., were 
used to establish retention times and for cali- 
bration of the flame ionization detectors. 
Hydrogenation of methyl esters was done (10), 
and the hydrogenated derivatives were reana- 
lyzed by GLC to establish the total amount of 
fatty acids of a particular Chain length. Further 
identifications were made by reference to fatty 
acid methyl esters obtained from rat and 
human testes and previously characterized by 
chemical means. 

Testes from 2-5 mice were pooled for each 
sample analyzed to obtain sufficient lipid. Four 
different sets of mice were obtained for these 
studies, but, in most cases, the results from 
more than one set have been grouped in a table 
for calculation of means and for statistical 
evaluation. The ages of the animals are given 
with each set of data. 

R ESU LTS 

The ages of the mice in the first set ranged 
from 41-124 days. During this time, the body 
wt of controls increased from 16-27 g, while 
that of the quaking mice increased from 13-21 
g. Wt of the testes of control mice increased 
from 0.07 at 41 days to 0.11 g/testis but that 
of testes of quakers showed little or no increase 
from the 41 day wt of 0.06 g/testis. Total fatty 
acid concentration was constant throughout 
this period for both groups (14.7 + 1.26 mg/g 
for controls vs. 13.7 -+ 0.57 mg/g for quaking 
mice). The fatty acid composition of total 
tipids did not differ significantly between the 
two groups. In Table I is given the composition 
for testes of quaking mice. The means of pools 
of all ages are given, since there was no 
consistent change in the concentration of any 
fatty acid during this entire age period. Only 
those fatty acids present in a concentration of 
1% or greater are listed. Among those fatty 
acids present in concentrations less than 1% 
were 14:0, 18:3, 20:2, 20:5, 22:3, and 22:5 w3 
(the isomer reported in the table is 22:5 w6). 
Ca. twice as much 24:5 as 24:4 was present. 
Several of the samples were hydrogenated and 
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reanalyzed by GLC. The completely hydrogen- 
ated samples had amounts of saturated fatty 
acids consistent with the amounts of individual 
components of the same carbon number in the 
nonhydrogenated samples. 

Lipid composition was determined in 2 sets 
of mice of ages 83-111 days. The results are 
given in Table II. Most of the lipid was 
phosphatide, and free fatty acids were present 
only in trace quantities. There were no signifi- 
cant differences between controls and quakers 
in the concentrations of phosphatide, triglyc- 
erides, or free cholesterol. However, there was a 
statistically significant greater amount  of esteri- 
fled cholesterol in testes of the quaking mice. 

Ca. 90% of the total phosphatide phospho- 
rus was accounted for in 5 identified phospha- 
tides given in Table II. Most of the phos- 
phatides in testes was phosphatidyl choline 
and phosphatidyl ethanolamine, but consider- 
able concentrations of phosphatidyl serine, 
phosphatidyl inositol, and sphingomyelin also 
were present. No significant differences be- 
tween controls and mutants were found for any 
of these, except phosphatidyl ethanolamine. 
Although the difference in concentration of 
sphingomyelin was not statistically significant, 
it is important to indicate that in every case 
except one the concentration was greater in the 
testes of the controls than in the quakers. In 
addition to these major phosphatides, small 
amounts of cardiolipin and lysophosphatides 
were present. 

The fatty acids obtained from each of the 
main classes of testicular lipids of mice aged 
83-111 days were analyzed by GLC. The results 
are given in Table III. Very few differences 
were found between controls and quakers 
which proved statistically significant. These 
included 18:1 of phosphatides; 20:4 and 22:4 
of cholesterol esters; and 14:0, 18:0, 18:2, and 
22:5 w3 of triglycerides. In addition to the 
fatty acids reported in Table III, there were 
small amounts of numerous components among 
which were tentatively identified 15:0, 20- and 
22-carbon mono-, di-, and trienes; and 18:3. 
There were also small but significant amounts 
of components with retention times beyond 
24:5, but these were not identified or studied 
further. 

Histological examination of the sections 
revealed that very few spermatids with tails 
were present in the testes of the quaking mice, 
although these were abundant in those of 
controls. 

DISCUSSION 

The role of lipids, and particularly polyenoic 
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T A B L E  II 

Lipid and Phosphat ide  C o m p o s i t i o n  o f  Testes  o f  Quak ing  and Cont ro l  Mice 

111 

m g / g  Wet wt  testis a 

Lipid class Contro ls  Quak ing  

Tr ig lycer ides  4 .80  -+ 0 .52  4 .59  -+ 0 .30  
Phosphat ides  19.0 +- 0 .54  18.2 +- 0 .60  
Free choles te ro l  1.98 :~: 0 .03  1.90 -+ 0.2 ! 
Ester i f ied choles terol  0 .69  • 0 .07 1.01 • 0 . 0 9 ( P = 0 . 1 7 )  
Ratio:  e s t e r i f i edcho le s t e ro l  0.35-+ 0.04 0.53-+ 0 . 0 7 ( P = 0 . 0 6 1 )  

free choles terol  Percent  of  total  phospha t ides  a 

Contro ls  Qu ak in g  

Phospha t idy l  chol ine  b 42 .7  • 1.3 45 .7  -+ 1.2 
P h o s p h a t i d y l e t h a n o l a m i n e  b 26.4 -+ 0.52 24 .3  -+ 0 . 8 9 0 a = . 0 5 )  
Sph i ngom ye l i n  7.24 • 0 .43  6.41 • 0 .30  
Phospha t idy l  serine 7.69 • 0 .33  7.63 -+ 0 .19  
Phospha t idy l  inositol  6 .88 -+ 0 .35  6.80 -+ 0 .59  

aMean -+ s t anda rd  e r ro r  of  the mean  o f  8 samples ;  testes  f rom 2-5 mice  were  pooled  for  
each sample .  

b lnc ludes  p lasmalogens ,  if present .  

" fABLE III  

Fa t ty  Acids of  Phosphol ipids ,  Tr iglycer ides ,  and Choles terol  Esters 
f r o m  Testes  of  Cont ro l  and  Quak ing  Mice 

Percent  of  total  fa t ty  acids 

Phosphat ides  a Trigly cerides a Choles terol  esters a 

Fat ty  acid Contro ls  Quak ing  Contro ls  Quak ing  Contro ls  Quak ing  

12:0 tr tr 

14:0 0.81 :~: 0 .13 0.80-+ 0.07 
16:0 29.2 • 0 .94  30.4 • 1.3 
16:1 1.3 •  1.5 •  

1 8 : 0  8.0 • 0 .47 8.9 -+ 0 .44  

/ ( P  : . 0 0 8 ) \  

18:1 12.2 • 0 .40  14.3 :~. 0 .52 

I 8:2 2.7 -2- 0.1 I 3.0 • 0 .26  
20 :3  w6  1.4 -+ 0.1 I 1.3 • 0 .06 

20 :4  14.2 • 0 .52 13.0 • 0 .79  

1.1 • 0 .28  0.89-+ 0 .20  2.3 • 0 .38  3.0 +- 0 .59  

(P : .001)  

1.3 • 0 .09 2.1 + 0 .14  4.1 • 0.31 4.1 -+ 0.79 
1 6 . 7 - + 0 . 9 3  18.2 -+.0.35 15.3 •  14.8+- 1.6 

5.1 -+0.30 4.8 -+0.17 6.8-+.0.35 6 . 4 - + 0 . 3 2  

(P = .001)  

2 . 7 •  4.2 •  7 . 2 •  6 . 3 - + 0 . 3 6  

25.0-+ 1.4 22.7 -+ 1.0 18.4-+ 1.1 17.8-+ 1.3 

(P = .03) 
/ \ 

2 2 . 3 •  16.2 •  3 . 5 - + 0 . 2 8  3 . 1 - + 0 . 3  
0 . 7 3 •  0 . 8 6 - + 0 . 1 1  0 . 6 7 •  0 . 4 4 •  

(P = 0 .008)  
f 

1.7 , 0 .18  1 . 7 •  1 .7 -+0 .12  1 . 2 - + 0 . 1 3  

22 :4  1.4 •  1.4 -+0.10 1 . 6 •  2.1 •  
2 2 : 5 w 6  12.3 •  10.8 •  5 . 9 •  6 . 7 •  

(P : . 0 5 ) \  
/ 

2 2 : 5 w 3  0.51 -+0.06 0 . 5 5 •  1.1 •  1 . 7 •  
2 2 : 6  8 . 5 0 - + 0 . 8 0  7.0 ~ 0.62 2 . 9 •  3 . 7 •  
2 4 : 4  l . I  -+0.11 I . I  • 0 .13 0.8 • 0 .17  l . l  -+ 0.22 
24 :5  1.5 -+0.16 1.5 -+0.13 1 . 3 •  1 . 7 •  

/ ( P  : .O l ) \  
2 . 5 - + 0 . 1 8  1 .6 -+0 .2 4  
3 . 9 •  3 . 2 •  

2 . 7 •  1 .88-+0 .31  
6 . 7 ~ 0 . 9 0  5 . 1 •  
2 . 7 - + 0 . 4 0  2 . 7 •  
3 . 9 - + 0 . 4 9  3 .0 -+0 .31  

aMean -+ s t anda rd  er ror  of  the mean  of  8 samples  for phospha t ides  and t r ig lycer ides  and  of  10 samples  for  
choles terol  esters;  testes f r o m  2-5 mice were  pooled  for each sample .  
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fa t t y  acids,  in  the  male r ep roduc t ive  sys tem has 
a t t r a c t e d  increas ing a t t e n t i o n .  In the  ra t ,  i t  was 
shown  t h a t  the  tes t icu lar  c o n c e n t r a t i o n  of  22 :5  
w6 inc reased  dramat ica l ly  w i th  sexual  m a t u r a -  
t ion  of  the  an ima l  (1 1). F u r t h e r m o r e ,  in  condi -  
t ions  in which  the  tes tes  were caused to  
degenera te  by means  of  surgical c r y p t o r c h i d i s m  
or by  use of  c a d m i u m  chlor ide ,  the  concen t r a -  
t ion  of  th is  po lyene  decreased  to  low values 
(12).  Because the  quak ing  mouse  has a defec t  in  
spermiogenes is ,  i t  migh t  be a useful  an ima l  in 
the  s tudy  of  the  role of  l ipids in s pe r m a t ogen -  
esis. Our  s tudies  show on ly  m i n o r  d i f ferences  in 
l ipid and  fa t ty  acid c o m p o s i t i o n  of  tes tes  of  
quak ing  c o m p a r e d  to  c o n t r o l  mice.  In t he  
mouse ,  2 2 : 6  w3 is a p r o m i n e n t  c o m p o n e n t  of  
tes t icu lar  f a t ty  acids in  add i t i on  to  22 :5  w6 
(which  is the  chief  22-ca rbon  po lyene  in ra t  
testes) .  B o t h  of  these po lyenes  were p resen t  in  
tes t icular  l ipid f rac t ions  of  quak ing  mice in 
c o n c e n t r a t i o n s  n o t  s ignif icant ly  d i f fe ren t  f rom 
cont ro l s .  B e n n e t t ,  et  al., (1)  has p roposed  t h a t  
the  defect  in tes t is  of  the  quak ing  mouse  is one  
of  s p e r m a t i d  d i f f e ren t i a t ion ,  and  our  l imi ted  
his tological  e x a m i n a t i o n s  c o n f i r m  th i s  m o r p h o -  
logical obse rva t ion .  Our  resul ts  are cons i s t en t  
wi th  the  h y p o t h e s i s  t ha t  t es t i cu la r  22 :5  w6 and  
22 :6  w3 are re la ted  to  the  p r o d u c t i o n  of  
spermat ids ,  r a t h e r  t han  to  the  f inal  d i f ferent ia-  
t ion  i n to  spe rma tozoa .  

Some di f ferences  be t w een  tes t icular  l ipids of 
quak ing  and  con t ro l  mice were n o t e d  in these  
studies.  Minor  di f ferences  were f o u n d  in f a t t y  
acid c o n c e n t r a t i o n s  in  par t i cu la r  l ipid classes 
( for  example ,  14:0 ,  18:0 ,  and  18 :2  in tr iglyc- 
erides),  bu t  these  c a n n o t  be re la ted  to any  
morpho log ica l  changes.  Moreover ,  these  dif- 
ferences  were small  and  may no t  r ep resen t  
i m p o r t a n t  a l te ra t ions .  A mean ingfu l  change  was 
an  increase  in t he  a m o u n t  of  es ter i f ied  choles-  
terol  (bu t  n o t  free cho les te ro l )  in tes tes  of  

quak ing  mice.  Genera l ly ,  es ter i f ied  cho les te ro l  
increases dur ing  i m p a i r m e n t  of  the  spe rma to -  
genic process  (13) .  Sphlngol ipids  in the  cen t ra l  
nervous  sys t em were r e p o r t e d  r educed  com-  
pared  to  o t h e r  s t ruc tu ra l  c o m p o n e n t s  (2 ,3) .  In  
our  s tudies ,  p h o s p h a t i d y l  e t h a n o l a m i n e  was the  
on ly  p h o s p h a t i d e  wh ich  was decreased signifi- 
cant ly  in tes tes  of  quak i ng  mice,  and  th i s  
decrease was on ly  borde r l ine  (P = 0.05) .  The 
c o n c e n t r a t i o n  o f  s p h i n g o m y e l i n  was lower  in  
the  m u t a n t s  t h a n  in con t ro l s  in all cases bu t  
one ,  bu t  the  d i f ference  in the  means  was n o t  
s ta t is t ical ly  s ignif icant  (P = 0.1).  A grea ter  
n u m b e r  of analyses even tua l ly  might  show th i s  
d i f ference  to be s ignif icant .  Analysis  of  the  

f a t ty  acid p a t t e r n  of  ind iv idual  p h o s p h a t i d e s  
and  par t icu la r ly  of  s p h i n g o m y e l i n  of  tes tes  of  
quak ing  and  con t ro l  mice may  show a l te ra t ions  
no t  seen in the  f a t t y  acid pa t t e rn  of  t o t a l  
phospha t ides ,  bu t  these  s tud ies  have n o t  ye t  
b e e n  done.  A r e d u c t i o n  in the  C20-CoA elonga- 
t ion  sys t em has been  s h o w n  in mic rosomes  
f r o m  bra in  of quak ing  mice (14) .  

A glycerol-base ( r a the r  t h a n  a sph ingos ine  
base)  glycol ipid  present  in  tes tes  of  var ious  
animals  was r e p o r t e d  to  be r e d u c e d  great ly  in 
a m o u n t  in  tes tes  of  the  w / w  v mouse ,  a s ter i le  
m u t a n t  def ic ient  in  germina l  cells (15) .  The  
c o n c e n t r a t i o n  of  tiffs glycol ipid  in tes tes  of  the  
quak ing  mouse  has n o t  ye t  b e e n  de t e rmined .  
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SHORT COMMUNICATIONS 

Separation of Polyunsaturated Fatty Acids by Argentation 
Thin Layer Chromatography 

ABSTRACT 

A single step, silver nitrate thin layer 
chromatographic procedure which sepa- 
rates a methyl ester mixture containing 
0-6 double bonds is described. Purity of 
each ester recovered from the silver ni- 
trate plate was 98-99%. Recovery of the 
esters ranged from 100% for saturates to 
77% for pentaenes. 

I NTRODUCTI  ON 

Various procedures are available for separa- 
tion of fatty acid methyl esters. The most com- 
mon is gas liquid chromatography which gives 
excellent quantitative data but  does not lend 
itself readily to the recovery of appreciable 
amounts of the  esters. Large scale separation of 
fatty acid methyl esters has been accomplished 
by column chromatography, but this method is 
time consuming and does not  separate fatty 
acids with more than two double bonds. Silver 
nitrate thin layer chromatography (TLC) has 
been used extensively to fractionate methyl 
esters according to their degree of unsaturation. 
However, there is presently no simple method 
available that allows the separation on the same 
plate of samples containing 0-6 double bonds. 
We have developed a simple TLC procedure 
that allows this separation. 

veloped twice in a solvent system containing 
hexane-diethyl ether (anhydrous)-acetic acid 
(94:4:2). After the first development, the plate 
was dried under a stream of nitrogen. Following 
the second development, the plate was dried 
again under nitrogen, sprayed lightly with a 
0.1% s o l u t i o n  of  4',5'-dibromofluorescein 
(Eastman Kodak Co., Rochester, N . Y . ) i n  
isopropanol, dried under nitrogefi, and placed 
in a tank saturated with NH4OH vapors. After 
ca. 5 min, pink spots on a yellow background 
appeared which were very pronounced when 
viewed under UV light. Individual bands were 
scraped into a 7 mi tube, and a known amount 
of methyl arachidate (20:0) was added to each 
tube to determine the recovery of each methyl 
ester by the internal standardization procedure 
of Blank, et al. Methanol (2 ml) containing 1% 
acetic acid was added to each tube which was 
sealed tightly and placed in a boiling water bath 
for 5 min. After cooling and centrifugation, the 
methanol layer was removed and the silica gel 
reextracted with the acetic acid-methanol solu- 

EXPERIMENTAL PROCEDURES 

Purified fatty acid methyl esters (Nu-Chek 
Prep) were used to prepare a near equimolar 
mixture of the following fatty acids: 18:0, 
1 8 : 1 ,  18:2,  18:3, 20:4o96, 20:5o93, and 
22:60o3. Thin layer plates (5 x 20 cm) were 
coated with a 0.25 mm thick slurry of silver 
nitrate impregnated silica gel (35 ml 4% [w/v] 
AgNO3 to 15 g Silica Gel G [E. Merck, Darm- 
stadt, Germany]).  The plates were allowed to 
air dry for ca. 45 rain, activated for 30 rain at 
110 C, and stored in a light-tight, dessicated 
container. Methyl esters (950/~g) were applied to 
each plate as a narrow band and the plates de- 

FIG. 1. Thin layer chromatogram of methyl ester 
mixture described in text. The individual bands were 
visualized by spraying with 55% H2SO 4 containing 
0.6% Na2Cr207 and heating at 200 F for 20 rain. 
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18:0 18:1 18:2 1 8 1 3  S T A N D A R D  "nll n" 
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FIG. 2. Gas liquid chromatographic elution pattern 
of individual bands from a 4% silver nitrate thin layer 
plate. Conditions are described in the text. 

t ion.  The  ex t rac t s  were c o m b i n e d  and  t a k e n  to 
dryness  u n d e r  a s t r eam of  n i t rogen  and  a small  
a m o u n t  o f  CS2 added  as the  solvent  for  gas 
c h r o m a t o g r a p h y ,  

Gas c h r o m a t o g r a p h y  was car r ied  ou t  on  a 
Var ian  mode l  2 1 0 0  gas c h r o m a t o g r a p h  using a 
6 ft  glass c o l u m n  packed  w i t h  15% EGSS-X on 
100-120 mesh  Gas C h r o m  P (Appl ied  Science 
Labora to r ies ,  State College, P a . ) a n d  equ ipped  
wi th  a h y d r o g e n  f lame ion iza t ion  de tec to r .  A 
mode l  CRS-100 digital i n t eg ra to r  ( In fo t ron ic s ,  
H o u s t o n ,  Tex.)  was used to  q u a n t i t a t e  peak  
areas. Usually ca. 10 /Jg m e t h y l  es ter  was in- 
jec ted .  

Figure 1 shows a r ep resen ta t ive  t h in  layer  
plate t h a t  was deve loped  in the  so lvent  sys tem.  
There  is a clear separa t ion  of  all bands .  We have 
observed  t h a t  when  the  relat ive h u m i d i t y  in- 
creases to  above  50%, t he  bands  do no t  migra te  
as far as t hey  usual ly  do, and  cross c o n t a m i n a -  
t ion  of  pen t aenes  w i th  hexaenes  becomes  a 
p rob lem.  We get the  best  sepa ra t ion  when  the  
r o o m  h u m i d i t y  is ca. 42-44%. 

A compos i t e  of  a r ep resen ta t ive  gas chro-  
m a t og raph i c  analysis  of  each  b a n d  is s h o w n  in 
Figure 2. Clear sepa ra t ion  of  the  b a n d s  was ob-  
t a ined  as ev idenced  by  the  low a m o u n t  of cross 
c o n t a m i n a t i o n .  Satura tes  were u n c o n t a m i n a t e d .  
There  was less t h a n  1% cross c o n t a m i n a t i o n  in 
m o n o e n e s ,  dienes,  t r ienes ,  and  t e t r aenes  and  
o n l y  2% c o n t a m i n a t i o n  in pen t aenes  and  
hexaenes .  The  percen t  recovery  of sa tu ra tes  was 
100%. The  recovery  of  the  o t h e r  esters ranged 
f rom 77% (pen taenes )  to  86% ( t r ienes) .  The  rela- 
t ively h igh  pe rcen t  (84%) recovery  of  22:66o3 
ind ica tes  t ha t  l i t t le  a u t o o x i d a t i o n  of  the  m e t h y l  
esters  occu r r ed  dur ing the  t ime  the  plate  was 
exposed  to air. 

We have appl ied  th is  sys tem to  the  separa- 
t ion  of m e t h y l  es ters  of  re t ina l  f a t t y  acids and  
have observed  the  same pe rcen t  recovery  and  
pur i ty  as o b t a i n e d  for  the  s t a n d a r d  mix ture .  

P E T E R  A. D U D L E Y  
R O B E R T  E. A N D E R S O N  
D e p a r t m e n t  of  O p h t h a l m o l o g y  
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Simple, Rapid Method for Detecting Phase Transitions of Lipids 

A B S T R A C T  

A simple rapid method was worked 
out for studying the physical and struc- 
tural state of Iipids by measuring the re- 
fractive indices of a layered lipid film. 
Melting processes of n-paraffins and phase 
transitions of phospholipids and the 
lecithin-cholesterol system also can be 
followed as a function of temperature. In 
accordance with data from the relevant 
literature, the measured refractive indices 
show that cholesterol lowers the phase 
transition temperature of  lecithin. By iso- 
refraction curves, the most ordered struc- 
ture of the layers is indicated to occur at 
the equimolar ratio of cholesterol and 

I N T R O D U C T I  ON 

The study of phase transitions of artificial 
lipid bilayers and biomembranes requires rela- 
tively difficult physical methods, such as dif- 
ferential scanning calorimetry, X-ray diffrac- 
tion, NMR, electron spin resonance, micro- 
scopy, and electron microscopy (1-5). Struc- 
tural birefringence also indicates the physical 
state of  lipid layers (3). According to condensor 
theory (6), the sign of birefringence depends 
upon the spatial arrangement of the elements in 
a composite body. The birefringence is positive 
if the composite body is built up from thin rods 
parallel with the long axis and negative when 
the elements are discs and are situated perpen- 
dicularly to the long axis. Indeed, usually 
fibrous structures, such as cellulose, etc. ,  ex- 

lecithin. The method may be applied to 
study the effect of lipid-soluble agents d(n,-n~)0010 l ~- 11 

~2]:S l]~i:eS~.ructure and is applicable for dT O ' O l O I - - - - ~ -  . . . . . . . . . . . . . . . .  1,25 / ] 
routine investigations and industrial pur- t & 
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FIG. 1. The effect of cholesterol upon the phase FIG. 2. Phase transition of lecithin-cholesterol 
transition temperature of lecithin. The numbers on the system. The curves are the derivates of the correspond- 
curves mean the molar ratio of cholesterol, ing one of Figure 1. 
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hibit a positive birefringence, while the lamellar 
structure of the chloroplast, for example, gives 
a negative one. 

If the biorefringence is obtained refracto- 
metrically as the difference of the extra- 
o r d i n a r y  a n d  o rd ina ry  refractive indices 
(n e -no) ,  the measurement is independent  of 
the thickness and parallelism of the layer. In 
this paper, data proving the effectiveness of re- 
fractometry in studying phase transitions of 
lipids are presented. 

E X P E R I M E N T A L  PROCEDURES 

Method 

100 pliter 2% (w/v) Chloroform solution of 
lipids was dropped onto the upper prism of an 
Abbe refractometer (Zeiss GmbH, type G). On 
evaporating the solvent, a homogeneous lipid 
sheet appeared on the surface of the prism, and 
it was swollen by a wet N 2 stream for 10 min. 
Then, the prisms were closed and sealed with 
silicone-grease. The temperature was raised 
slowly and checked at the site of the lipid layer 
by a thermopile. The values of the refractive 
indices were read off at every degree through- 
out the temperature range between 5-65 C. 

Materials 
The n-paraffins (hexadecane, mp 18.5 C; 

octadecane, mp 28 C) were purchased from 
Fluka, Ltd., Buchs, Switzerland. The lecithin 
was purified from egg yolk by the method of 
Singleton (7), and its purity was checked by 

thin layer chromatography in the solvent sys- 
tem chloroform:methanol:water,  65:25:5, and 
according to Turner (8). The preparation gave 
only one spot by both methods used. The 
cholesterol was the product of Reanal (Hun- 
gary), and it was recrystallized three times from 
ethanol. 

RESULTS A N D  DISCUSSION 

I t  is known that n-paraffins exhibit two re- 
fractive indices in their crystallized state (below 
their mp), while only the ordinary index is ob- 
servable in the melted state (9). The transition 
at the mp is very sharp and can be detected by 
our method with an accuracy of +-0.5 C. 

Layered lecithin, immediately after evapora- 
tion of the solvent, did not show two refractive 
indices, hence no birefringence. However, after 
I0 min swelling in a wet N 2 atmosphere, a 
structural reorganization took place and both 
indices became observable. The change in bi- 
refringence of these layers was considerable if 
the temperature was raised, particularly in the 
temperature ranges of 15-20 C and ca. 45 C. It 
is important to note that differential thermal 
analysis of egg yolk lecithin gave a transition ca. 
20 and 30 C (1 O, 11 ) and a smaller endothermic 
change at ca. 50 C (11). In the control experi- 
ments with 50% (w/v) chloroform solution of 
lecithin, only the ordinary index appeared, and 
it was decreasing in a monotonic fashion with 
increasing temperature. 

The effect of cholesterol upon the phase 
transition of lecithin was pronounced, as indi- 
cated by a shift of change in birefringence along 
the temperature axis (Fig. 1). As is known, 
cholesterol condenses the phospholipids in 
monolayers (12,13) and lowers the phase tran- 
sition temperature between the crystalline and 
liquid crystalline phases (1). 

The latter phenomenon is seen in Figure 1: 
the greater the molar ratio of cholesterol in 
lecithin, the lower the temperature of phase 
transition, as indicated by the sudden change in 
birefringence. 

Considering the known mechanism of phase 
transition and the effect of cholesterol, as well 
as the nature of textural birefringence, the 
curves of Figure 1 can be understood if we 
assume that their initial values at low tempera- 
tures are characteristic of the crystalline phase. 
On the other hand, small absolute values in the 
higher temperature range can be attributed to 
the liquid crystalling phase. Sharp rises in the 
curves represent phase transitions in the lipid 
structure. 

The first derivatives of the curves in Figure 1 
were obtained by graphical differentiation and 
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are p re sen ted  in Figure 2. It  is ev iden t  tha t ,  in 
the  presence  of  small  quan t i t i e s  of  cho les te ro l  

in  lec i th in  (0 .25 and  0 .50  molar  ra t ios) ,  t he  20  
a n d  45 C t r ans i t ions  of  l ec i th in  are e l imina t ed  
and  the  phase  t r ans i t i on  occurs  over  a wider  
range of  t e m p e r a t u r e  t h a n  at h igher  mo la r  
ra t ios  ( " i n t e r m e d i a t e  f l u i d "  s ta te  of  p h o s p h o -  
l ipids).  

Some n e w  aspects  of  the  phase  t r a n s i t i o n  
p h e n o m e n a  may  be revealed if the  t e m p e r a t u r e s  
co r r e spond ing  to a f ixed  value of  b i r e f r ingence  
are p l o t t e d  vs the  mola r  ra t io  of  cho le s t e ro l  and  
leci thin.  Thus  a set o f  i so re f r ac t ion  curves  are 
o b t a i n e d  (Fig. 3). At  the  e q u i m o l a r  ra t io  of  
choles te ro l  and  lec i th in ,  a h igher  t e m p e r a t u r e  is 
necessary  to  r e a c h  the  same value of  bire-  
f r ingence as at o t h e r  rat ios .  This  m a y  ref lec t  a 
s t r ic t ly  o rde r ed  layer  o f  l ip id  molecu les  at  t he  
equ imola r  ra t io  and  m ay  be ind ica t ive  of  com-  
plex f o r m a t i o n  be twe en  lec i th in  a n d  choles-  
terol .  

On the  basis of  these  inves t iga t ions ,  th is  s im- 
ple and  rap id  m e t h o d  o f  r e f r a c t o m e t r y  seems 
to  be su i tab le  for  s t udy ing  the  e f fec t  o f  
l ipid-soluble  and  o t h e r  m em br ane - ac t i ve  agents  
u p o n  the  physical  s ta te  and  s t ruc tu r e  of  l ipid 
layers.  
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Hydrocarbons from Males, Females, and Larvae of Pecan Weevil" 
Curculio caryae (Horn) 

ABSTRACT 

As par t  o f  a p rog ram to  iden t i fy  as 
m a n y  as possible  of  the  c o m p o n e n t s  of  
the  pecan  weevil,  Curculio caryae (Horn ) ,  
the  h y d r o c a r b o n s  f r o m  males,  females,  
and  larvae were i so la ted  by  so lven t  ex-  
t r ac t ion  and  c o l u m n  c h r o m a t o g r a p h y  and  
sub jec t ed  to  gas l iqu id  c h r o m a t o g r a p h y -  
mass s p e c t r o m e t r y  analysis,  n -Alkanes  
f r o m  C14-Ca2 in t he  larvae and  unsa tu -  
r a t ed  and  b r a n c h e d  cha in  h y d r o c a r b o n s  
f rom C20-C32 in males  and  females  were 
found .  There  are n o  s igni f icant  differ- 

ences  b e t w e e n  the  h y d r o c a r b o n s  of  the  
male a n d  female  pecan  weevils. 

I NTRODUCT! ON 

The adul t  pecan  weevil,  Curculio caryae 
(Horn ) ,  a t t acks  green m a t u r i n g  n u t s  in late 
s u m m e r  and  damages  t h e m  by  mak ing  feeding 
and  ov ipos i t ion  punc tu res .  The  insect  t h e n  
unde rgoes  an e x t e n d e d  life cycIe wh ich  takes  
2-3 years  to  comple t e  (1).  The  e x t e n d e d  life 
cycle of  the  pecan  weevil  ind ica tes  t h a t  the  role 
of  l ipids in  this  insec t  is a cen t ra l  one.  The  
i m p o r t a n c e  o f  l ipids in  the  b i o c h e m i s t r y  of  
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m a n y  as possible  of  the  c o m p o n e n t s  of  
the  pecan  weevil,  Curculio caryae (Horn ) ,  
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r a t ed  and  b r a n c h e d  cha in  h y d r o c a r b o n s  
f rom C20-C32 in males  and  females  were 
found .  There  are n o  s igni f icant  differ- 

ences  b e t w e e n  the  h y d r o c a r b o n s  of  the  
male a n d  female  pecan  weevils. 

I NTRODUCT! ON 

The adul t  pecan  weevil,  Curculio caryae 
(Horn ) ,  a t t acks  green m a t u r i n g  n u t s  in late 
s u m m e r  and  damages  t h e m  by  mak ing  feeding 
and  ov ipos i t ion  punc tu res .  The  insect  t h e n  
unde rgoes  an e x t e n d e d  life cycIe wh ich  takes  
2-3 years  to  comple t e  (1).  The  e x t e n d e d  life 
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i m p o r t a n c e  o f  l ipids in  the  b i o c h e m i s t r y  of  

LIPIDS, VOL. 10, NO. 2 



118 SHORT COMMUNICATIONS 

insects has been stressed in recent reviews (2,3). 
Also ,  e x t e n s i v e  s t u d i e s  in  t h e  o r d e r  C o l e o p t e r a  
have  b e e n  c o n d u c t e d  (4-7) .  O u r  i n v e s t i g a t i o n  

TABLE I 
Hydrocarbon Composi t ion o f  Pecan Weevil Larvae 

Hydrocarbon a Mol vet Percent b 

n-Tetradecane 198 T c 
n-Pentadecane 212 TC 
n-Hexadecane 226 0.2 
n-Heptadecane 240 0.3 
n-Octadecane 254 0.S 
n-Nonadecane 268 O.S 
n-Eicosane 282 0.7 
n-Heneicosane 296 0.8 
n-Docosane 310 1.3 
n-Tricosane 324 2.4 
n-Tetracosane 338 1.9 
n-Pentacosane 352 2.9 
n-Hexacosane 366 2.1 
n-Heptacosane 380 l.S 
n-Octacosane 394 10. 3 
n-Nonacosane 408 2.1 
n-Triacontane 422 24.9 
Branched C30H62 d 422 30.8 
C31H64 436 2.1 
C32H66 450 3.8 

aMass fragmentat ion pat terns of  these compounds  
corresponded with those published (10). 

bpercent ot total hydrocarbons.  
CTrace, present in concentrat ions of  less than  0.1%. 
dFive most  abundant  f ragment  ion values plus 

parent peak observed or inferred. (57, 43,  71, 85, 41, 
and  422). 

was designed to add to the body of general 
knowledge of insect hydrocarbons and specifi- 
cally to further the understanding of the 
hydrocarbons of Coleoptera. 

T h e  a d u l t  p e c a n  weev i l s  we re  n e w l y  e m e r g e d  
a n d  u n f e d .  T h e  l a rvae  were  las t  i n s t a r  a n d  a b o u t  
to  e n t e r  d i a p a u s e .  T h e  e x p e r i m e n t a l  p r o c e d u r e s  
were  t h e  s a m e  as t h o s e  e m p l o y e d  p r e v i o u s l y  
( 8 , 9 )  w i t h  t h e s e  f e w  e x c e p t i o n s .  T h e  m a s s  
s p e c t r a  were  o b t a i n e d  f r o m  a H e w l e t t - P a c k a r d  
5 9 3 0  q u a d r u p o l e  m a s s  s p e c t r o m e t e r  i n t e r f a c e d  
w i t h  a 5 7 0 0  A gas c h r o m a t o g r a p h  f r o m  a 20  x 
I / 8  in .  1 .5% S E - 3 0  gas  c h r o m a t o g r a p h i c  co l -  
u m n  at  i o n i z i n g  v o l t a g e  70  e V .  T h e  gas c h r o -  
m a t o g r a p h  u n i t  was  p r o g r a m e d  f r o m  1 2 0 - 2 6 0  C 
a t  4 C / r a i n  r a t e .  T h e  f ina l  t e m p e r a t u r e  was  
m a i n t a i n e d  fo r  20  rain.  

RESULTS AND DISCUSSION 

T h e  l ip id  c o n t e n t  o f  t h e  l a rvae  is a m o n g  t h e  
h i g h e s t  eve r  r e p o r t e d  f o r  a n y  s t a g e  o f  a n y  
i n s e c t s  (7 ) .  T h i s  h i g h  a m o u n t  o f  l ip id  c an  be  
a t t r i b u t e d  to  t he  la rvae  f e e d i n g  o n  t h e  l i p id - r i ch  
m e a t s  o f  t h e  p e c a n ,  w h i c h  h a s  b e e n  i ts  h a b i t a t  
a n d  so le  s o u r c e  o f  f o o d .  T h e  b u i l d u p  o f  l i p id s  
p e r m i t s  t h e  l a rvae  to  su rv ive  t h e  l o n g  d i a p a u s e  
p e r i o d  u n d e r g r o u n d .  T h e  h y d r o c a r b o n  c o n t e n t  
o f  t h e  l a rvae  is in  t h e  n o r m a l  r a n g e .  

T h e  p e r c e n t  t o t a l  l ip ids  a n d  h y d r o c a r b o n s  o f  
t h e  a d u l t  m a l e  a n d  f e m a l e  is w i t h i n  t h e  n o r m a l  
r a n g e  fo r  m o s t  o t h e r  i n - s e a s o n  i n s e c t s .  A l so ,  t h e  

TABLE II 
Hydrocarbon Composi t ion of Male and Female Adult  Pecan Weevils 

Hydrocarbon Mol wt Male (%)a Female (%)a 

Eicosene 280 0.2 --- 
t ,3-Henicosadiene b 292 0.6 - -  
3-Heneicosene b 294 1.7 1.6 
2-Heneicosene b 294 --- 0.S 
1,3-Docosadiene b 306 1.8 1.8 
3-Docosene b 308 - -  0.6 
Tricosene 322 2. S 2.6 
Tetraeosene 336 1.7 1.7 
Pentacosene 3S0 0.3 O. 3 
Hexacosene 364 0.5 0.4 
Heptacosene 378 6.8 6.8 
4-Methyl hexacosane 380 5.7 5.6 
Octacosene 392 1.1 2. S 
S-Methyl heptacosane 394 4.6 4.6 
4-Methyl octacosane 408 11.5 11 .S 
S-Methyl nonacosane 422 c c 
11-Methyl nonacosane 422 c c 
13-Methyl nonacosane 422 c c 
15-Methyl nonacosane 422 c c 
C31H62 434 1.7 1.7 
C32H64 448 2.2 2.2 

apercentage of  total hydrocarbons.  
bThe geometric isomers of  the unsatura ted  hydrocarbons  could not  be assigned f rom 

the mass spectral data (cis-trans). 
COne gas liquid chromatograph peak contained these four  hydrocarbons  (36.8%) whose 

s t ructures  were assigned f rom the  mass spectra by the method  of  Nelson (11). 
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insects would  have just  recent ly  emerged f rom 
an ex tended  period underground  during which 
they  undoub ted ly  had depleted thei r  lipid 
reserves for survival. Females conta in  a slightly 
larger amoun t  of  lipid than males, which is a 
c o m m o n  occurrence  in Coleoptera  and in o ther  
insects. It is presumed that  this higher quant i ty  
of  l ipid is used for reproduct ive  purposes. The 
investigation of  the pecan weevil l ipid const i tu-  
ents was done in this labora tory  (7). 

Table I presents the hydrocarbons  of  the  
pecan weevil  larvae for which structures were 
determined.  They accounted for 89.1% of the 
gas l iquid chromatographic  (GLC) peaks which 
were presumed to be hydrocarbons .  All of  the 
hydrocarbons  in the series f rom C-14-C-32 were 
present and each, except  one,  were n-alkyl. In 
this present work, GLC condi t ions  were ade- 
quate to  elute hydrocarbons  up to  C-36, but  
none above C-32 were observed.  The presence 
of  normal  chain saturated hydrocarbons  prob- 
ably can be a t t r ibu ted  to the larvae feeding on 
the lipid-rich meats o f  the pecan, n-Octacosane,  
n- t r iacontane,  and a branched chain t r iacontane  
are the major hydrocarbons  of the larvae; t hey  
account  for 66% of the to ta l  hydrocarbons .  

Table II lists the total  hydrocarbon  composi-  
t ion of  male and female adult  pecan weevils and 
their  percentage distr ibution.  These accounted  
for 79.7% and 81.2% of  the total  hydrocarbons  
amenable  to GLC-mass spec t romet ry  in the  
male and female pecan weevil,  respectively.  All 
o f  the  hydrocarbons  in series C2o-C32 were 
present in b o t h  males and females;  all were 
unsatura ted  and branched chain hydrocarbons .  
Five o ther  al iphatic hydrocarbons  (C13-C19) 
also were found  in a previous s tudy on the 
pecan weevil volatiles (12). The mixture  of  C3o 
branched chain hydrocarbons  in bo th  the  male 
and female which e lu ted  as one GLC peak was 
resolved by examina t ion  of  the mass spectral  
data according to the m e t h o d  of  Nelson (11). 
The C30 hydrocarbons  in this mixture  included 
5-, 11"-, 13-, and 15-methyl  nonacosane.  

In summary,  bo th  the larvae and adults 
contain hydrocarbons  through C-32. In con- 
trast,  larvae conta in  only n-alkyl saturated 
hydrocarbons ,  excep t  for one branched C-30 

hydrocarbon,  while adults of  b o t h  sexes con- 
tain only n-alkyl unsatura ted  and branched 
chain sa turated hydrocarbons .  No significant 
differences be tween  males and females were 
observed. 
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ABSTRACT 

The transfer of radioactivity from cyti- 
dine-5'-diphosphate ethanolamine into 
1 -a lk  y 1-2-acyl-sn-glycerophosphoryletha- 
nolamine of neuronal and glial cells from 
adult rabbit  brain cortex has been investi- 
gated in vitro. The synthesis of 1-alkyl-2- 
a c y l -s  n -g ly  cerophosphorylethanolamine 
in both cell populations was stimulated 
23-25-fold by the addit ion of 6 mM 
alkylacylglycerol. The neuronal cell-en- 
riched fraction was found to possess]unit 
protein a 1.7-1.8-fold ethanolaminephos- 
photransferase activity (EC 2.7.8.1), as 
compared to the glial fraction, when 
saturating concentrations (6 mM) of al- 
kylacylglycerols were added in the incu- 
bation system. The neuronal/glial ratio 
was 2.6-2.8 in the absence of lipid accep- 
tor  or with low concentrations of alkyl- 
acylglycerol. Under most favorable con- 
ditions, 6.4 and 3.3 nmoles 1-alkyl-2- 
a c y l - s n - g l y  c e r o p h o s p h o r y l e t h a n o l -  
amine/rag prote in /30 min was obtained 
for neurons and glia, respectively. Various 
kinetic properties of the 1-alkyl-2-acyl- 
sn-glycerophosphorylethanolamine syn- 
thesizing phosphotransferase activity were 
found to be similar both  in neurons and 
glia. 

INTRODUCTION 

l -A1 k y 122-acyl-sn-glycero-3-phosphoryletha- 
nolamine (alkylacyl-GPE) has been shown to be 
synthesized from cytidine-5'-diphosphate etha- 
nolamine (CDPE) and 1-alkyl-2-acyl-sn-glycer- 
ols (alkylacylglycerols) (1). Brain microsomes 
also possess this capacity (2). This ethanol- 
amine lipid accounts for ca. 3% of  the total  
ethanolamine phospholipids (EPG) from brains 
(3-6); its synthesis, in addition, is thought to be 
important ,  since alkylacyl-GPE represents in 
animal tissues the natural precursor of 1-alk-1 '- 
e n y l - 2 - a c y l - s n - g l y c e r o - 3 - p h o s p h o r y l e t h a n o l -  
amine (alkenylacyl-GPE), the ethanolamine 
plasmalogen. It has been shown, in fact, that 
the biosynthesis of plasmalogens in mammalian 
systems involves the introduct ion of long chain 

alcohols into 1-O-alkyl glycerolipids and the 
oxidation of  alkylacyl-GPE to the correspond- 
ing alkenylacyl derivative (7,8). It also has been 
demonstrated, in addition, that the O-alkyl 
synthesizing enzymes in brain are most active 
during the early stages of growth and develop- 
ment (9), and this finding supports the concept 
of O-alkyl glycerolipids being the precursors of 
plasmalogens in nervous tissue, since the time 
of active myelination during development coin- 
cides with the maximum plasmalogen accumu- 
lation. 

Neuronal and glial cells recently have been 
studied in vitro in a variety of biochemical 
reactions (10), including phospholipid synthesis 
(10-14). No reports have appeared as yet ,  
however, on the abili ty of these cells to 
perform alkylacyl-GPE synthesis. A study of  
the enzymic properties of the de novo mecha- 
nism for alkylacyl-GPE synthesis both  in neu- 
ronal and glial cell fractions seems, therefore, of 
value to understand its physiological function 
during development and its relationship to 
plasmalogen formation.  An experimental  study 
concerning this problem is reported in the 
present work. 

EXPERIMENTAL PROCEDURES 

Preparation of Neuronal and Glial Cell Fractions 

The neuronal and glial fr.actions were pre- 
pared from white rabbits (1.5-1.8 kg body wt), 
as reported elsewhere (13). They were analyzed 
for puri ty by light microscopy, electron micros- 
copy (15-18), and marker enzyme tests 
(11,13), and treated before incubation exactly 
as repor ted previously (14). 

Chemicals and Labeled Substrates 

Materials: Materials were obtained as de- 
scribed previously (10). Pancreatic lipase (steap- 
sin) was from Nutrit ional Biochemical Corp., 
Cleveland, Ohio, bile salts from Difco Labora- 
tories, Detroit,  Mich. ; and Silica Gel HR from 
E. Merck A.G., Darmstadt,  W. Germany. The 
l a b e l e d  s u b s t r a t e ,  m o r e  p r e c i s e l y  
CMP-[1,2-14C] ethanolamine phosphate (la- 
beled CDP-ethanolamine), was synthesized and 
purified, as reported elsewhere (10). Before 
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using, the product  was checked for its purity,  as 
described previously (10,13). 

Diacylglycerols: The 1,2-diacyl-sn-glycerols 
(diacylglycerols) from soybean lecithin, brain 
choline phosphoglycerides, and heart phospho- 
lipids were prepared, purified, and analyzed as 
repor ted by Binaglia, et al. (14). They were 
stored, if necessary, for a few days at -20 C in 
diethyl ether. The sonicated dispersions were 
prepared just before use, as reported elsewhere 
(10). 

Alkylacylglyceroh This lipid acceptor was 
prepared from raffish (Chimera monstrosa) liver 
oil. The method of preparation, purification, 
and elution was described elsewhere (2). Only 
trace amounts of the 1,3 isomer of alkylacyl- 
glycerol were observed on Silica Gel HR by thin 
layer chromatography (TLC) carried out in 
n-hexane-diethyl ether (2:1, by volume), which 
resolves the 1,2 and 1,3 products.  The percent 
composition of acyl groups in the 2 position 
was t he following (triplicate determina- 
t ions):14:0 (traces), 16:0 (17.81%), 16:1 
(2.76%), 18:0 (2.92%), 18:1 (75.25%), 18:2 
(0.12%), and 20:1 (1.63%). These data agree 
well with previous findings (2). The eluate 
containing the pure alkylacylglycerol was emul- 
sified in 50 mM Tris-HC1 buffer (pH 7.60) 
containing 0.1% Tween-20 and 0.05% purified 
bovine serum albumin (5-fold crystallyzed, 
Serva, Heidelberg, W. Germany).  Sonication 
was carried out as reported elsewhere (2 ) jus t  
before use. Stable emulsions up to 45 mM were 
obtained. 

Analytical Methods 

Gas-liquid chromatography (GLC) : Methyl 
esters of the acyl groups of the alkylacylglyc- 
erols were prepared by acid methanolysis (15). 
GLC was carried out at 210 C with a Carlo Erba 
(Milan, Italy) Fractovap GV gas chromatogra- 
pher, equipped with 150 x 0.3 cm steel 
columns. The stationary phase was 20% eth- 
ylene glycol adipate (EGA) on sylanized Chro- 
mosorb P, and the carrier gas was nitrogen. The 
responses from the flame ionization detector 
were quanti tated by the triangulation method. 
The peak areas of the methyl esters were 
divided by their tool wt and the fat ty acid 
composit ion calculated as moles percent.  

Diradylglyeerol concentration: The diacyl- 
glycerol concentration was estimated as de- 
scribed elsewhere (10). The alkylacylglycerol 
concentration was determined by GLC of the 
fatty acid released from posit ion 2 of the 
isolated glycerol. Methyl ester derivatives of the 
acyl groups were prepared by acid methanolysis 
with 2% H 2 SO4 in methanol-benzene (1 : 1, by 
volume) for 4 hr at 65 C. After extract ion with 

n-hexane, the fat ty acid and 1-alkyl glycerol 
mixture was concentrated under vacuum and 
subjected to TLC on Silica Gel G with n-hex- 
ane-ethyl ether (9:1, by volume) as the solvent 
to separate the methyl esters, which were 
successively extracted from the silica gel with 
chloroform:methanol  (2:1 by volume) and ana- 
lyzed by GLC, as reported above. The peak 
areas were quanti tated by adopting myristic 
acid (14:0) as an internal standard. This fat ty  
acid molecule was practically absent in the 
alkylacylglycerol preparation. Final calculation 
was made as explained above. 

Protein was determined according to Lowry, 
et al., (16) with crystalline bovine serum 
albumin as a standard (10). Phospholipid P was 
determined in the lipid extract  according to 
Ernster, et al. (17). 

Incubation 

Incubation for 30 rain at 40 C normally was 
carried out in the following incubation mixture 
(0.15 ml final volume):labeled CDPE (specific 
activity of 0.89-1.7 nCi /nmole )a t  the concen- 
tration values indicated in each table or figure 
(normally 0.70-1.1 mM); Tris-HC1 buffer, pH 
8.0 (50 raM); alkylacylglycerol (6 raM), dis- 
solved in Tween-20 (0.024% final concentra- 
tion) and albumin (0.012%); MnC12 (10 mM); 
and neuronal protein (150-200 /lg) or glial 
protein (300-400 gg). Components were added 
at +2 C in the indicated order. The final pH 
value (measured at the end of the incubation 
period) was 8.1. When indicated, other diradyl- 
glycerols were added in place of the alkylacyl 
derivative. Each incubation was carried out  as 
described previously (14) and the incubation 
mixture treated as follows. 

Isolation and Assay 

Isolation of phospholipid: Total lipid was 
extracted, isolated, and determined, as reported 
previously (14). 2-Monoacyl-sn-GPE (derived 
from ethanolamine plasmalogen) and diacyl-sn- 
GPE were separated, analyzed, and counted as 
reported by Binaglia, et al. (14). Identification 
of lipid was confirmed by using reference 
phospholipid standards which always were in- 
cluded in each experiment on the same plate. 
The diacyl-sn-GPE spot was eluted with three 
portions of chloroform-methanol-acetic acid- 
H20  (50:39:1:10,  by volume), by using 3 ml 
mixture each time. The solution was dried 
under a stream of nitrogen at 30 C and the 
residue taken up with small amounts of chloro- 
form. The mixture of  diacyl-GPE then was 
resolved by solvent part i t ion after saponifica- 
tion, as reported elsewhere (2). Iodine vapor, 
ninhydrin spray, phosphomolibdate  reagent, 
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TABLE I 

Incorporation of CMP-[ 1,2-14 C ] -ethanolamine phosphate (CDPE) into 
Diacyl-Glycerophosphorylethanolamine (-GPE), Alkenylacyl-GPE and 

AlkylacyI-GPE of Neuronal and Glial Cell Dispersions from 
Rabbit Brain in Absence and Presence of Added 

Alkylacylglycerol Preparations a 

123 

Synthesized lipid Fraction Addition Activity b A/B c 

Diacyl-GPE Neurons -- 1.74 2.1 
Glia --- 0.84 

Alkenylacyl-GPE Neurons --- 1.18 2.1 Glia --- 0.57 
Alkylacyl-GPE Neurons --- 0.22 2.7 

Glia --- 0.08 
Diacyl-GPE Neurons Alkylacylglycerol 5.57 2.6 

Glia Alkylacylglycerol 2.13 
Alkertylacyl-GPE Neurons Alkylacylglycerol 3.38 2.5 

Gila Alkylacylglycerol 1.34 
Alkylacyl-GPE Neurons Alkylacylglycer ol 5.14 2.6 

Glia Alkylacylglycerol 2.01 

aNeuronal or glial homogenates were incubated under standard conditions for 30 min~ 
at 40 C with 3.2 mM-alkylacyiglycerol and 0.7 mM-CDPE (specific activity of 1.4 nCi/nMol). 
Incorporation was examined as described in the text. 

bnMoles]mg protein/30 min. 
CA = neurons and B = glia. 

and rad iochromatography  with  a radiochro-  
matoscanner  were used for de tec t ion  of  spots. 

Determination of phospholipids: The identi-  
fied labeled l ipid spots, scraped off  f rom the 
TLC plates, or  the lipid containing solutions 
were coun ted  as r epor t ed  elsewhere (10). Re- 
covery of  labeled lipid samples was ca. 90-95%. 
The amount  of  synthesized phosphol ip id  was 
calculated by dividing the  es t imated  nCi by the 
specific act ivi ty of  the incubated  precursor.  The 
results, expressed as nmol  of  synthesized lipid, 
then were conver ted  into  nmol  x mg prote in  -1 
x 30 min- l .  

R ESU LTS 

Incorporation of CDPE into Ethanolamine 
Lipids of Neuronal and Glial Cells 

Exper iments  were pe r fo rmed  to determine  
the capacity of  neuronal  and glial cell prepara- 
tions to  synthesize EPG f rom CDPE in the 
absence o f  added lipid acceptors.  Table I shows 
that  the neuronal  and glial cell f ract ions in 
absence o f  added acceptors  incorpora ted  a 
substantial a m o u n t  of  CDPE in to  diacyl-GPE 
and alkenylacyl-GPE but  small radioact ivi ty  
into alkylacyl-GPE. In terms of  specific activ- 
ity, the neurons  displayed a two- three- fo ld  
increase of  act ivi ty  for all the  three  EPG 
subclasses. Moreover,  bo th  neurons  and glia 
displayed a higher rate o f  synthesis of  diacyl- 
GPE as compared  to that  of  the o ther  EPG. 

In the presence o f  3.2 mM-alkylacylglycerol ,  
a 23-25-fold s t imulat ion was found  ei ther  in 

glia or neurons  for the synthesis  of  its specific 
product ,  the alkylacyl-GPE. The neuronal  frac- 
t ion again displayed a higher act ivi ty  as com- 
pared to glia wi th  a 2.6-fold increase, which was 
of the same order  o f  that  shown in the absence 
of  added alkylacylglycerol  (Table I). This find- 
ing indicates  presumably that  the addi t ion of  
a lkylacylglycerol  s t imulates equal ly  well  in 
b o t h  fract ions the synthesis of  alkylacyl-GPE. 

The increased uptake  of  labeled CDPE into  
alkylacyl-GPE fol lowing alkylacylglycerol  addi- 
t ion was no t  specific,  since a consistent  stimula- 

t ion ( two-three-fold increase of  labeling) of  
diacyl- and alkenylacyl-GPE synthesis was ob- 
ta ined on adding the  alkylacylglycerol  (Table 
I). This f inding was substant ia ted also by the 
procedure adopted  by us to prepare the alkyl- 
acylglycerol  used in the  present  work. It was 
checked to ensure that  no traces of  diacylglyc- 
erol or a lkenylacylglycerol  were present  in the 
alkylacylglycerol  prepara t ion  and, as repor ted  
under  "Me thods , "  that  only trace amounts  of  
isomers were present  in the  product .  This 
result ,  which  was comparable  to that  observed 
on adding diacyl or  a lkenylacylglycerol  (14)~ 
also was obta ined on examing alkenylacyl-GPE 
synthesis in rat br~in microsomes (2), a l though 
this did no t  apply to diacyl-GPE. On increasing 
the Tween-20 f inal  concent ra t ion  up to  0.04%, 
definite inhibi t ion for  all CDPE incorpora t ions  
was observed. 

Incubat ions  have been carried ou t  also wi th  
isolated rabbit  brain microsomes to  compare  
the results wi th  those o f  Table I and wi th  
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FIG. 1. The effect of the time of incubation on the 
synthesis of alkylacyl-glyeero-3-phosphorylethanol- 
amine by neuronal and glial cell homogenates of rabbit 
brain in vitro. The incubation system contained (in a 
final volume of 0.15 ml) 50 mM Tris-HC1 buffer (pH 
8.0), labeled 0.81 mM CMP-[1,2-14C]etbanolamine 
phosphate (CDPE) of 1.7 nCi/nmol specific activity, 6 
mM alkylacylgtycerol, 0.025% Tween-20, 0.012% bo- 
vine serum albumin, 12.3 mM cysteine, 10 mM MnC12 
and 1.07 mg/ml or 1.03 mg/ml glial (o-o-o)  or 
neuronal (Q--Q--O) protein, respectively. Temperature 
40 C. The time of incubation was varied as shown. 
ActiVity reported as nmoles/mg protein. 

published findings (2). Under the experimental 
conditions reported in Table I, a 23-fold, 
3-fold, and 2.9-fold stimulation of the endog- 
enous syntheses of alkylacyl-, alkenylacyl- and 
diacyl-GPE, respectively, was found on adding 
3.2 mM- alkylacylglycerol, and this result com- 
pares well with the data reported in Table I. 
The stimulation of alkylacyl-GPE synthesis was 
lower than that reported previously (2), but,  in 
our experiments, nonsaturating alkylacylglyc- 
erol concentrations were used. Conversely, a 
stimulation of diacyl-GPE synthesis by added 
alkylacylglycerol was observed with the present 
study in whole brain microsomes, and this was 
not noticed in the previous report (2). 

Characteristics of Lipid Labeling 

Incubation of CDPE with neurons and glia 
produced only labeled EPG. The radioactivity 
of EPG was found entirely in the base moiety 
of the phospholipid at any time of incubation, 
as observed by previously described hydrolytic 
methods (18). In all the experiments reported 
in the forthcoming sections, the radioactivity of 
isolated lipids will be referred only to that 
present in alkylacyl-GPE. 

Properties of Ethanolaminephosphotransferase 
Activity (EC 2.7.8.1) of Glia and Neurons 
Synthesizing AlkylacyI-GPE 

pH: Under standard incubation conditions 
and 6 mM-alkylacylglycerol, the optimum of 
pH of the CDPE-alkylacyl ethanolaminephos- 
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FIG. 2. The effect of Mn 2+ ions on the incorpora- 
tion of labeled cytidine-5'-diphosphate ethanolamine 
into alkylacyl-glycero-3-phosphorylethanolamine of 
neuronal (o--e---o) and glial (o--o---o) fractions of 
rabbit brain in the presence of 6 mM alkylacylglycerol. 
Incubation for 30 min was carried out as reported in 
Figure 1. CDPE concentration was 0.82 mM (specific 
activity of 0.888 nCi/nmole). Activity reported as 
nmoles/mg protein/30 min. 

photransferase activity (EC 2.7.8.1) was found 
to be around 8.0 in both cell fractions, with 
results similar to those observed when syntheses 
of diacyl-GPE and alkenylacyl-GPE were exam- 
ined (10,14). Higher phosphotransferase activ- 
ity was found above pH 8.4-8.5 but with more 
scattering of data. Owing to these data, the pH 
value of 8.0 has been used throughout the 
successive experiments. At this pH value and 6 
mM-alkylacylglycerol, a neuronal/ghal activity 
ratio of 1.64 (6.20 and 3.78 nmoles/mg pro- 
tein/30 min in neurons and glia, respectively) 
has been found on using the above mentioned 
experimental conditions. 

Effect o f  enzyme concentration and time of  
incubation : During the incubation period of 30 
min, the increase in incorporation of the 
labeled CDPE into the alkylacyl-GPE was pro: 
portional to the increase in glial protein added 
over the range of 0.3-2.0 mg/ml and in neuronal 
protein 0.25-1.3 mg/ml. At any value of protein 
concentration, neuronal/glial ratio of phospho- 
transferase activity was in the range of 1.6-1.7. 
The incorporation of radioactivity into alkyl- 
acyl-GPE was somewhat reduced on using 
higher protein concentration, as observed in 
parallel experiments. In all the forthcoming 
sections, the glial and neuronal protein concen- 
tration will not exceed values higher than 2.0 
and 1.0 mg/ml, respectively. 

The rate of synthesis of alkylacyl-GPE in 
neurons was proportional in time up to 30-40 
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FIG. 3. The effect of cytidine-5'-diphosphate 
ethanolamine (CDPE) concentration upon the syn- 
thesis of alkylacyl-glycero-3-phosphorylethanolamine 
by neurons ( . --o-- .)  and glia (o--o--o) from rabbit 
brain. Each tube contained the equivalent of 1.03 
mg/ml and 1.07 mg/ml neuronal and glial 1~otein, 
respectively. Incubation conditions were similar to 
those reported in Figure 1. The concentration of 
CDPE (1.71 nCi]nmole) was varied, as indicated. 
Incubation was carried out at 40 C for 20 rain. The 
activity is expiessed as nmoles/mg protein/30 rain. IS] 
= CDPE, mM. 

min of incubation (Fig. 1), whereas the activity 
in glia retained linearity only during the first 20 
rain of incubation. Protein concentration in both 
fractions was ca. 1 mg/ml. Concomitantly, the 
neuronal/glial ratio of CDPE incorporating ac- 
tivity increased from 1.2 at 15 rain of incuba- 
tion to 1.6 and 1.9 at 30 and 60 min, 
respectively. These last results are somewhat 
different from those observed for diacyl-GPE 
(10) and alkenylacyl-GPE (14) syntheses. The 
incubation time was limited to 30 min for all 
the successive experiments. 

Divalent cations: No incorporation of radio- 
activity into alkylacyl-GPE was observed in the 
absence of either Mn2+- or Mg2+-ions. This 
result confirms previous work obtained with 
neurons and glia concerning the synthesis of 
diacyl- and alkenylacyl-GPE (10,14). Earlier 
studies carried out with nonnervous and ner- 
vous tissues already had shown the requirement 
of these cations in the reaction (1,2,18-21). 
Synthesis of alkylacyl-GPE was equally absent 
in whole brain microsomes when these cations 
were omitted (2). Both Mg 2+- and Mn2+-ions 
stimulated CDPE incorporation into neuronal 
and glial alkylacyl-GPE. Mn2+-ions were, how- 
ever, much more active at low concentrations 
than Mg2+-ions, thus confirming previous re- 
suits (10,14). No activity was detectable up to 
7-8 mM-Mg2+-ions, this finding being rather 
typical for the neuronal activity. The optimal 
Mn2+-ion concentration was found to be 
around 10 mM (Fig. 2), and this concentration 
was used throughout our experiments. Neuro- 

2 + 

, I i 

4 B ~2 Is] 

FIG. 4. The effect of the concentration of alkyl- 
acylgJycerol upon the velocity of the ethanolamine- 
phosphotransferase reaction in the presence of excess 
cytidine-5'-diphosphate ethanolamine (CDPE). Neu- 
rons (o---o--o) and glia (o--o--o) were incubated in 
amounts corresponding to 0.53 mg protein/ml and 
1.23 mg/ml, respectively, in the incubation medium 
reported in Figure 1. CDPE concentration was 0.81 
mM (specific activity of 0.88 nCi/nmol) and time of 
incubation 20 min. Alkylacylglycerol was added, as 
indicated. The amounts of Tween-20 and serum 
albumin always were kept constant to obtain final 
concentration values of 0.025% and 0.012%, respec- 
tively. The activity is expressed as nmoles/mg pro- 
tein/30 min. [S] = alkylacylglycerol, raM. 

nal/glial ratio at 10 mM Mn2+-ions was around 
1.7-1.8. 

Km for CDPE: Figure 3 shows that, in both 
neurons and glia, the enzyme activity:CDPE 
concentration relationship follows an almost 
typical Michaelis-Menten equation in the pres- 
ence of  saturating alkylacylglycerol. The system 
apparently was saturated by ca. 0.7-0.8 mM 
substrate concentration in neurons and 0.4 mM 
in gila. A Lineweaver-Burk double reciprocal 
plot indicated a K m value for CDPE of 3.9 x 
10-SM and 3.1 x 10-SM in neurons and glia, 
respectively. These values are not  different 
from those obtained in the same cell fractions 
with diacylglycerols, as lipid acceptors (10,14). 
Vma x values for neuronal and glial activities 
have been calculated to be ca. 6.4 and 3,3 
nmol/mg protein/30 min, respectively, with a 
neuronal/glial ratio of  ca. 1.9. Saturating CDPE 
concentrations always have been used through- 
out this work. 

K m for CDPE has been measured also in 
whole rabbit brain microsomes incubated with 
alkylacylglycerol in the conditions reported in 
Figure 3. A K m value of  2 x 10-SM was 
observed, which is rather similar to that noticed 
for the neuronal and glial enzyme, although it is 
noticeably lower than that reported previously 
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for the rat brain microsomes incubated with 
similar lipid acceptor (2). 

Km for alkylacylglycerol: Figure 4 shows 
that, on increasing the alkylacylglycerol con- 
centration in the incubation system, an increase 
of the alkylacyl-GPE formation occurred after 
an initial inert phase which was much more 
evident in glia, as compared to neurons. Maxi- 
mum reaction rates apparently were detected at 
ca. 6-8 mM concentration in both cell popula- 
tions. At this value of saturating alkylacylglyc- 
erol concentration, a neuronal/glial ratio of ca. 
1.8-2.0 was obtained, which was very similar to 
that observed in other experimental conditions 
(Figs. 2 and 3), but considerably lower than 
that noticed when nonsaturating alky!acylglyc- 
erol amounts were used (Table I), as visible also 
from Figure 4. Saturating concentrations of 
alkylacylglycerol always have been used during 
our work, except in the experiments depicted 
in Table I. 

It has been impossible to examine whether 
higher concentrations of alkylacylglycerols 
would have inhibited the incorporation of 
CDPE into the correspondent phospholipid, as 
examined for diacyl and alkenylacylglycerols 
(10,14), since no stable emulsions of this lipid 
acceptor, in the final incubation system, were 
obtained at concentrations higher than 8-10 
mM. 

On inspecting Figure 4, it is clear that, in the 
reaction rates for the synthesis of alkylacyl- 
GPE in neurons, half of the Vma x values were 
obtained at 2.2 mM alkylacylglycerol concen- 
tration, with corresponding Vma x values of ca. 
6 nmoles/mg protein/30 min. Corresponding 
values for gha were ca. 4 mM and 3 nmoles/mg 
protein/30 min. The apparent values of Km 
found for alkylacylglycerol in neurons and glia 
in the present work are not different from 
those reported in both cell populations for 
alkenylacylglycerol (14). In addition, the value 
found in neurons is rather similar to those 
reported in the same cells for diacylglycerol 
(10) and in whole brain microsomes for diacyl 
and alkenylacylglycerols (18,19). 

DISCUSSION 

The presence of an enzyme which catalyzes 
the reaction between labeled CDPE and added 
alkylacylglycerol to produce labeled alkylacyl- 
GPE has been demonstrated clearly with the 
present work in separated neuronal and glial 
cells. A noticeable stimulation of the ethanol- 
aminephosphotransferase activity (23-25-fold 
stimulation), of the same magnitude of that 
produced for plasmalogen synthesis by added 
alkenylacylglycerol (14), was, in fact, observed 

on adding either to glia or to neurons excess 
alkylacylglycerol. The physiological significance 
of this reaction (2) also is related to the fact 
that endogenous levels of alkylacylglycerol have 
been detected in nervous tissue (22). Moreover, 
the enzymic synthesis of ethanolamine plas- 
malogens through the desaturation of synthe- 
sized alkylacyl-GPE has been reported to occur 
in brain tissue by Blank, et al., (23) and 
Horrocks and Radomifiska-Pyrek (24), and, 
owing to this result, the finding reported in the 
present work of the occurrence in neurons and 
glia of an alkylacyl-GPE synthesizing reaction 
acquires even more importance for the signifi- 
cance of the metabolic reactions in these cell 
populations. 

Glial cells, therefore, seem less efficient than 
neurons on a protein basis in carrying out in 
vitro the de novo synthesis of alkylacyl-GPE 
either in the absence or in the presence of the 
proper lipid acceptor. This finding is not  due, in 
our opinion, to different rates of penetration in 
vitro of precursors to the sites of synthesis, as 
explained with previously reported results (10). 
On the other hand, if the alkylacyl-GPE synthe- 
sizing activity is referred to deoxyribonucleic 
acid (DNA) content (and presumably to num- 
ber of cells) rather than to protein, then a 
higher activity in glia is obtainable as compared 
to neurons, since the protein/DNA ratio in glial 
cells is ca. three times that in neurons (25). This 
consideration might indicate that glial ceils are 
endowed/unit cell of a higher potentiality for 
alkylacyl-GPE synthesis than neurons, and, 
presumably, this could be reflected in a higher 
rate of synthesis of ethanolamine plasmalogens 
in glia as compared to neuronal cells through 
the successive step catalyzed by the desaturase 
activity, a problem which is currently under 
investigation in our laboratory. This assumption 
does not seem to be unwarranted, since, at 20 
min interval from incubation with CDPE and 
alkylacylglycerol, a certain decrease in alkyl- 
acyl-GPE synthesis takes place in glia as com- 
pared to neurons (Fig. 1), and this finding 
could imply that an active subsequent desatura- 
tion of alkylacyl-GPE into alkenylacyl-GPE is 
taking place in the glial homogenates after that 
time. 

Saturating concentrations of any 1-radyl-2- 
acyl-sn-glycerols are necessary for assessing neu- 
ronal/glial ratios of transferase activity (10,14, 
and present work). This consideration is veri- 
fied by the findings reported in the present 
work that a different neuronal/glial ratio, 
higher than that reported in the present work 
under saturating concentrations of alkylacyl- 
glycerol, is obtained when low amounts of lipid 
acceptor are incubated (Table I and Fig. 4). 
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The character is t ics  of  the sys tem for  alkyl- 
acyl-GPE synthesis  in neurons  do not  appear  to 
differ significantly f rom those  of  g!ia, apart  
f rom the descr ibed quant i ta t ive  differences.  
Moreover,  CDPE in neuronal  and glial cells has 
a similar Km value in the presence of  saturat ing 
a lkylacylglycerol  concen t ra t ions ,  which is 
ra ther  similar to  those found  in b o t h  cell 
popula t ions  for diacyl- and alkenylacyl-GPE 
synthesis  on using saturat ing a m o u n t s  of  the  
proper  lipid acceptors .  This indicates ,  presum- 
ably, as observed also for  whole brain micro- 
somes (2,18),  tha t  the  t ransfer  of  CDPE to 
different  diradylglycerols  is ca ta lyzed by the  
same enzyme  prote in ,  e i ther  in glia or in 
neurons.  It must  be added  also, in connec t ion  
with these cons idera t ions ,  tha t  the increased 
uptake of  labeled CDPE into diacyl-,  alkenyl-  
acyl-, and alkylacyl-GPE fol lowing the addi t ion  
of  the proper  diradylglycerol  was no t  com-  
pletely specific (14 and present  work) ,  since 
s t imulat ion was observed also for o the r  EPG 
subclasses. Probably these unspecif ic  s t imula-  
tions may be due e i ther  to fo rma t ion  of  
complex  micelles which activate the endoge-  
nous synthesiz ing sys tem or to a detergent- l ike 
activity of the diradylglycerols  which  s t imulate  
the m e m b r a n e - b o u n d  enzymic  sys tem.  The 
described f inding current ly  is being investigated 
in this labora tory .  
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Relationship between Lipids in Plasma and Skin Secretions of 
Neonatal Calf with Particular Reference to Linoleic Acid 
R.C. NOBLE,  M.L. CROUCHMAN,  D. MCEWAN JENKINSON,  and J.H.MOORE, 
The Hannah Research Institute, Ayr, Scotland KA6 5HL 

ABSTRACT 

A study has been made on the lipid 
composition of the skin secretions and 
plasma of the neonatal calf. A significant 
proportion of the skin surface lipids was 
compr i sed  o f  triglycerides. Saturated 
fatty acids comprised the major propor- 
tion of the fatty acids of the skin surface 
triglycerides at birth. Immediately after 
birth, the proportion of the saturated 
fatty acids decreased, and there was a 
concomittant increase in the proportion 
of 18:1. Some 3-4 weeks after birth, the 
proportion of 18: 2 A cis-9, cis-12 in the 
skin surface triglycerides increased to ca. 
14%, and there was a decrease in the pro- 
portion of 18:1. The 18:2 was shown to 
be confined almost entirely to the 2 posi- 
tion of the triglycerides. During the first 
5 weeks after birth, the concentrations of 
the cholesteryl esters and phospholipids 
in the plasma increased markedly and 
were accompanied by a rapid increase in 
the proportion of 18:2 within these 
2 fractions. The results are discussed in 
relation to the known role of 18:2 in the 
metabolism of biological systems. 

I NTRODUCTION 

Large differences exist between the lipid 
compositions of the various major tissues in 
the adult and new-born ruminant  (1). By far 
the most important of these differences in- 
volves the levels of essential fatty acids in the 
tissues (2,3). Very low levels of C18 poly- 
unsaturated fatty acids are found in the tissues 
and plasma of the ruminant at birth, in spite of 
the considerable concentrations of these acids 
that circulate in the maternal plasma; relatively 
high tissue concentrations of the C20 trienoic 
acid normally associated with essential fatty 
acid deficiency also are observed. However, in 
spite of the low concentrations of linoleic acid 
in ruminant  milk (ca. 1% or less of the total 
calories) (4), the deficiencies of linoleic acid in 
the tissues of the new-born ruminant  are soon 
rectified when the animal begins to suckle. 

Recent investigations into the fatty acid 
compositions of the lipids found on the skin 
surface of the ox have shown the presence of 
ca. 10% of linoleic acid (5). This acid was, fur- 

thermore, found to be associated predominant- 
ly with the triglyceride fraction which com- 
prised a significant proportion of the total skin 
surface lipids. In view of the various metabolic 
roles known to be played by linoleic acid in 
biological systems (6), the presence of high con- 
centrations of finoleic acid (ca. 20% of the total 
fatty acids) in the trigiyceride fraction isolated 
from the skin surface lipids of cattle seemed to 
be of significance in relation to the part 
thought to be played by the skin surface secre- 
tions in affording some protection against bac- 
terial or other exogenous agents (7). As it al- 
ready has been shown that considerable differ- 
ences exist in the general level of linoleic acid 
present in the body of the young and adult ru- 
minant (2,3), the presence, or otherwise, of poly- 
unsaturated fatty acids in the skin surface lipids 
of the new-born ruminant  during the critical 
period immediately after birth seemed to be of 
importance and worthy of investigation. 

EXPERIMENTAL PROCEDURE 

The experimental animals were new-born 
Ayrshire calves weighing between 30-40 kg at 
birth. The handling and dietary treatment of 
each calf was similar to that normally carried 
out commercially. Thus, each calf was allowed 
to remain with and suckle its mother for 24 hr 
after birth, after which time it was removed and 
housed in an individual stall at an environmen- 
tal temperature of 22 C. For the first week 
after birth, the diet consisted solely of the 
dam's milk fed to appetite. After this time, 
each calf was offered an increasing amount of a 
proprietary concentrate mixture; by the end of 
the fifth week, the amount of the concentrate 
mixture being consumed by each calf was ca. 
1 kg. 

As soon after birth as possible, hair was clip- 
ped from large areas along the dorsal surface of 
both sides of each animal and these areas were 
thoroughly washed with soap and water, fol- 
lowed by thorough washing with water to re- 
move all traces of the soap solution. The skin 
surface lipids from these areas of each animal 
then were collected at 0, 3, 7, 14, 21, 28, 35, 
and 42 days after birth using the method de- 
scribed previously (5). After filtration of the 
skin washings and the removal of the solvent on 
a rotary film evaporator, the lipid residues from 
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FIG. 1. The fatty acid concentrations (wt %) of the skin surface triglycerides of the calf after birth. A. 
Saturated fatty acid: t>---~=total saturated fatty acids, o----o= 16:0, ,x -~=14:0, ; == 18:0, and 

= =12:0. B. Unsaturated fatty acids: o-----.o = 18:1 and -- e = 18:2. 

TABLE I 

Wt Percentages of Major Fatty Acids in Plasma of Calf after Birth 

Days after birth 
Fatty acid 0 l 2 3 5 7 14 24 35 

16:0 31 .0  26 .0  24 .8  26.1 20 .3  24.2  21 .7  15.5 17.3 
16:1 9.5 6.0 5.3 4.5 3.7 5.2 4.1 3.6 4 .8  
18:0 12.2 12.9 14 .6  13.8 16.7 14.0  14.6  15.8  15.6  
18:1 41 .6  4 3 . 6  37 .6  34 .6  30 .8  32 .0  30 .0  25 .9  25 .8  
18:2 2 .7  6.9 10.3  12.6  18 .7  17.1 25 .6  32 .6  32 .0  
18:3 0.1 2 .0  3.6 4 .7  7.2 5.0 2.8 3.9 2 .6  
20 :3  (n-9) 1.0 1.0 2.8 0.9 0 .6  0 .3  >0 .1  >0 .1  >0 .1  
20:4  (n-6) 1.8 2 .4  1.0 2 .8  2 .0  1.9 1.3 2 .4  2 .2  

mg fatty ac id / lO0  ml 66 80 116 93 124 137 76 92 130 
plasma 

four animals were pooled to obtain larger sam- 
ples. Blood samples were obtained by means of 
h e p a r i n i s e d  "Vacu ta ine r "  tubes (Becton- 
Dickinson, Ltd., Rutherford, N.J.) from the 
jugular vein of each calf at 0, 1, 2, 3, 5, 7, 14, 
24, and 35 days after birth. The lipids were 
extracted from the plasma by the method of 
Nelson and Freeman (8) and pooled as above. 

The lipid classes of both the skin washings 
and the plasma then were separated on thin 
layer chromatoplates of Kieselgel G (E. Merck, 
Darmstadt, Germany). The major lipid classes 
of the skin washings were separated on the thin 
layer chromatoplates using the three stage 
development  system of hexane:ether:acetic 
acid (80:20:1 v/v/v) to half plate, then full 
development with hexane:ether (95:5 v/v) fol- 
lowed by full development with pure hexane, as 
outlined by Nicolaides, et al. (9). The major 
lipid classes of the plasma were separated using 
a solvent system of hexane:ether:formic acid 

(80:20:1 v/v/v). The lipid classes were visual- 
ized by spraying with a 0.1% (w/v) solution of 
2,4-dichlorofluorescein in methanol followed 
by exposure under UV light. After ' identifica- 
tion of the lipid classes, the bands of silica gel 
were placed L-'a scintered glass funnels. The cho- 
lesteryl ester, unesterified fatty acid and triglyc- 
eride fractions were eluted witfi 20 ml diethyl 
e t h e r  and the phospholipids with 20 ml 
methanol. 

The positional distribution of the fatty acids 
between the 1,3 and 2 positions of the skin sur- 
face triglycerides was investigated by hydrolysis 
with pancreatic lipase according to the method 
of Luddy, et al. (10) followed by separation of 
the products on thin layer chromatoplates of 
Silica Gel G using hexane:ether:formic acid 
(80:20:1 v/v/v) as a solvent system and elution 
of the bands with chloroform:methanol (95:5 
v/v). 

Methyl esters of the fatty acids were pre- 
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FIG. 2. The concentrations of the major lipid frac- 
tions (total fatty acids) in the plasma of the calf after 
birth, o---o= Phospholipids, - - -  cholesteryl 
esters, • • = triglycerides, and = = = unesterified 
fatty acids. 

pared by transmethylation using 5% hydro- 
chloric acid in dry methanol (11). Gas liquid 
chromatographic analysis of the fatty acid 
methyl esters was carried out on a 2 m column 
of 15% EGSS-X on 100-120 mesh Gas Chrom P 
fitted to a Perkin Elmer F11 gas chromatograph 
with dual flame ionization detectors. Appro- 
priate standards were used for identification in 
all thin layer and gas liquid analyses. Wherever 
possible, reactions were carried out under nitro- 
gen, and 2,6-di-t-butyl-p-cresol was added to 
solvents to minimize autoxidation. Solvents 
were distilled before use. 

RESULTS 

Fatty Acid Composition of Skin Surface 
Triglyceridles 

The concentrations of the major fatty acids 
in the triglyceride fraction isolated from the 
skin surface of the calf from the day of birth up 
to 6 weeks after birth are shown in Figures 1A 
and B. Results for the fatty acid composition of 
the triglyceride isolated f rom' the  skin surface 
of the adult animal also are included. It can be 
seen that, by far, the major proportion of the 
fatty acids contained in the triglycerides of the 
skin surface is composed of the saturated fatty 
acids 14:0, 16:0, and 18:0. At birth, saturated 
fatty acids constituted over 80% of the total 
fatty acids present in the triglycerides of the 
skin surface lipids and were composed of 12:0 
(3%), 14:0 (23%), 16:0 (50%), and 18:0 (7%). 
Within 3 days after birth, the concentration of 
saturated fatty acids had decreased to ca. 60% 
of the total fatty acids present and remained at 

tins level for the remaining period of the trial, 
The decrease in the proportion of the saturated 
fatty acids between birth and the third day 
after birth was entirely due to a decrease in the 
proportion of 14:0 and 16:0. The concentra- 
tion of 18:0 over the period almost doubled. 
Up to and including the second week after 
birth the decrease in the proportion of total 
saturated fatty acids present in the skin surface 
triglycerides exhibited immediately after birth 
was accompanied by a compensatory increase 
in the proportion of 18:1, the level of which 
increased from ca. 10% up to ca. 30% of the 
total fatty acids present. The concentration of 
18:2 during this period did not exceed 4%. 
However, samples of skin surface lipids ob- 
tained at the fourth week after birth showed a 
very marked increase in the proportion of 18:2 
A cis-9, cis-12 present which was maintained 
for the remainder of the experiment; this in- 
crease in the proportion of 18:2 was accom- 
panied by a concomittant decrease in the pro- 
portion of 18: 1. Structural identification of the 
18:2 as the A cis-9, cis-12 acid was obtained by 
a combination of techniques, including partial 
hydrogenation with hydrazine hydrate and oxi- 
dation with potassium permanganate/periodate; 
this has been fully discussed elsewhere (5). 
Quantification of the fatty acids contained in 
the triglyceride fraction by means of an internal 
standard (12) showed that, at birth, the triglyc- 
erides accounted for ca. 15% of the total fatty 
acids contained in the skin surface extract and 
that, by 6 weeks after birth, they accounted for 
ca. 35% of the total fatty acids present. 

Composition of Plasma Lipids 

The concentrations of the total plasma fatty 
acids and the concentrations of the fatty acids 
associated with each of the major lipid fractions 
of the plasma of the calf during the first five 
weeks after birth are shown in Table I and 
Figure 2, respectively. The increase in the con- 
centration of the total plasma fatty acids ob- 
served over the complete five week period 
could be accounted for solely by increases in 
the concentrations of the cholesteryl ester and 
phospholipid fractions. By the fifth week after 
birth, the fatty acids of these 2 fractions com- 
prised some 86% of the total plasma fatty acid 
concentration. An initial rapid rise in the con- 
centration of the triglyceride fraction was con- 
fined to ca. the first week after birth, after 
which time its concentration returned to a level 
similar to that observed at birth. The high 
initial concentration of the unesterified fatty 
acid fraction decreased rapidly after birth. 

The changes in the plasma fatty acid compo- 
sition of the calf over the first 5 weeks after 
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FIG. 3. The concentrations of 18:2 in the major 
plasma lipids of the calf after birth. : = = Choles- 
teryl esters, o---o = phospholipids, " " -  triglyc- 
erides, and -- -- = unesterffied fatty acids. 

birth are given in Table I. During this period, it 
can be seen that there is a significant increase in 
the concentration of 18:2 cis-9, cis-12. Figure 3 
shows the distribution of the changes in the 
concentration of 18:2 between the major plas- 
ma lipids obtained from the calves during the 
5 weeks after birth. The immediate and marked 
rise in the concentration of 18:2 circulating in 
the plasma of the calves was accounted for al- 
most entirely by increases in the 18 : 2 concen- 
tration of the cholesteryl ester and phospho- 
lipid fractions. The concentrations of 18:2 in 
the trigiyceride and unesterified fatty acid frac- 
tions of the plasma only underwent minimal 
increases above the concentrations found at 
birth. Even by the fifth week after birth, the 
concentration of 18:2 in the triglyceride and 
unesterified fatty acid fractions was only ca. 5% 
compared to the levels of 20 and 60%, respec- 
tively, for the phospholipid and cholesteryl 
ester fractions. This distribution of 18:2 be- 
tween the major plasma lipids is similar to that 
found in the adult animal (Fig. 3). The changes 
in the concentration of 18:2 in the plasma im- 
mediately after birth were accompanied by con- 
comittant changes in the 20:3/20:4 ratios 
(Fig. 4). 

D I S C U S S I O N  

The possible physiological significance of the 
high concentrations of 18:2 A cis-9, cis-12 in 
trigiycerides present on the skin surface of the 
ox already has been suggested (5). Although sig- 
nif icant  concentrations of triglycerides are 
present in the skin surface lipids of the new- 
born ox, the present investigations clearly show 
that it is some 3 weeks after birth before these 
skin surface triglycerides attain a fatty acid 
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FIG. 4. The ratios of 20:3 (n-9)/20:4 (n-6) in the 
total plasma lipids of the calf after birth. 

composition similar to that found for the skin 
surface triglycerides of the adult. The fatty acid 
composition of the skin surface triglycerides of 
the ox undergoes two major changes during the 
period between birth and maturity. Thus, im- 
mediately after birth, there is a distinct de- 
crease in the proprotions of the saturated fatty 
acids with a concomittant increase in the pro- 
portion of 18:1. The composition then remains 
relatively constant for at least 3 weeks after 
birth during which time the proportion of 18: 2 
is relatively small. At ca. 3-4 weeks after birth 
the proportion of the 18:2 then increases to a 
level similar to that found in the adult (5). This 
increase in the concentration of 18:2 takes 
place at the expense of 18: 1, the proportion of 
the other acids remaining relatively constant. 

Although the time sequence may be differ- 
ent, these changes in the 18:2 content of the 
skin surface triglycerides may be related to the 
changes in the concentration of 18:2 that occur 
throughout the tissues of the ruminant  imme- 
diately after birth (2,3). Thus, although very 
low concentrations of 18:2 were found in the 
plasma lipids of the calves at birth, there were 
pronounced increases in the 18: 2 contents of the 
plasma lipids immediately after birth. This con- 
forms with the observations on the changes in 
the 18:2 metabolism by the neonatal  ruminant  
originally made with lambs (2,3,13) and subse- 
quently confirmed with calves (14). 

However, unlike the triglycerides of the skin 
surface, the triglycerides of the plasma showed 
only a minimal increase in the concentration of 
18:2 above that found at birth; the large in- 
crease in the concentration of 18:2 which oc- 
curred in the plasma lipids was confined entire- 

LIPIDS, VOL. 10, NO. 3 



132 R.C. NOBLE, M.L. CROUCHMAN, D. McEWAN JENKINSON, AND J.H. MOORE 

TABLE II 

Composit ion of  Fatty Acids in 1,3 and in 2-Position o f  
Triglyeerides from Skin Surface Lipids 

Wt % % Distribution 

Fatty acid 1,3 2 1,3 2 

12:0 2.3 0.6 78.5 
14:0 24.5 12.3 66.6 
16:0 44.5 19.1 69.9 
18:0 18.9 5.5 77.3 

Total saturated 90.2 37.5 

16:1 1.3 2.5 34.7 
18:1 4.5 3.1 59.2 
18:2 4.1 55.7 6.87 
18:3 1.2 

Total unsaturated 9.9 62.5 

21.5 
33.4 
30.1 
22.7 

65.3 
40.8 
93.2 

100 

ly to the cholesteryl ester and phospholipid 
fractions. 

The low concentrations of 18:2 observed in 
the plasma lipids of the calves at birth were 
accompanied by small concentrations of 20:3, 
20:3/20:4 ratios of ca. 0.5 were found for the 
total plasma lipids (Table I and Fig. 4). Al- 
though the presence of 20:3 together with 
20:3/20:4 ratios greater than 0.4 have been ob- 
served in the plasma lipids of the new-born 
lamb (2), previous observations with calves 
(13,14) have failed to detect the presence of 
20:3 in the total plasma lipids. In the present 
work, the increase in the concentration of 18:2 
that occurred in the plasma lipids of the calves 
immediately after birth was accompanied by a 
rapid decrease in the ratio of 20:3/20:4.  The 
significance of these changes in the metabolism 
of the polyunsaturated fatty acids by the neo- 
natal ruminant  has been fully discussed else- 
where (1). 

In view of these findings, it is unlikely that 
the fatty acids that occur in the triglyceride 
fraction of the skin surface lipids originate di- 
rectly from those of the plasma triglycerides; 
similarly, as the unesterified fatty acid fraction 
of the plasma also contains only small concen- 
trations of 18:2, its participation in the forma- 
tion of the skin surface triglyceride also may be 
considered as unlikely. An important role of 
the cholesteryl esters and phospholipids in the 
provision of the necessary fatty acids for the 
formation of the skin surface triglycerides 
must, therefore, be implicated. Indirect evi- 
dence for the possible involvement of the phos- 
pholipid fraction may be obtained from investi- 
gations into the distribution of the fatty acids 
in the skin surface triglycerides of the adult ox; 
hydrolysis by pancreatic lipase has shown that 
the 18:2 is almost wholly confined to the 
2 position (Table II). Although the occurrence 
of 18:2 in the triglycerides of various ruminant  

tissues has been shown to be confined mainly 
to the 2 position (15), its specificity for this 
position in these tissues would appear to be less 
than the almost total specificity for position 2 
displayed by the skin surface triglycerides. The 
specificity of 18:2 for the 2 position in rumin- 
ant milk fat triglycerides is higher than that for 
the tissue triglycerides (16); however, its value 
is still lower than that found in the trigiycerides 
of the skin surface. Although cholesterol ester- 
ase activity has been shown to be present in the 
skin, evidence for cholesteryl ester hydrolase 
activity in the skin has yet to be demonstrated 
(17). 

Although the precise function of the skin 
surface lipids in unknown,  it is now generally 
accepted that they afford some protection 
against the environment, in particular against 
invasion of the skill surface by bacterial or 
other exogenous agents; furthermore, the im- 
portance of the lipids of the skin surface under 
certain environmental stresses has been indi- 
cated (7). It also has been suggested that the 
protection afforded by the skin surface lipids 
depends,  not only upon the quantity of 
material present, but also upon the chemical 
composition (7). The presence on the skin sur- 
face of 18:2 Acis-9, cis-12 with its various 
metabolic properties, in particular its antibac- 
terial activity (18) and its rote in the regulation 
of moisture loss through the skin (6), is, there- 
fore, of particular importance. Recently, the 
superior tolerance to heat exposure and disease 
by Zebu cattle when compared to cattle of 
European breeds has been correlated with the 
increased quantities of lipid found on the skin 
surface of Zebu cattle, and, in this connection, 
it is interesting to note that this increased toler- 
ance to heat and infection has been correlated 
with increase d bodily levels of 18: 2 (19). 

The present observations show that it is 
some 4 weeks after birth before the 18:2 con- 
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ten t  of  the skin surface lipids reaches the  level 
f o u n d  in the adult .  As the 18:2 in the skin 
surface lipids may have considerable  inf luence  
on the  abili ty o f  the new-born  calf to  regulate 
b o t h  microbiological  in fes ta t ions  of  the  skin 
and mois ture  loss t h rough  the  skin, it  could be 
tha t  the  skin surface lipids have a cons iderable  
significance in the  abili ty of  the  new-bo rn  calf 
to  survive unde r  adverse c i rcumstances .  
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Some Unusual Fatty Acids of Rhizobium 
T. GERSON, JJ.  PATEL, and L.N. N IXON,  Applied Biochemistry Division, 
Department of Scientific and Industrial Research, Palmerston North, New Zealand 

ABSTRACT 

A number of unusual fatty acids were 
identified after isolation from Rhizo- 
bium. They include 11-methyl-octadec- 
1 1-enoic, 12-methoxy-11-methyl- and 
11-methoxy-12-methyloctadecanoic, and 
11-methoxy- and 13-methoxynonadeca- 
noic acids. 

I NTRODUCTI  ON 

Bacteria are known to contain major propor- 
tions of branched chain and other substituted 
fatty acids not  found normally, except in very 
small amounts, in more highly specialized orga- 
nisms. Thus, Agre and Cason (1) identified 
tuberculostearic (10-methyloctadecanoic) acid 
in the tubercle bacillus. Iso- and anteiso acids 
were identified in Bacillus subtilis by Kaneda 
(2). 

The identity of many more complex 
branched chain acids of bacterial origin has 
been described in detail by Asselineau (3). 
Other frequently found substituted fatty acids 
are cyclopropane fatty acids, e.g. lactobacillic 
(4), as well as hydroxy and methyl branched 
hydroxy acids (3). 

While analyzing the fatty acids of a variety 
of strains of  Rhizobium,  we found a number of 
gas liquid chromatographic (GLC) peaks, corre- 
sponding to 20-30% of the total fatty acids, 
which defied identification by Rf values. Some 
of these components did not  brominate or 
hydrogenate and were thought to be branched 

chain fatty acids. The presence of cyclopropane 
substituted acids also was suspected. In addi- 
tion, we found a considerable amount of 
octadecenoic acid. This often has been de- 
scribed as "oleic;"  but the existence of oleic 
acid in bacteria rarely has been confirmed. On 
the other hand, cis-vaccenic acid (cis-octadec- 
11-enoic) has been identified in bacteria by a 
number of authors (3). We, therefore, also 
proved the identity of  the octadecenoic acid 
found in Rhizobium.  

MATERIALS AND METHODS 

Bacteria: A culture of Rhizobium NZP2037 
was grown in 100 liters yeast-mannitol-broth 
(5) containing 0.5% mannitol in a stainless steel 
fermenter under sterile conditions at 28 C for 
40 hr. The culture was stirred and sterile air 
circulated during incubation. At the end of this 
period, the cell density was 11.3 x 108/ml. The 
cells were separated by continuous centrifuga- 
tion with a Sharples centrifuge (virus rotor type 
B24) at speeds of 3.0-3.8 x 104 revs/min. Ca. 
90% of the cells were, thus, recovered. When 
freeze-dried, the yield was 28.1 g. 

Extraction o f  lipids: The dry cells were 
resuspended in 100 ml water and the lipids 
extracted from 5 equal aliquots with 10 vol- 
umes 2:1 chloroform-methanol after sonic dis- 
integration (3 times for 2 min) with a 100 
watt measuring and scientific equipment soni- 
cator. The total lipid yield was 3.27 g (11.6%). 
Poly-~-hydroxybutyrate was removed from the 

TABLE I 

Gas chromatographic Data of Unknown Fatty Acids and Their Composition (% wt) in 
Urea Nonadduct Obtained after Hydrogenation 

Equivalent chain length of 
methyl esters a 

Unknown EGSS-X (185 C) EGA (200 C) Percent Subsequently identified as: 

1 14.56 14.66 
2 18.22 b 18.20 b 
3 19.65 19.47 

4 21.00 20.69 

5 21.90 21.57 

28.7 12-Methyltetradecanoic acid 
21.4 11-Methyloctadec-11-enoic acid 
21.0 cis-ll, 12-Methyleneoctadecanoic 

acid 
12.7 12-Methoxy-11-methyl- and 

11-methoxy-12-methyloctadecanoic 
acid 

4.3 11-Methoxynonadecanoic and 
13-methoxynonadecanoic  acid 

88.1 
aEGSS-X = ethylene glycol succinate methyl silicone polymer and EGA = ethylene glycol adipate. 
bEquivalent chain length of unhydrogenated fatty acid. 
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6O- 

0100 F 
FIG. 1. Mass spectrum of the pyrrolidide of vaccenic acid (n-octadec-ll-enoylpyrrolidine). 

lipid by precipitation with diethyl ether from 
chlorc, form solution, using 10 vol ether. This 
purification was repeated twice leaving an ether- 
soluble residue o f  833 mg (25.5%). This residue 
was saponified with N/2 NaOH in ethanol, and 
the nonsaponifiables were removed with ether. 
The aqueous solution then was acidified, and 
the fatty acids recovered and converted to 
methyl esters with BC13-methanol complex 
(Brian, et al., [6]).  The yield of methyl esters 
was 388 mg. 

Isolation o f  unknown acids: It had been 
found previously that most of the unknown 
components did not change their retention 
times on GLC after hydrogenation by the 
micromethod of Appelqvist (7). Half the avail- 
able methyl esters were, therefore, hydro- 
genated in a Parr bomb in methanol at 20 C 
under 3 atmospheres using PtO2 as catalyst. 
Completion of the reaction was confirmed by 
GLC. 

The hydrogenated methyl esters were frac- 
tionated into straight and branched chain 
fractions by urea adduct formation using 6 ml 
saturated urea in methanol at 20 C, as described 
by Ackman and Hooper (8). The nonadduct  
was collected and the adduct treated twice 
more with 2 ml urea solution. All nonadducts 
were combined. Most of the methyl stearate 
still present was removed by a final urea adduct 
precipitation from 1 ml solution. The final 
yield of nonadduct  methyl esters was 21%. 

GLC o f  methyl esters: The mixture of 
unknown fatty acids was analyzed with an 
F&M (model 5750) gas chromatograph fitted 
with flame ionization detectors. The column 
used was 2 m x 2.3 mm inside diameter 
stainless steel packed with 5% ethylene glycol 
succinate methyl silicone polymer (EGSS-X) 

FIG. 2. Argentation thin layer chromatogram of 
recovered methyl vaccenate with authentic methyl 
oleate (cis), methyl elaidate (trans), and methyl 
stearate, ol = Oleate, el = elaidate, and st = stearate. 

coated on 100-120 mesh Chromosorb W (acid 
washed, silanized). N 2 was used as carrier gas at 
12 ml/min, and the temperature was 185 C. 

Preparative GLC was carried out with the 
same instrument fitted with a stream splitter 
and a 2 m x 4 mm inside diameter alurninium 
column packed with 100-120 mesh Chromo- 
sorb W coated with 40% (w/w) ethylene glycol 
adipate (EGA). N 2 (25 ml/min) was the carrier 
gas, and the separation was carried out at 200 C. 
The fractions were collected as described by 
Scl'denk and Sand (9) using repeated injections. 

Pyrrolidides and methoxy derivatives: Pyrro- 
lidides and methoxy derivatives of monoenoic 
acids were prepared by the methods of An- 
dersson and Holman (10) and Minnikin, et al., 

LIPIDS, VOL. 10, NO. 3 



136 

ao.  

;= 

4@ 

C(O J '  

T. GERSON, J.J. PATEL AND L.N. NIXON 

~o ~ 70 2~ ~ go ,io ,;o ,;o ~o & ~o bo L ~ ~ ~ 21o ~ ~ ~0 ~ ~ ~ " 

FIG. 3. Mass spectrum of unknown 2 identified as methyl l l-methylvaccenate (methyl l l-methylocta- 
dec-I 1 -enoate). 
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FIG. 4. Mass spectrum of the pyrrolidide of unknown 2 (11-methyloctadec-11-enoylpyrrolidine). 

(1 1) respectively.  
Mass spectrometry: The mass spec t romete r  

used was an AEI  MS 30 double beam ins t rument  
coupled via a membrane  separator  to a PYE 
104 gas chromatograph.  The la t ter  was pro- 
vided with  the analytical  co lumn described 
above and He was used as carrier gas. The 
spectra were run at 70 EV. 

Proton magnetic resonsance (PMR) spectra: 
Spectra were obta ined  with  a Varian T-60 
spectrometer .  They were de termined  in CC14 
using t r imethyls i ly l  (TMS) as reference com- 
pound.  

IR spectra: Spectra were determined in a 
Perkin Elmer (model  137) spec t rometer  wi th  
CCI 4 as solvent. 

RESULTS A N D  DISCUSSION 

The urea nonadduc t  was analyzed by GLC, 
and the compos i t ion  and GLC data are summa- 

rized in Table I. Octadecenoic  and the un- 
known  fa t ty  acids were ident i f ied  as described 
below. 

Octadecenoic acid (18:1): The compound ,  
ident i f ied by its gas chromatographic  behavior 
as a methy l  oc tadecenoate ,  gave a mass spec- 
t rum identical  to that  of  an authent ic  sample of  
methy l  oleate. The  posi t ion o f  the double bond  
could not ,  however ,  be inferred f rom this, as 
posit ional  isomers o f  unsa tura ted  esters may 
give similar mass spectra (12). It recent ly  was 
shown (10) that  the  posi t ion o f  the double 
bond can be deduced by examina t ion  of  the 
mass spectra of  pyrrol idides of  unsatura ted  
fat ty  acids. A sample of  18:1 was, the re fore ,  
conver ted  to its pyrrol idide and its mass spec- 
t rum determined  (Fig. 1). Appl ica t ion  o f  the 
empirical  rule fo rmula ted  by Andersson and 
Holman (10) establishes the posi t ion of  the 
double bond as be tween  carbons 11-12. 
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FIG. 5. Mass spectrum of unknown 4, identified as mixed methyl 12-methoxy-11-methyl-and 11-methoxy- 
12-methylstearates. 
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FIG. 6. Mass spectrum of unknown 5,identified as 

so- 

Argentation chromatography (13) estab- 
lished the configuration of the double bond as 
cis (Fig. 2). The compound is, therefore, 
methyl cis-vaccenate.  

U n k n o w n  1 : This was identified as 12-meth- 
yltetradecanoate by comparing the mass spec- 
t rum of its ester with that of an authentic 
sample. 

U n k n o w n  2: This material was resistant to 
hydrogenation under conditions used (7) but 
was reduced with PtO 2 under 3 atmospheres 
H 2. Furthermore, this compound could not be 
brominated under the conditions which caused 
brornination of the cyclopropane ring of lacto- 
bacillic acid. Its mass spectrum (Fig. 3) showed 
a molecular ion at m/e 310, together with peaks 
at m/e 279, 278 (loss of OCH3, CH3OH), and 
194 (loss of 116 atomic mass units), suggesting 
a nonadecenoate. The mass spectrum of the 
reduced material showed a molecular ion at m/e 
312 with ions at m/e 297 (M+-CH3), 283 
(M+-C2Hs),  281 (M+-OCH3), and 269 

mixed methyl 11- and 13-methoxy-nonadecanoates. 

(M+-C3HT) establishing the product to be a 
methyl nonadecanoate. In the lower mass re- 
gion, this spectrum was identical to that of 
methyl l l-methyloctadecanoate (14) with en- 
h a n c e d  p e a k s  a t  m / e  2 1 3  
(+ C H ( C H  3 ) -  ( C H 2 ) 9 - C O 2 C H 3 )  , 181 
(21 3 -CHaOH) ,  163 ( 2 1 3 - C H a O H - H 2 0 ) ,  
185, 186, and 187 (+(CH2)9CO2CH 3 + 0, 1, 2, 
H), thus showing the existence of a methyl 
branch at carbon 11. 

To locate the double bond, the unsaturated 
methyl ester (unknown 2) was converted to its 
pyrrolidide and its mass spectrum recorded 
(Fig. 4). It is interesting to note the ease with 
which, in contrast to the case of the original 
methyl ester, the existence of an l 1-methyl 
branch also can be deduced from this spectrum 
from the enhanced C 10 and C12 fragments and 
diminished C11 fragment (analogously to the 
well established case for branched saturated 
methyl esters). 

The position of the double bond can be 
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established as being between carbons 11-12 as 
folio ws: 

I c,"~l ,' ,' 
I I ~ CH 'l 'Cl-~4" 6 8 2  t 

I t ! ! I ! 
I I I I l 

I l I C14~ I I I 

CH3 - ( C H 2 - -  C H - - C H 2 - -  CH )-~ 2"~ I "  I ~ ,  I l : C + CH2'4- CH. 2 4" (CH2) 7-  C 0 NC4H 8 
~ l  I I l ! I 

I I I I ! 

I l l I I " '~  
§ C~*- * c ---- CU t ~2 { 
I ~1 " 'L I  " 'L I 
I I I ! 

I I I 
I I I I CH 3 I 

I ! I I I 
I I I I J 

2 9 2  j ~ 7 8 1 2 ~ 1  2 5 0  I 2221 

Scheme 1 
Fragmentation of the pyrzolidide of unknown 2 

(11 -methy loc tadec -11 -enoy lpyrro l id ine ) .  

Direct fragmentation of the unrearranged 
pyrrolidide leads to the formation of intense 
ions at m/e 224, 210, 196... and 264, 278, 
292 .... Fragmentation,  subsequent to double 
bond migration toward the nonpolar  end of the 
molecule, leads to the fragment of  m/e 252. 
Fragmentation subsequent to double bond mi- 
Nation toward the polar end of  the molecuZe 
leads to the formation of ions of m/e 250 and 
222. (Note that  ions of m/e 224, 252 ,250 ,  and 
222 are formed by cleavage of bonds to tert iary 
carbon atoms and so would be expected to have 
enhance d intensities.) 

This formulation is consistent with the 
greater difficulty of  hydrogenation observed 
(trisubstituted double bond) and allows ratio- 
nalization of the observed mass spectrum of the 
original compound (Fig. 3), assuming in this 
instance that fragmentation, being facilitated 
by the methyl branch, occurs with little double 
bond migration, as shown below: 

I CH 3 
I I 

-CH - CH I CH-CH2 - 
1211 

i,,_~.2.1_-"~ 139 

OH31 I 
! I 

c . 3 -  (CH2~ 4 - oH2 - c .  ~ c - r c ~  { c H 2 - ( c H z b -  c ~  a 
i I 

139 ! 

S e r i e s  of  g reu l~  ef 

p e a r s  cen t red  at  

C n H 2 n -  1 

"VApprep r ia te  m e t a s t a b i e  o b s e r v e d  

Scheme 2 
Fragmentation of methyl 1 l-methylvaccenate 

(methyl 11-methyloctadec-11-enoate). 

Unknown 3: The ident i ty  of lactobacillic 

acid was established by comparing the equiva- 
lent chain length on EGSS-X and the mass 
spectrum with those of an authentic sample. 
Hydrogenation by the method of Appelqvist 
(7) did not  affect the acid, but  brominat ion 
caused its disappearance from the gas chro- 
matogram. The configuration about the cycle- 
propane ring was established as cis by the PMR 
spectrum (15) which showed a peak at 0.31 
ppm upfield of TMS and one at 0.64 ppm 
downfield of TMS. 

Unknowns 4 and 5: The mass spectra of 
unknowns 4 and 5 were very similar (Figs. 5 
and 6). Both showed molecular ions at m/e 342 
with prominent  ions at 341 ( M §  327 
(M+-CH3) ,  311, 310 (M+-OCH3,  CH3OH), 
279, and 278 ( M + - C H a O H - O C H 3 ,  CH3OH) 
identifying them as methoxy nonadecanoates 
(16). This was confirmed by the PMR spectra 
which showed the presence of a second OCtt3 
resonance (at 3.26, 3.236 in unknowns 4 and 5, 
respectively) upfield of the carbcmethoxy 
OCH_3 (at 3.62, 3.608) and by a carbon-oxygen 
stretching band in the IR spectrum (1095 
cm-1). The lower mass portions of the mass 
spectra indicate that both  unknowns 4 and 5 
are, in fact, mixtures. 

I I i (CH~j- CH3-(CH s * CH r CH r C02C~ 
I I I 
I I 
t ~  

' 

cH3.(C   1, CH, CH%- C0#% 
I 

I 

Scheme 3 
Fragmentation of methyl 12-methoxy-ll-methyl- 

and 11-methoxy-12-methylstearates. 

Unknown 4: The peaks at m/e 257,229,  and 
157 are consistent with the structure methyl  
l l -methoxy-12-methylstearate.  The peaks at 
257, 129, and 157 are consistent with the 
structure methyl  12-methoxy- l l -methyls tea-  
rate. These compounds would not  be separable 
under the GLC condition employed.  

Unknown 5 (Scheme 4): Strongpeaks at m/e 
229, 157 are consistent with the structure of 
methyl 11-methoxynonadecanoate.  The peaks 
at 129, 257 indicate the structure methyl 13- 
methoxynonadecanoate .  In addition, the equiva- 
lent chain length with EGSS-X and EGA as liqui0 
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,0c  I 
I 

I I I 

',1' CH CH2) 9-  C02CH3 
I 
t 2 2 2  i 

acid w i th  O H -  (or  a derivat ive t he r eo f )  as the  
e -  d o n o r  and  s u b s e q u e n t  m e t h y l a t i o n ,  l l -  
M e t h y l o c t a d e c e n o a t e  cou ld  be f o r m e d  by  elimi- 
n a t i o n  f r o m  the  i n t e rmed ia t e  wh ich  led to  t he  
f o r m a t i o n  of  12 -me thoxy-  11-methy ls tea ra te .  
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Scheme 4 
Fragmentation of methyl 11- and 13-methoxy- 

nonadecanoates. 

phases d i f fered  by close to one  c a r b o n u n i t  f rom 
those  of  s y n t h e t i c  m e t h o x y o c t a d e c a n o a t e  pre-  
pared  f rom m e t h y l  vaccena te .  The  equ iva len t  
chain  l e n g t h  of  the  s y n t h e t i c  acid was 21 .00  on  
EGSS-X and  20 .70  on  EGA.  U n k n o w n  acids 2, 
4, a n d  5 appea r  to  be  re la ted  closely to  
lactobacil l ic .  To ensure  t h a t  t h e y  were n o t  
ar t i facts ,  t he  conc lus ion  of  Brian, et  al., (6)  t h a t  
lac tobaci l l ic  acid was conve r t ed  quan t i t a t i ve ly  
to  i ts m e t h y l  es ter  w i th  BC13-methanol  com- 
plex was checked  w i th  an  a u t h e n t i c  sample .  In 
add i t ion  12-hydroxys tea r i c  acid was reac ted  
w i th  BC13-methanol  reagent ,  and  n o  ar t i fac ts  
were de tec ted  by  GLC. Final ly ,  i t  shou ld  be 
p o i n t e d  ou t  tha t  we also have f o u n d  these  acids 
in  the  free f a t t y  acids wh ich  c o n s t i t u t e  a ma jo r  
p r o p o r t i o n  of  the  l ipids of  Rhizobium N Z P  
2037 and wh ich  previous ly  had  been  i so la ted  
and  conve r t ed  d i rec t ly  to  m e t h y l  esters w i th  
d i a z o m e t h a n e  and  in na tu ra l ly  occur r ing  m e t h y l  
esters  f rom the  same organism.  

We cons ider  t h a t  11 -me thy l -oc t adecenoa t e ,  
1 2 - m e t h o x y - 1 1 - m e t h y l -  and  11 -me thoxy-12-  
me thy l s t ea ra t e ,  1 1 - m e t h o x y  n o n a d e c a n o a t e ,  
and  1 3 - m e t h o x y  n o n a d e c a n o a t e  are the  ex- 
p e c t e d  p roduc t s  o f  r ing open ing  o f  lac tobaci l l ic  
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ABSTRACT 

When Tetrahymena pyriformis was 
incubated with sitosterol ([24R]-24-eth-  
ytcholest-5-en-3/3-01]) or its trans-A22- 
derivative (stigmasterol), the C-24-dealk- 
y l a t e d  product,  cholesta-5,7,trans-22- 
trien-3/3-ol, was obtained in both  cases. 
24( S)- 2 4 -E t  h y l c h o l e  st a- 5,7, trans-22- 
trien-3/3-ol also was found to be a metab- 
olite. When sitosterol was the substrate, 
24(  R) -2  4-e t hylcholesta-5,7-dien-3/3-ol  
was obtained as a third product .  Identifi- 
cations were made by mass spectroscopy, 
quantitative chromatography,  labeling 
with 14C, and by other means. The 
dealkylated product (cholestratrienol) 
represented 30% of the sterols isolable 
after incubation. The administration of 
sterols to this organism did not induce 
sterol biosynthesis, since 2-14C-meva- 
lonate failed to yield radioactive sterol in 
the presence of added stigmasterol. 

INTRODUCTION 

Organisms with a clearly defined nervous 
system either directly biosynthesize sterols 
lacking a substituent at C-24, or they dealkylate 
ingested 24-alkylsterols to give, for instance, 
cholesterol from sitosterol. Carnivorous animals 
may lack the dealkylation mechanism, even if 
the capacity for sterol biosynthesis is absent. A 
more thorough discussion both  of this subject 
and of the biological role of sterols is provided 
by Nes (1). The most thoroughly examined 
cases of dealkylation are with arthropods (2-5) 
in which metabolism appears to proceed by 
reversal (6-12) of the alkylation process found 
in plants (13-25). In its simplest form, the plant 
route begins with a A24-sterol which yields a 
A24(2s)-24-substi tuted sterol which is then 
reduced at the A24(28)-bond to the 24-alkyl- 
sterol, e.g. desmosterol to 24-methylenecholes- 
terol to 24-methylcholesterol,  if we neglect the 
problems of sequencing with other events. The 
introduction of the 24-methylene group actu- 
ally occurs in the examined cases immediately 
after cyclization of squalene oxide to  give 
24-methylenecycloarteno1 or 24-methylene- 
24,25-dihydrolanosterol.  The exact place in the 
sequence at which reduction or a second 
Cl4ransfer  occurs is not  entirely certain. H o w -  

ever, the sterols given (desmosterol,  etc.) will 
proceed experimentally through the sequence 
(1 5,1 6).  A s e c o n d  alkylation at the 
A24(28)-stage yields a 24-ethylidenesterol, e.g. 
isofucosterol, which, on reduction,  gives the 
common 24-ethylsterols. In insects, both  
24-methylenecholesterol and desmosterol have 
been identified as intermediates along with 
24-ethylidinecholesterol in the conversion of 
sitosterol to cholesterol (6-12). In the proto- 
zoan, Tetrahymena pyriformis, however, which, 
like insects, lacks the capacity to biosynthesize 
sterols de novo (26,27), neither 24-methylene 
nor 24-ethylidene derivatives of cholesterol 
were dealkylated (28). This was surprising in 
view of preliminary evidence that  sitosterol is 
converted by the organism to cholestatrienol 
(29). Since the fact and mechanism of dealkyla- 
tion bear strongly both  upon the role of sterols 
in living systems and upon their phylogeny (1), 
absolute proof for dealkylation in "1". pyriformis 
was undertaken. Proof was obtained both with 
labeled and unlabeled substrates indicating that 
T. pyriformis accomplishes the dealkylation in 
a different manner than do insects. This may 
mean that the ciliated protozoal  group repre- 
sented by T. pyriformis is phylogeneticaUy 
divergent from the line leading to arthropods.  

Nomenclature used in this paper is: choles- 
terol, cholest-5-en-313-ol; sitosterol, (24R)-24- 
e t h y l c h o l e s t - 5 - e n - 3  /3-ol; c a m p e s t e r o l ,  
(24R)-24-methylcholes t -5-en-3  2-ol; stigmas- 
terol, (24S)-24-ethylcholesta-5, trans-22-dien- 
3/~-ol; stigmastatrienol, (24S)-24-ethylcholesta- 
5,7, trans-22-trien-3/3-ol; cholestatrienol, cho- 
les ta -5 ,7 ,  trans-22-trien-3/3-ol; 24-methylene- 
cholesterol ,  24-met hylcholesta-5,24(28)-dien- 
3 /3-ol; f u c o s t e r o l ,  24-ethylcholesta-5, Cis- 
24(28)-dien-3/3-ol; and isofucosterol,  24-ethyl- 
c h o l e s t a - 5 ,  trans-24(28)-dien-3 ~-ol; desmos- 
terol, cholesta-5,24-dien-3/~-ol. It is worth 
noting that, while, as a result of the Sequence 
Rule, the designation for the same absolute 
configuration at C-24 is inverted in sterols 
saturated at C-22,23 compared to their corre- 
sponding A22-derivatives, all of the 24-alkyl- 
sterols used in the investigation possessed the 
a-configuration at C-24. By the Sequence Rule, 
this is designated R in the saturated cases and S 
in the A22.derivatives. 
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EXPERIMENTAL PROCEDURE 

Materials and Methods 

Commercial stigmasterol from soybeans was 
purified by crystallization and adsorption chro- 
m a t  o graphy. Examination by gas liquid 
chromatography (GLC) and by mass spectros- 
copy showed the sample used for incubation 
had the assigned structure and consisted of a 
single component .  [4-14C] -Sitosterol was pur- 
chased from Amersham-Searle Corp., (Des 
Plaines, Ill.) and had a specific activity of 1.1 x 
108 dpm/mg. It was diluted with pure sito- 
sterol. The sample (5.62 x 10s dpm/mg) used 
for incubations showed a single peak of radio- 
activity when submit ted to GLC. When it was 
submit ted to thin layer chromatography (TLC) 
in benezne-ether (8:2,  v/v) and the plate was 
scanned for radioactivity,  a single peak was 
obtained. [ 2-14C]-Mevalonate (as the dibenzyl-  
ethylene-diamine salt) was purchased from 
New England Nuclear Corp., (Boston, Mass.). 
Incubations were performed as previously de- 
scribed (28,30) with T. pyriformis, Type W, at 
28 C for 40 hr in several 500 ml flasks each 
containing culture medium and ca. 3 mg sterol. 
The culture medium was composed of distilled 
water containing 2% (w/v) of  yeast extract 
(Difco), and it was 9 x 10-5M in iron-ethylene- 
diaminetetraacetic complex. The substrates 
were added to the culture medium in a solution 
of ethanol.  Cell counts showed that ,  after 
incubation, there were ca. 2 x 108 cells/flask. 
The cells were separated from the medium by 
centrifugation, and, unless otherwise noted,  
data are derived from the cells which were 
lyophilized prior to continuous extraction with 
acetone in a Soxhlet apparatus. The acetone 
extract contained ca. 110 mg/incubation flask. 
Phospholipids were precipitated from a chloro- 
form solution (1 ml) of the lat ter  material a t -20  
C by the addit ion of 20 ml acetone. The remain- 
ing lipid (70 mg) was saponified under nitrogen 
in 25 ml of 10% KOH in ethanol at room 
temperature for 16 hr. This yielded 20 mg 
neutral l ipid containing te t rahymanol ,  sterol, 
and other substances. The sterol was isolated by 
chromatography on a thin layer of silica gel 
developed with benzene-ether (8:2, v/v). After  
acetylation at room temperature with acetic 
anhydride in pyridine, the sterol was submit ted 
to chromatography on a thin layer of silica gel 
impregnated with 10% (w/w) of silver nitrate. A 
single development with chloroform-ligroin- 
acetate (100:40:0.75,  v/v) separated As-,  
As,22_, A5,7_, and AS,7,X2-sterols from each 
other with increasing rates of movement being 
in inverse order to that  given for the double 
bond structure. In addit ion,  A22-sterols lacking 
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a substituent at C-24 moved slower than those 
with a substituent. The result of these correla- 
tions is that  cholestatrienol had the slowest rate 
of movement of any of the compounds and 
monoenic AS-sterols the fastest. GLC was 
performed at 235 C with 0.94% of silanized 
XE-60 (Analabs, North Haven, Conn.) on Chro- 
mosorb W with helium as the carrier gas. The 
instrument used was equipped with a stream 
splitter allowing 90% of the effluent to pass 
through a proport ional  counter  for radioactiv- 
i ty and 10% through a flame ionization detec- 
tor for mass. Mass and radioactivity were 
recorded on separate strip charts, and retention 
times for the mass and radioactive peaks conse- 
quently were obtained simultaneously but  in- 
dividually. When free sterols were used, labeled 
cholesteryl acetate served as the standard. Mass 
spectroscopy was performed by Morgan-Schaf- 
fer Corp., Montreal, Canada. For  further infor- 
mation on instrumentat ion,  as well as on 
standard sterols and thier physical constants,  
our earlier publications (e.g. 16, 17, 28, 30, 31, 
and references cited therein) should be con- 
suite d. 

RESULTS 

After  incubation with stigmasterol, cellular 
neutral lipids were separated by TLC on silica 
gel into fractions representing pentacyclic tri- 
terpenoids,  sterols, and other lipids. The sterol 
fraction was acetylated and further resolved by 
argentation TLC. Three bands were observed 
with Rf values of  0.42 (band 1), 0.16 (band 2), 
and 0.08 (band 3). Band 1 corresponded to the 
position for 24-ethyl-AS,22-steryl acetates, and 
GLC showed the eluted material contained a 
substance with a relative retention time of 1.39. 
Authentic stigrnasteryl acetate had a relative 
retention t ime of  1.38 and band 1 must have 
represented a small amount  of  unchanged sub- 
strate. 

Bands 2 and 3, which represented most of 
the material, had Rf values expected of 
AS,7,22_trienic steryl acetates with and without  
a 24-ethyl group, respectively. GLC of the 
eluted materials showed each to be composed 
of essentially single components  with relative 
retention times of  1.61 and 1.07, respectively. 
The latter is the value of  authentic cholestatri- 
enyl acetate. Authentic stigmastatrienyl acetate 
was not  available, but  a calculated relative 
retention time can be obtained by multiplying 
the value for cholestatrienyl acetate by the 
increment (sitosterol/cholesterol) for tile 24- 
ethyl group (1.56). The calculated value is 1.67 
which is within experimental  error of the 
observed value. UV spectroscopy showed that 
both  sterols had the 3 characteristic absorption 
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peaks for As,7-sterols at 272, 283, and 294 nm 
with a shoulder at 263 nm. These structural 
assignments were confirmed by mass spectros- 
copy. Stigmastatrienyl acetate (MW 452) from 
band 2 showed a molecular ion at m/e 452 of 
very low intensity with a strong peak for M + 
less acetic acid at m/e 392. A peak of moderate 
intensity at m/e 253 corresponded to M + less 
acetic acid less the 139 mass units for the 
C10H19-side chain, as would be expected for 
allylic cleavage at the C-17,20-bond brought 
about by the A22-bond. Moderate peaks at m/e 
143 and 157 were consistent with fragments 
consisting of rings A and B lost due to cleavages 
through ring C induced by the As,7-system 
(32). The spectrum, in fact, was substantially 
the same as that of ergosteryl acetate, except 
for peaks of ions which retain the side chain, 
e.g. M + less acetic acid and M + less acetic acid 
less methyl. The spectrum of the sterol from 
band 3 confirmed that it was the corresponding 
24-dealkylated compound (cholestatrienyl ace- 
tate, MW 424). A peak of low intensity 
appeared at m/e 424 for M + and a strong one at 
m/e 364 for M + less acetic acid. Allylic loss of 
the side chain and fragmentation through ring C 
due to the AS,7-system were evident by moder- 
ate peaks at m/e 253,157,  and 143. 

Since sterol biosynthesis conceivably could 
have been induced by incubation with stigmas- 
terol, the cholestatrienol could have arisen de 
novo. This was contraindicated by an incuba- 
tion with [2-14C]-mevalonate in the presence 
of stigmasterol. The neutral lipids were chro- 
matographed on a thin layer of silica gel as 
previously, and the plate was scanned for 
radioactivity. A strong peak appeared in the 
triterpenoid region for tetrahymanol but none 
in the sterol region. Direct evidence for dealkyl- 
ation then was obtained with a labeled 24-eth- 
ylsterol. Radioactive stigmasterol was not  avail- 
able, but [4n4C]-sitosterol  was. In neither the 
labeled sitosterol nor the unlabeled stigmasterol 
was it possible to detect cholesterol. Incubation 
of the [4-14C]-sitosterol (8.4 x 106 dpm) led 
to the isolation of 5.2 x 106 dpm in the total 
lipid extract of the cells. The remaining label 
appeared in the medium. After separation into 
phospholipids and other lipids, the former 
contained 2 x 104 dpm (probably as contami- 
nation) and the latter 5.1 x 106 dpm. The other 
lipids were saponified leading to 4.8 x 106 dpm 
in the neutral fraction. After acetylation, an 
aliquot was chromatographed on a thin layer of 
silica gel impregnated with silver nitrate as 
previously. The regions corresponding to 
AS-steryl and As,22-24-ethylsteryl acetates 
(band 1), the region in between the latter and 
that corresponding to triene (band 2), the 

region corresponding to stigmastatfienyl acetate 
(band 3), the region (band 4) in between the 
latter and the one next, and the region corre- 
sponding to cholestatrienyl acetate (band 5) 
were eluted and submitted to scintillation 
counting. The respective results were 15,900; 
36,335; 506,000; 70,000; and 381,000 dpm. In 
another experiment, an aliquot (1.4 x 106 
dpm) of the neutral lipids after argentation 
chromatography led to 40,000; 43,000; 
590,000; not  measured; and 418,000 dpm, 
respectively, in the five bands. The substance in 
band I was submitted to GLC with continuous 
counting of the effluent. A single peak with the 
retention time of sitosterol was observed on the 
radioactive recorder. Similar examination of 
band 4 showed two radioactive products. One 
had a retention time (1.61) the same as 
stigmastatrienyl acetate. The other, with a 
somewhat longer retention time (1.84), prob- 
ably was the 22,23-dihydro derivative derived 
from 7,8-dehydrogenation as the only meta- 
bolic step. The calculated value for the reten- 
tion time is 1.89 (1.61 divided by 0.85 which is 
the contribution for introduction of the 
A22-bond). The material from band 5 showed 
single peaks of mass and radioactivity which 
were coincident and possessed the retention 
time of cholestatrienyl acetate (1.08 realtive to 
cholesteryl acetate) proving that the dealkyl- 
ated product was derived from the alkylated 
substrate. 

S i t o s t e r o l  S t i gmas t e ro l  

S t i g m s t a t r ~ e n o l  

Scheme 1 

H 

Cho le s t a t rSeno l  

Metabolism in T. pyri[ormis 

DISCUSSION 

The combination of the mass spectral, chro- 
matographic, and labeling data can leave little 
doubt that a sterol lacking the alkyl group at 
C-24 was formed after incubation of a 24-ethyl- 
sterol with T. pyriformis. In addition, as ex- 
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pected (28-30),  dehydrogenat ion  occurred at 
C-7,8 and C-22,23. The sequence of  events is 
uncertain.  Among  the al ternatives which are 
consistent  wi th  the  available in fo rmat ion  are 
(A) si tosterol to 7-dehydrosi tos terol  to 7,22- 
b i s d e h y d r o s i t o s t e r o l  (s t igmastatr ienol)  to 
7 , 2 2 - b i s d e h y d r o c h o l e s t e r o l  (choles ta t r ienol)  
corresponding to sequential  in t roduc t ion  of  the 
A7 -bond,  the A2 2_bond, and re ducfive dealkyla- 
t ion at C-24, and (B) si tosterol to 22-dehydro-  
sitosterol (st igmasterol)  to 7,22-bisdehydro-  
sitosterol and than as in al ternat ive (A) corre- 
sponding to in t roduc t ion  of  the AT-bond after  
in t roduc t ion  of  the A25-bond:  It  remains for  
fur ther  work to elucidate h o w  the reduct ive 
dealkylat ion occurs and what ,  i f  any,  inf luence 
the A22-bond has upon  it. It  is improbable  that  
A24(28)_ or A22,24(28)- in termedia tes  are in- 
volved, since 24-methylenecholes te ro l  and iso- 
fucosterol  bo th  lead to thei r  A5,7,25,24(28)_ 
tetraenic derivatives wi thout  fo rmat ion  o f  cho- 
lestatr ienol and since fucos terol  leads to  its 
As ,7 ,24(28)- t r ienic  derivative wi thou t  f o r m a -  
t ion of  cholestatr ienol  (28). In the  fucosterol  
case, steric hindrance inhibits  introduction of  
the A22-bond (28). 

The failure of  the A24(28)-substrates  to 
undergo dealkylat ion differentiates dealkyla- 
t ion in T. pyriformis f rom dealkylat ion in 
insects (6-12) and presumably f rom ar thropods  
in general. This, together  wi th  the  presence in 
T. pyriformis of the  22,23-dehydrogenase 
which also has no t  been ident i f ied in animals,  
may place this organism outside of  a direct 
phylogenet ic  line to the animal k ingdom.  

It is interest ing to no te  that  the only  
organisms, o ther  than some species of  Tetra- 
hymena which do no t  biosynthesize sterols, are 
n o n p h o t o s y n t h e t i c  p rokaryotes  (bacteria 
[33,34] and mycoplasmas [ 3 5 ] )  which are 
presumably insuff ic ient ly  evolved and two 
groups of eukaryotes  (ar thropods and two  
fungal genera [36-38]) .  Animals  phylogenet i -  
cally lower than ar thropods ,  e.g. marine anne- 
lids (39), do biosynthesize sterols, and, in the 
fungal case, all o ther  examined  genera of  fungi 
do so. This in fo rmat ion  tenta t ive ly  is inter-  
p re ted  to  mean that  sterol biosynthesis  was lost 
rather than never possessed by the divergent  
eukaryotes ,  but,  b o t h  in the animal (40) and in 
the plant (38,41,42)  examples,  s terol  must  be 
provided f rom an exogenous  source for  comple-  
t ion of  the life cycle. 7". pyriformis and some of  
its close relatives (43) are, thus,  the only 
eukaryot ic  forms of  life known which fail to  
biosynthesize sterols and still require none  
( t e t rahymanol  acting in the  sterol 's  role) which 
places this organismic type  vert ical ly in the  
hierarchy somewhere  in be tween  the bacterial  
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and mycoplasmic  prokaroytes  and the  lower  
eukaryotes  which possess the sterol pathway.  In 
a hor izonta l  direct ion,  T. pyriformis stands also 
in a median posi t ion be tween  plants and ani- 
mals (44). Its preference for  dealkylated sterols, 
evidenced by the conversion of  s i tosterol  and 
st igmasterol  to  choles ta t r ienol ,  is an animalqike  
quality,  but  22 ,23-dehydrogenat ion  is a plant- 
like quality.  The failure to reduce a AS,7-diene 
to a AS-monoene  also is found  among  nonpho-  
tosyn the t ic  plants,  no tab ly  fungi,  ra ther  than  
among  animals.  
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Positional Analysis of isovaleroyl Triglycerides Using Proton 
Magnetic Resonance with Eu(fod) 3 and Pr(fod) 3 Shift 
Reagents: I. Model Compounds 
YURI  WEDMID 1 and CARTER L ITCHFIELD,  Department of Biochemistry, 
Rutgers University, New Brunswick, N.J. 08903 

ABSTRACT 

The proton magnetic resonance spec- 
tra of isomeric triglycerides of isovaleric 
and palmitic acids in the presence of the 
downfield and upfield chemical shift re- 
agents Eu(fod)3 and Pr(fod)3 were stud- 
ied. The resonance profiles of the 3'- 
protons on the isovaleroyI chains are dis- 
tinctive for each of the four possible tri- 
glyceride isomers at low shift reagent/tri- 
glyceride ratios. With either reagent, the 
well defined 3'-methyl isovalerate doub- 
lets can be used to identify 2-isovaleroyl 
and 1,3-isovaleroyl structures and to ana- 
lyze isomeric mixtures. This technique 
will be useful for positional analysis of 
natural cetacean triglycerides containing 
isovaleric acid. 

INTRODUCTION 

Early applications of proton magnetic reso- 
nance (PMR) to the study of lipid structure 
were fairly limited in scope, since the signals 
resolved represented only a small fraction of 
the total proton population (1). However, the 
recent advent of lanthanide chemical shift re- 
agents now has provided NMR chemists with 
greatly improved resolution of such signals, so 
that considerable additional structural informa- 
tion now can be obtained from the PMR spec- 
tra of fatty acid methyl esters (2,3) and triglyc- 
erides (4-6). 

Characterization of the unusual isovaleroyl 
lipids found in dolphin, porpoise, and toothed 
whale fats has interested this group (7) and 
other laboratories (8,9) in recent years. The dis- 
covery by Pfeffer and Rothbart (4) that PMR 
with chemical shift reagents can differentiate 
2-oleo-l,3-dipalmitin from rac-l-oleo-2,3- 
dipalmitin raises the possibility that positional 
analysis of mixed-acid, isovaleroyl, cetacean tri- 
glycerides also might be possible using a similar 
approach. Therefore, we have carried out de- 
tailed PMR structural studies on various syn- 
thetic isovaleroyl triglycerides and their appro- 
priate mixtures. Our results with both the 

1present address: Hormel Institute, University of  
Minnesota, Austin, Minnesota 5 5 912. 

downfield shift reagent Eu(fod)3 and the up- 
field shift reagent Pr(fod) 3 demonstrate that 
the positional isomers of mixed-acid isovaleroyl 
triglycerides can be identified positively by the 
characteristic resonance signals of their 7-iso- 
valerate protons and that analysis of isomeric 
mixtures by PMR is quite feasible. 

E X P E R I M E N T A L  PROCEDURES 

Synthesis of I~valeroyl Triglyceric~s 
The anhydrides of isovaleric acid (J.T. Baker 

Chemical Co., Phillipsburg, N.J.) and palm/tic 
acid (Lachat Chemicals, Chicago, Ill.) were pre- 

B r s 
0 

1,3 H2 c - O-~,-CH Z - CH z -OH 2-CH 2 - [CH 2 }Io-CP~ 3 
I 0 

2 HC- 0-~- CH2-CHz- CHz- CH2- (CH2)Io-CH~ 

] 0 .ICH 3 
1,3 HzC- 0-C-CHt- CH~cH3 

PPV 

0 
HzC- 0-C-CH~-CHz- CHz-CHz-(CH2}IO-CH 3 

0 /CHs 
HC- 0-C-CH z- CH~ CH 3 

HZ!- 0-'~-CH,-CH27 CH,-CH,-(CH~,)K}-CH3 

PVP 

0 
HzC- O-C-CH~- CH~ CrHu 3 

I 9, ~ "  
HC - O-C-CH2-CH 2- CHz-CH2-(CH2)Io-CH3 

I 0 I CH~ 
HzC- O-C-CH2-CH-~. CH s 

VPV 

0 
H~-  O-C-CH2-CH 2 - CH 2- CH2- (CH2)~o-CH3 

I 0 ICH 
PVV 

I (2 /CH5 
H2C - O-C-CH2-CH-... CH 3 

FIG. 1. Structural formulas and nomenclature for 
the synthetic monoisovaleroyl (PVP and PPY) and di- 
isovaleroyl (VPV and PVV) triglyceride positional iso- 
mers used in this study. The usual numerical nomen- 
clature is employed for positions on the glycerol 
moiety, while the Greek letters ~,/3, ~, and 8 designate 
the carbon positions on the fatty acid chains. The PPV 
and P W  preparations studied were racemic mixtures, 
but only one enantiomer has been drawn here. 
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VVV o i ~:~: ... c.C,, +Pr(fod)s 
-~-CH~- I "  "CHI 

666 I I ~- ,.3 I TMS -- ~ H,~-~4H, ~ ~~._ o 
-~-CHt-- 

Me II "Me 
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FIG. 2. (Top) 60 MHz Proton magnetic resonance spectrum of triisovalerin (VVV) in CC14. (Middle) Proton 
spectrum of VVV with upfield chemical shift reagent Pr(fod)3d~7; mole ratio Pr/VVV ~ 1.5. (Bottom) Spec- 
trum of VVV with downfield shift reagent Eu(fod)3d30; mole ratio Eu/VVV ~ 1.5. Sample size = 114 taM VVV. 

pared by the procedure of Selinger and Lapi- 
dot (10). Dry potassium isovalerate and potas- 
sium palmitate were synthesized from the re- 
spective acids as described by Kester, et al. 
(11). Triisovalerin (VVV) was prepared by 
acylation of glycerol with isovaleroyl anhydride 
as outl ined by Privett and Nutter (12). Trilaurin 
(Nu-Chek-Prep, Elysian, Minn.) and t r ibutyrin 
(Fisher Scientific Co., Fairlawn, N.J.) were pur- 
chased and used as received. 

Synthesis of  the four isomeric diacid triglyc- 
erides shown in Figure 1 were carried out  using 
the method of Mitchell (13) with certain modi- 
fications. This procedure utilizes chloropro- 
panols to form the glycerol moiety and does 
not  involve acylated intermediates with free 
hydroxyl  groups; hence, acyl migration during 
synthesis and consequent isomeric impurit ies 
are avoided. 

The symmetrical  diisovaleroyt triglyceride 
(VPV) was synthesized by dissolving 1,3-dichlo- 
ropropane-2-ol (Eastman Organic Chemicals, 
Kingsport, Tenn.) and 20% excess palmitoyl  an- 
hydride, in benzene containing "~1% HC104 and 

shaking 15 min at 25 C (14). The resulting di- 
chloroester was purified by thin layer chro- 
matography (TLC) and then reacted with 100% 
excess dry potassium isovalerate in hexamethyl-  
phosphoric triamide (HMPA) (previously dried 
over type 4A molecular sieves) at 60 C for " 7 2  
hr under nitrogen with occasional shaking. 

The symmetrical  monoisovaleroyl triglyc- 
eride (PVP) was obtained by acylating 1,3-dichlo- 
ropropane-2-ol with 100% excess isovaleroyl an- 
hydride in 1/1 benzene/pyridine for 3 hr at 
100 C in a sealed ampule (12). The monoester  
product  was isolated by TLC and then reacted 
with 100% excess dry potassium palmitate for 
4 hr at 150 C in HMPA solution in a sealed am- 
pule. 

The nonsyrnmetrical,  racemic triglycerides 
pa lmi to -d i i sova l e r i n  (PVV) and dipalmito- 
isovalerin (PPV) similarly were synthesized 
starting with 3-chloropropane-t ,2-diol  (Chemi- 
cal Samples Co., Columbus, Ohio). Initial at- 
tempts to use 2,3-dichloropropane-l-ol  proved 
unsatisfactory due to difficulty in reacting the 
potassium salt with the second chlorine sub- 
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stituent. Diol acylafions with the respective 
acid anhydrides were carried out as described 
above; and then the monochlorodiester  was re- 
acted with 140% excess potassium soap in 
HMPA solution at 150C for 3 hr in a sealed 
ampule. 

Each synthetic triglyceride was purified by 
preparative TLC. The PVP and PPV were each 
recrystallized from methanol containing the 
minimal amount  of diethyl ether necessary for 
solution. All triglyceride products analyzed 
98+% pure by TLC and by gas liquid chroma- 
tography of the intact molecule. 

PMR Procedures 

The lanthanide chemical shift reagents em- 
ployed were the deuterated " rod"  derivatives 
( tris- [ 1 ,1 ,1 ,2 ,  2, 3,3-heptafhioro-7,7-dimethyl- 
octane-4,6-dione] ) of europium III and praseo- 
dymium III. These Eu(fod)3dao(Norel l  Chemi- 
cal Co., Landisville, N.J.) and Pr(fod)3d27 
(Merck, Sharp and Dohme, Montreal, Canada) 
reagents were stored under reduced pressure 
over P2Os and used as received after a prelimi- 
nary spectral shift analysis on triisovalerin 
proved satisfactory. 

All PMR spectra were obtained using a 60 
MHz Varian T-60 PMR spectrometer operated 
at room temperature in the standard manner. 
Analyses were run on 68-169 /.tM triglyceride 
dissolved in 0.4 ml distilled CC14 containing 
0.5-1.0% tetramethylsilane (TMS) as an internal 
standard. After recording the PMR spectrum of 
the pure triglyceride, the appropriate shift re- 
agent was added in 15-35 mg increments; the 
spectrum was recorded again after each addi- 
tion until the molar ratio of  shift reagent to 
triglyceride reached ~3.0.  Identification of in- 
dividual PMR signals involved comparison of in- 
tegrations and multiplicities observed to the ex- 
pected values, examination of  results published 
elsewhere (4-6), and intercomparison of  all tri- 
glyceride standards tested (VVV, VPV, PVV, 
PPV, PVP, trilaurin, and tr ibutyrin).  

Since the mole ratio of  shift reagent to tri- 
glyceride cannot be duplicated exactly from 
run to run, resonance frequencies cited in this 
paper should be taken as relative and not  abso- 
lute values. 

RESULTS AND DISCUSSION 

Triisovalerin 

The PMR signals of  isovalerate protons first 
were studied using VVV where no long chain 
acyl groups are present. Spectra of pure triiso- 
valerin, V W  plus Pr(fod)3, and VVV plus 
Eu(fod)3 were examined (Fig. 2). 

In the absence of any chemical shift reagent, 

Acyl proton shifts with Eu (fod)3 

1 0  

4 

1,3 

1,3 

- -  r i i 

0 I 2 5 

Moles Eu(fod)~/PVV 

FIG. 3. Downfield chemical shifts induced in 
palmito-diisovalerin (PW) proton resonance signals 
with increasing amounts of Eu(fod)3d30. Sample 
size --- 95 uM PVV in CC14. 

the three types of acyl protons in VVV each 
yield independent signals; but the resonances of 
the three isovalerate moieties are coincident:  
7 ( 1 . 0 6 ,  18H) ,  /3 (1 .36 ,  3H) ,  and a ( 2 . 1 6 ,  
6H) .  

With added Pr(fod) 3, the VVV proton spec- 
trum is shifted upfield beyond the TMS signal, 
and resolution of  the 1,3 and 2 position acyl 
proton signals is obtained. The most prominent  
feature is the three well resolved doublets of 
the terminal 7-methyl groups. The 2-7-methyl 
doublet (-2.9 6, 6 H) is located further upfield 
than the two 1,3-7-methyl doublets ( -2 .46,  
-2.1 6, 6 H each). The appearance of two 
1,3-T-methyl doublets,  instead of the expected 
one doublet ,  with VVV probably indicates un- 
equal magnetic environments for the two -CH 3 
groups of each isovalerate chain. Evidence for 
this is the PMR spectrum of t r ibutyrin with 
Pr(fod)3 which shows only one 1,3-T-methyl sig- 
nal, indicating no preferential coordination at 
the sn-1 or sn-3 end of the molecule. Apparent-  
ly, the coordination of shift reagent at the 1,3 
ester linkages restricts normal rotat ion of these 
external isovalerate chains. Moreover, the ab- 
sence of such a phenomenon with the 2-3'- 
protons suggests that the coordination effects 
differ at the 2 and 1,3 chains. All a- and t -  
proton resonance signals are shifted even fur- 
ther upfield as a result of their greater proxim- 
i ty to the shift reagent coordination site. The 
protons on the chain esterified at the 2 posit ion 
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Eu 
PVP PPV 

Eu 
VPV PVV PPV / PVP 
2 1,3 2 1,3 

/ / 

,a 

2.5 ~ 1,6 2 : f  8 2.0 3.t ~ ~.4 3.1 ~ Z.4 

FIG. 4. Resonance signals for the isovaleroyl 7- 
protons of monoiisovaleroyl (PVP and PPV) and diiso- 
valeroyl (VPV and PVV) triglycerides in the presence 
of Eu(fod)3d3o. Sample size = 68-95 #M triglyceride 
in CC14; mole rfitio Eu/triglyceride ~ 1,0-1.2. 

again show a greater net shift than those on the 
external chains. 

The PMR spectrum of VVV with Eu(fod) 3 
shows a similar pattern of resonance signals, but 
the shift is now in the downfield direction and 
of less amplitude than with Pr(fod) 3. The three 
doublets of the 3,-methyl groups are observed 
again, but signal separation is less complete. 
The doublet shifted furthest (2.9 6 , 6  H) repre- 
sents the 2-3,-methyl protons, while the two 
overlapping doublets at 2.8 6 and 2.7 6 repre- 
sent the 1,3-3,-methyl protons similar to the 
VVV + Pr(fod)3 spectrum. The a- and el-proton 
resonances are shifted even further downfield, 
but resolution of the 1,3 and 2 position signals 
is not observed here. 

Since the PMR spectra of VVV with both 
Eu(fod) 3 and Pr(fod) 3 could differentiate be- 
tween isovalerate esterified at the 1,3 and 
2 positions, we proceeded to the synthesis and 
NMR study of isomeric diacid triglycerides con- 
taining palmitic and isovaleric acids. 

Isomeric Triglycerides with Eu(fod)  3 

The downfield chemical shifts induced in the 
acyl protons by adding varying amounts of 
Eu(fod)3 to PVV triglyceride are summarized 
in Figure 3. The shifts observed approximate a 
linear function of the Eu(fod)3/PVV mole ratio 
over the 0.0-1.8 range, but the slopes decrease 
at higher Eu(fod) 3 levels, indicating a satura- 
t ion effect. 

The a-protons are shifted the greatest 
amount and eventually are resolved into three 
signals representing 1,3-palmitate, 1,3-isovaler- 
ate, and 2-isovalerate. The 2 -a -and  1,3-a4so- 
valerate Nots cross in the same manner as Alto- 

5o/5o 9o/~o 

3.5 2~  52  2~1 5.1 
8 8 

VPV / PVV 

50/50 9o/io 

! '  ' ' ' ' I : ' ' ' ' '  ' I t 

8 

FIG. 5. Isovaleroyl ,y-proton resonances of specific 
mixtures of isomeric triglycerides in the presence of 
Eu(fod)3d30. Ten percent of the isomer having iso- 
valeric acid at the 2 position can be detected easily by 
this method. Sample size = 104-169 #M tfiglyceride in 
CC14; mole ratio Eu/triglyceride ~ 1.0-1.3. PVP and 
PPV = monoisovaleroyl and VPV and P W  = diiso- 
valeroyl trigtyceride isomers. 

qvist, et al., (5) reported for long chain acids, 
but the crossover point in Figure 3 is not  at as 
high a Eu(fod)3/triglyceride ratio as they ob- 
served. This same a-signal crossover phenome- 
non also was found with VPV, PPV, and PVP in 
the 1,4-1.6 ratio range. 

The J3- and T-proton signals show lesser shifts 
in accordance with their greater distances from 
the Eu(fod)3/PVV coordination site. The 2 and 
1,3 signals, however, still can be differentiated 
in both cases. 

Comparison of the spectra used to construct 
Figure 3 with similar spectra and proton shift 
graphs for VPV, PPV, and PVP clearly indicated 
that the "),-doublet signals would be the most 
useful for distinguishing positional isomers of 
isovaleroyl triglycerides. The isovalerate 3"- 
signals show good resolution, high intensities, 
and simple multiplicities at low Eu(fod)3/tri- 
glyceride ratios. Although the isovalerate 3'- 
methyl proton signals partially overlap the 
palmitate T-methylene proton resonances, the 
latter signals are of considerably lower intensity 
and greater multiplicity and, thus, do not inter- 
fere with isomer identification. The ~-methine 
proton signals of the isovalerate chain are of 
little analytical use, because they are resolved 
poorly, have low signal intensities, and possess 
complex multiplicities. The use of a-methylene 
proton signals to distinguish triglyceride posi- 
tional isomers has been described by Pfeffer 
and Rothbart (4), but the crossover phenome- 
non described above can only be avoided at 
high Eu(fod)3/triglyceride ratios where de- 
creased resolution due to signal broadening be- 
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Moles Pr(fod)3/PVV 
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X 
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Acyl proton shifts with Pr(fod) 3 

FIG. 6. Upfield chemical shifts induced h-1 palmito- 
diisovalerin (PVV) proton resonance signals with in- 
creasing amounts of Pr(fod)3d27. Sample size = 94 pM 
P W  in CC14. 

comes a problem. In addition, a-proton reso- 
nances of isomeric mixtures of isovaleroyl tri- 
glycerides are more complex and difficult to 
interpret than 3,-proton signals. 

The 3,-methyl proton signals obtained with 
each of the four isovaleroyl triglyceride isomers 
at ca. 1/1 Eu(fod)3/triglyceride ratios are illus- 
t ra ted in Figure 4. The 2-7-methyl isovalerate 
protons in PVP show a doublet  (2.30 6, 6 H). 
The 1,3-3,-methyl isovalerate protons in PPV are 
shifted a lesser amount  and produce two over- 
lapping doublets (2.28 6, 2 .246,  6 H total)  
each of one-half the expected signal intensity. 
Analogous patterns are found with the diiso- 
valeroyl molecules. VPV exhibits the same two 
o v e r l a p p i n g  1,3-T-methyl doublets (2.64 6, 
2.58 6, 6 H each) found with PPV but with 
twice the intensity,  reflecting the doubling of  
the 1,34sovalerate populat ion in this triglyc- 
eride. The isovaleroyl 3,-methyl proton signals 
of PVV resemble the sum of the PVP and PPV 
spectra. The 2-3,-methyl doublet (2.80 6 , 6  H) is 
shifted the greatest amount  followed by the 
two overlapping 1,3-9,-methyl doublets (2.61 6, 
2.55 6, 6 H total)  of  lower intensity.  All four 
spectra in Figure 4 corroborate our initial as- 
signment of  separate 2- and 1,3-3,-methyl pro- 
ton signals with V W  (Fig. 2). 

Since the 3,-proton signals of the isovalerate 
moieties differ according to their  position in 
the triglyceride molecule, these signals may be 
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FIG. 7. Resonance signals for the isovaleroyl and 
palmitoyl 7-protons of monoisovaleroyl (PVP and 
PPV) and diisovaleroyl (VPV and P W )  triglycerides in 
the presence of Pr(fod)3d27. Sample size = 94-111 pM 
tr ig lycer ide  in CC14; mole ratio Pr/triglyceride 

1.6-2.2. 

employed to determine the presence or absence 
of isovaleric acid at the 2 or 1,3 positions in 
triglyceride mixtures. Figure 5 ( l e f t )p resen ts  
the "/-proton spectra for 50/50 and 90/10 mix- 
tttres of PPV and PVP; as expected,  three doub- 
lets are observed (similar to the P W  spectra). 
The 2-3,-methyl doublet  for isovaterate (2.90 6) 
is clearly evident in both  cases, even though it 
coincides with the palmitate 3,-methylene sig- 
nals. Hence 2-isovalerate esters can be detected 
below the 10% level in PPV/PVP mixtures. The 
spectra of 50/50 and 90/10 mixtures of VPV 
and P W  also are given in Figure 5 (right). 
Here, the 2-3,-methyl isovalerate doublet partial- 
ly overlaps one of the 1,3-3,-methyl isovalerate 
doublets. Apparently,  the 1,3-3,-doublets of 
VPV shift slightly further downfield than those 
of P W ,  probably due to a slight difference in 
coordination geometry between the symmetri-  
cal and nonsymmetrical  diisovalerate structures. 
Nevertheless, the remaining peak of the 2-3'- 
methyl doublet  clearly is resolved and can be 
used to detect as little as 10% of the 2-isovaler- 
ate structure in VPV/PVV mixtures. 

Isomeric Triglycerides with Prlfod) 3 

The acyl proton shifts observed for PVV 
with the upfield shift reagent Pr(fod) 3 are pre- 
sented in Figure 6. As expected, the least 
shielded protons show the greatest upfield shift; 
but this creates an area of multiple resonance 
crossover in the 0.0-0.5 mole ratio range. 
Hence, informative Pr(fod)3/PVV spectra only 
are obtained at higher ratios. The 2 acyl proton 
signals are shifted further than the correspond- 
ing 1,3 signals. The eventual overlap of  the cz- 
and/3-signals can be at t r ibuted to their  relative 
positions in the spectrum of pure PVV. Similar 
studies with VPV, PPV, and PVP gave acyl pro- 
ton shift graphs very similar to Figure 6. 

Once again the 3,-methyl signals prove to be 
the most useful for structural analysis of iso- 
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FIG. 8. Isovaleroyl and palmitoyl "),-proton reso- 
nances of specific mixtures of isomeric triglycerides in 
the presence of Pr(fod)3d27. Ten percent of the iso- 
mer having isovaleric acid at the 2 position can be de- 
tected easily by this method. Sample size = 112-140 
#M triglyceride in CC14; mole ratio Pr/triglyceride 
1.5-1.6. PVP and PPV = monoisovaleroyl and VPV and 
PVV = diisovaleroyl triglyeeride isomers. 

valeroyl triglycerides. The nonequivalence of 
resonance frequencies for the 2- and the 
1,3-3,-protons of isovalerate are quite apparent 
in Figure 6; and the difference here with 
Pr(fod)3 is greater than was observed with 
Eu(fod)3 (Fig. 3). 

Detailed study of the T-proton signals of the 
four isovaleroyl triglyceride isomers at 1.6-2.2 
Pr(fod)3/triglyceride ratios (Fig. 7) confirmed 
the additional resolution with Pr(fod)3. Three 
distinct sets of T-signals are observed in the four 
isomers studied: the multiplet of the palmitate 
1,3-T-methylene protons, the nearly coincident 
p a l m i t a t e  2 - 7 - m e t h y l e n e  and isovalerate 
1,3-T-methyl signals, and the isovalerate 2-T- 
methyl resonances. PVP exhibits a doublet at 
-4.25 6 characteristic of its 2-7-methyl protons; 
and PPV shows two resolved doublets at -3.05 
and  -3 .47  6 r ep re sen t ing  the isovalerate 
1,3-3,-protons. VPV produces the same two iso- 
valerate doublets as PPV but with double the 
signal intensity, while PVV shows both the two 
1,3-doublets and the single 2-doublet of the iso- 
valerate 7-protons. Fortunately, the coincident 
palmitate 2-qc-methylene proton signal observed 
in the PPV and VPV spectra is of  sufficiently 
lower intensity and greater multiplicity that it 
does not interfere with identification of the iso- 
valerate doublets. All four spectra in Figure 7 
corroborate our initial assignments for 7-methyl 
protons in VVV (Fig. 2). 

c. LITCHFIELD 

Mixed isomers of isovaleroyl triglycerides 
also can be analyzed clearly by PMR with 
Pr(fod)3. Figure 8 shows our results with 90/10 
PPV/PVP and 90/10 VPV/PVV mixtures. The 
upfield doublet at -3.52 5 in the PPV/PVP spec- 
trum illustrates the ease with which 10% 2-iso- 
valerate structure can be identified. With the 
VPV/PVV mixture, the same doublet also can 
detect as little as 10% 2-isovalerate present. The 
sensitivity of this doublet to 2-isovalerate is 
identical in both mixtures, but the greater 
strength of the 1,3-isovalerate signal in the 
VPV/PVV mixture makes the 2-T-methyl doub- 
let appear relatively smaller in the second spec- 
trum. 

It is apparent, therefore, that the T-proton 
signal patterns achieved with Pr(fod) 3 provide a 

useful means to identify positional isomers in 
mixed-acid, isovaleroyl triglycerides. The great- 
er signal separation with Pr(fod)3 compared 
with Eu(fod) 3 makes Pr(fod) 3 the reagent of 
choice for this purpose. However, since one re- 
agent produces an upfield and the other a 
downfield shift, the two techniques comple- 
ment each other; and analyses with both  
Pr(fod)3 and Eu(fod)3 can provide a useful 
verification of any structural assignment. 

These experiments on model mixtures indi- 
cate that the positional location of isovaleric 
acid in the natural fats of various dolphins and 
propoises could be determined easily by PMR 
spectroscopy with shift reagents. Such experi- 
ments are now underway and will be reported 
in the near future. 
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ABSTRACT 

6:0 

High pressure reverse-phase liquid chro- 
matography has been used to separate sat- 
urated fatty acids, their methyl esters, 
polyunsaturated fatty acids, and triglyc- 
erides. Rapid separation of fatty acids 
differing in chain length and number  of 
double bonds has been accomplished. 
Analysis time was less than 10 min in 
most cases. The high pressure reverse 

chromatography resulted in better separa- 
tions of polyenoic acids than can be ac- 
complished by conventional argentation 
silicic acid column chromatography. The 
analyses were carried out on a chemically 
bonded reverse phase packing, VYDAC 
reverse phase. 

I NTRODUCTI  ON 

In 1950, Howard and Martin (1) reported 
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FIG. 1. High pressure liquid chromatography of 
methyl esters of fatty acids. Eluting solvent, MeOH/ 
water (60:40). Pressure, 1000 psig. Flow rate, 1.0 
ml/min. Temperature, 50 C. Sample size, ca. 300 gg. 
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New Application of High Pressure Reversed-Phase Liquid 
Chromatography In Lipids 
PATRICK T-S. PEI, ROBERT S. HENLY, and S. RAMACHANDRAN, Applied Science 
Laboratories, Inc., State College, Pennsylvania 16801 
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FIG. 2. High pressure liquid chromatography of 

methyl esters of fatty acids. Eluting solvent, MeOH/ 
water (90:10). Pressure, 1500 psig. Flow rate, 1.7 
ml/min. Temperature, 60 C. Sample size, ca. 200 gg 
each component. 
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the column chromatographic separation of 
fatty acids on dimethyldichlorosilane (DMCS) 
treated Celite 545 coated with the stationary 
phase heptane. The eluting system was a mix- 
ture of acetonitrile and water. In their separa- 
tion, they were able to resolve saturated fatty 
acids differing by two carbon numbers. At that 
time, such a separation was unique and revolu- 
tionary. In 1963, Privett, et al., (2) used liquid- 
liquid partition chromatography for the prepa- 
ration of pure methyl linolenate from linseed 
oil methyl esters. In his work, the stationary 
phase was heptane, and the mobile phase was a 
mixture of acetonitrile-methanol (85:15 v/v). 

In this study, VYDAC reverse phase support 
(3) is used as the column packing. VYDAC 
reverse phase is a controlled surface porosity 

chromatography packing containing octadecyi 
silane groups chemically bonded to the support. 
The bonded octadecyl hydrocarbon groups act 
as a permanent stationary phase. Presaturation 
of the mobile phase is unnecessary with this 
packing. The eluting systems used here are mix- 
tures of methanol and water in various propor- 
tions. 

EXPERIMENTAL PROCEDURES 

Apparatus: A du Pont 820 liquid chromato- 
graph (Instruments Products Division, E.I. du 
Pont de Nemours & Co., Wilmington, Del.) was 
used throughout this study. The model 820 is 
equipped with both UV and refractive index 
detectors for monitoring the column eluant. In 
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FIG. 3. High pressure liquid chromatography of 
methyl esters of polyunsaturated fatty acids. Eluting 
solvent, MeOH/water (90:10). Pressure, 800 psig. 
Flow rate, 1.0 ml/min. Temperature, 35 C. Sample 
size, ca. 300 #g each component. 
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FIG. 4. High pressure liquid chromatography of 
fatty acids. Eluting solvent, MeOH/water (60:40). 
Pressure, !500 psig. Flow rate, 1.5 ml]min. Tempera- 
ture, 50 C. Sample size, ca. 300 #g each component. 
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this study,  the refractive index detector  was 
used, as most of the lipids used in this s tudy are 
not sensitive to 254 nm UV wavelength. 

A stainless steel column 1 meter long with 
internal diameter 2 mm, packed with VYDAC 
r e v e r s e  phase support  (35-44/2) (Applied 
Science Laboratories, State College, Pa.) was 
used. Specific operating conditions for high 
pressure liquid chromatography (HPLC) are de- 
scribed in the text.  

Eluants: Reagent grade methanol and freshly 
distilled water were used in making up the 
necessary ratios for eluant solvent systems. 

Chemicals: All the fat ty acids, polyunsatu- 
rated fat ty  acids, their methyl  esters, and tri- 
glycerides used in this s tudy were 99% pure 
(Applied Science Laboratories).  They all were 
d i s s o l v e d  in reagent grade chloroform or 

methanol.  

RESULTS AND DISCUSSION 

Figure 1 illustrates a separation of short 
chain methyl esters of fat ty acids ranging from 
methyl caproate (6:0) to methyl  undecanoate 
(11:0). (The operating conditions of  the chre- 
matograph are listed in each figure.) A mixture 
of methanol and water in 60:40 (v/v) ratio was 
used as an eluant. By increasing the amount of 
methanol in the eluting system to a ratio of 
80:20 (v/v), the longer chain methyl  esters of 
fat ty acids ranging from 11-15 can be eluted. A 
separation of methyl esters ranging from hex- 
anoic to pentadecanoic acids (6:0-15:0) has 
b e e n  achieved in an isocratic system of 
methanol and water (80:20 v/v). On VYDAC 

CHCI 3 + CH30H 

20:0 

22:0 

e - -  

24:0 .o_ 

r 
! ! w 

6 4 2 0  

TIME (Min) 
FIG. 5. High pressure liquid chromatography of 

fatty acids. Eluting solvent, MeOH/water (90:10). 
Pressure, 500 psig. Flow rate, 0.75 rnl/min. Tempera- 
ture, 50 C. Sample size, ca. 500 ug each component. 
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FIG. 6. High pressure liquid chromatography of 
polyunsaturated fatty acids. Eluting solvent, MeOH/ 
water (80:20). Pressure, 500psig. Flow rate, 0.7 
ml/min. Temperature, 60 C. Sample size, ca. 100 ug 
each component. 
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reverse phase support, the separation of methyl 
esters of fatty acids differing by one carbon 
number has been achieved. 

On further increasing the proportion of the 
methanol in the eluting system methanol and 
water to 90:10 (v/v), the chain length of the 
esters eluted can be extended up to methyl lig- 
nocerate (24:0), as illustrated in Figure 2. In 
Figure 2, methyl oleate (18: 1)with one double 
bond eluted off the column before methyl 
stearate (18:0) with no double bond. It is evi- 
dent from this separation (Fig. 2) that high 
pressure reverse phase liquid chromatography 
can achieve separations of methyl esters of un- 
saturated fatty acids. 

In Figure 3, the methyl esters of 18 carbon 
fatty acids were separated according to the 

number of double bonds. This is a good illustra- 
tion of reverse phase liquid chromatography, as 
the most polar compound, methyl linolenate 
with three double bonds, eluted first and the 
last compound to appear, methyl stearate, is 
the least polar compound of the series, because 
it has no double bonds. This is the reverse con- 
cept of conventional argentation chromatog- 
raphy where the least polar compound, methyl 
stearate, will elute first. 

Figures 4 and 5 show separations of free 
fatty acids ranging from hexanoic to dodeca- 
noic acids (6:0-12:0) and from arachidic to lig- 
noceric acids (20:0-24:0), respectively. The sol- 
vent system for elution of the short-chain fatty 
acids is the same as that for their corresponding 
methyl esters. Even though free acids can be 

CH30H +CHCl 3 

 o:+AI I 
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FIG. 7. High pressure liquid chromatography of 

polyunsaturated fatty acids. Eluting solvent, MeOH/ 
water (80:20). Pressure, 1000 psig. Flow rate, 0.7 
ml/min. Temperature, 60 C. Sample size, ca. 100 gg 
each component. 
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FIG. 8. High pressure liquid cltromatograph of tri- 
glycerides. Eluting solvent, MeOH/water (90:10). Pres- 
sure, 1000 psig. Flow rate, 1.2 ml/min. Temperature, 
60 C. Sample size, ca. 200 #g each component. Peak 
identification: 1. solvent peak, CHC13; 2. tricaprylin; 
3. tricaprin; and 4. trilaurin. 
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eluted as free fatty acids in gas liquid chroma- 
tography (GLC), the system is good only up to 
20 carbon acids. Free Fatty Acid Analyzing 
Phase (FFAP) stationary phase for GLC of free 
fatty acids can be used but is only good up to 
arachidic acid (20:0). However, in Figure 5, 
fatty acids ranging from arachidic acid (20:0) 
to lignoceric acid (24:0) are separated. This is a 
case where HPLC is truly a complementary tool 
to GLC. 

The success in separating methyl esters of 
polyunsaturated acids (Fig. 3) warranted an in- 
vestigation of the free acids. Separations of the 
18 and 20 carbon polyunsaturated fatty acids 
were obtained and are illustrated in Figures 6 
and 7. Figure 6 shows the separation of the 18 
carbon fatty acids ranging from linolenic acid 
to stearic acid. The order of elution is the same 
as their methyl esters, but the eluting solvent 
system is 20% water in methanol instead of 
10% water in methanol. This is due to the fact 
that the acids are more polar than their methyl 
esters. In reverse phase chromatography, the 
more hydrocarbon-like the compound is, the 
more it will be retained, and the more methanol 
will be required to elute methyl esters of fatty 
acids from the column. Therefore, in the case 
of free fatty acids, less methanol is needed to 
elute them from the column. 

Figure 7 illustrates the separation of biologi- 
cally important 20 carbon fatty acids, such as 
5,8,1 1,1 4,1 7-eicosapentaenoic acid (20:5); 

5,8,11,14-eicosatetraenoic acid (20:4); and 
l l,14,17-eicosatrienoic acid (20:3) which are 
the precursors of prostaglandins E 1, E 2, and 
E 3. This separation suggests that HPLC possibly 
can be utilized to monitor the synthesis of pros- 
taglandins. A preliminary study of the separa- 
tion of triglycerides also was done. The initial 
results were promising, and a separation of tri- 
c a p r y l i n  to  tri laurin is demonstrated in 
Figure 8. The eluting solvent system is a mix- 
ture of methanol and water in the ratio of 
90:10. For higher homologues of triglycerides, 
more methanol may be need for the separation. 

The main objective of our work is to extend 
the use of HPLC in lipids. Since most of the 
lipids do not have chromophores, a refractive 
index detector has been used for detection. 
Most of the separations were done by an iso- 
cratic solvent system. If one chooses carefully 
the proper solvent system, the above separa- 
tions can be improved further on a reverse 
phase column. 
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Effect of Low Methionine, Choline Deficient Diets upon 
Major Unsaturated Phosphatidyl Choline Fractions of Rat 
Liver and Plasma 1 
R.L. LYMAN, C. GIOTAS, B. MEDWADOWSKI, and P. MILJANICH, Department of 
Nutritional Sciences, University of California. Berkeley, California 94720 

ABSTRACT 

To see how the metabolism of specific 
phosphatidyl choline fractions might be 
affected when only a limited source of 
methyl groups was available, rats were fed 
for 7 days a low methionine, choline- 
deficient diet or one supplemented with 
either choline or methionine. Prior to kill- 
ing, they were injected with [4C-methyl 
methionine and liver and plasma phospha- 
tidyl choline isolated and separated by ar- 
gentation chromatography into 3 major 
unsaturated fractions. Fatty acid compo- 
sition and radioactivity of the fractions 
were determined. Deficient rats had re- 
duced total liver phosphatidyl choline 
when compared with the supplemented 
groups, but the proportions of 20:4 and 
22:6 fatty acids in the total phosphatidyl 
choline were unchanged. Plasma phospha- 
tidyl choline also was reduced sharply by 
the deficiency, as was its proportion of 
20:4 fatty acid. Specific activities of the 
liver 22:6, 20:4, and 18:2 phosphatidyl 
choline fractions showed that deficient 
rats had less radioactivity in their 20:4 
and 18:2 phosphatidyl choline than did 
the supplemented animals. Plasma phos- 
phatidyl choline fractions presented a 
similar pattern. Feeding methionine or 
c h o l i n e  n e a r l y  doub led  radioactive 
methyl group incorporation into the 20:4 
phosphatidyl choline fraction of liver and 
plasma, while incorporation into the 22:6 
phosphati.dyl choline was reduced or un- 
changed. The results suggested that, in 
the rat, limited availability of methyl 
groups altered the metabolism of liver 
and plasma phosphatidyl choline frac- 
tions. Methionine, as a source of labile 
methyl groups, appears necessary for the 
normal synthesis of certain unsaturated 
phosphatidyl choline fractions (particu- 
larly 20:4 phosphatidyl choline). Trans- 
methylation of phosphatidyl ethanola- 
mine molecular species to the correspond- 
ing phosphatidyl choline species may be 

1A preliminary report of  this study was presented 
at the Federation of American Societies for Experi- 
mental Biology, Atlantic City, April, 1974. 

an important reaction in normal lipid 
metabolism and transport. Relative affini- 
ties for incorporation of the labeled 
methyl groups into the phosphatidyl 
choline fractions of either deficient or 
s u p p l e m e n t e d  r a t s  w e r e :  
22:6>20:4> 18:2. 

INTRODUCTION 

It has been proposed that an important fac- 
tor in the liver triglyceride accumulation that 
accompanies a choline deficiency in the rat re- 
sults from impairment in either the availability 
or metabolism of the choline containing phos- 
phatides for lipoprotein formation (1,2). 

It now is recognized that phosphatidyl 
choline (PC) is not a homogeneous substance 
but consists of molecular species differing from 
each other, principally by the unsaturated fatty 
acid esterified at the 2 position (3,4). 

The evidence suggests that those species con- 
taining oleic and linoleic acids are derived main- 
ly by a direct reaction between cytidine diphos- 
phate (CDP)-choline and a diglyceride, whereas 
those containing arachidonic acid and the more 
highly unsaturated fatty acid (docosahexaeno- 
ic) may be synthesized by the sequential 
methylation of phosphatidyl ethanolamine (PE) 
(5-7). In addition, enzymatic acylation of lyso- 
phosphatidyl choline with the long chain, poly- 
unsaturated fatty acids (8) could be another 
source of these phosphatide species. The rela- 
tive importances of each of the pathways have 
not been established. 

Knowledge about the metabolism of the PC 
species has prompted a number of investiga- 
tions which indicate that choline deficiency 
may alter the normal pathways of formation of 
one or more of the hepatic PC species (9-11). 
Lombardi, et al., (12) and Chen, et al., (13) 
have reported that young rats made choline 
deficient for only 24 hr exhibit liver PC with 
more arachidonic acid than do controls. They 
suggested that, during the early stages of 
choline deficiency, a specific PC subfraction 
may not be available for lipoprotein synthesis. 
In later studies with more severely choline- 
deficient rats, Beare-Rogers (14,15) showed 
that, while liver PC fatty acid composition re- 
mained relatively unaffected, the proportion of 
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TABLE I 

Composition of Diets 

Diet (%) 

-Choline +Choline 
Ingredients -Choline +Methionine +Choline +Methionine 

Soya protein a 20.0 20.0 20.0 20.0 
Cerelose 65.2 65.5 64.9 65.2 
Fortified oil b 1.0 1.0 1.0 1.0 
Cottonseed oil 9.0 9.0 9.0 9.0 
Salt mix c 3.5 3.5 3.5 3.5 
Vitamin mix d 1.0 1.0 1.0 1.0 
Choline choride - - 0.33 0.33 
Methionine - 0.28 -- 0.28 

aSoya assay protein (General Biochemicals, Chagrin Falls, Ohio), vacuum dried, con- 
tains 93% protein and 14.72 mg methionine/g protein (2.74 g methionine/kg diet). 

bFortified oil, 100 g of premix contains in rag: vitamin A acetate, 340; vitamin D, 10; 
and c~-tocopherol acetate, 66.6. 

CSalt mix (19). 
dVitamin mix contains in rag/100 g diet: thiamine.HCl, 0.5; riboflavin, 0.5; pyridoxine" 

HCI, 0.25; calcium pantothenate, 2.0; meso-inositol, 10.0; biotin, 0.01; vitamin K, 0.05; 
folic acid, 0.02; nicotinamide, 2.5; and vitamin BI2 (0.1%), 0.002. 

a rach idon ic  acid in the  PE decreased,  while tha t  
of  the  d o c o h e x a e n o i c  acid increased.  This  ob-  
servat ion has been c o n f i r m e d  (16) ,  and  more  
recent  s tudies  by L y m a n ,  et  al., (17)  have 
shown tha t  the  p r o p o r t i o n  of  a r ach idon ic  acid,  
bu t  no t  its abso lu te  a m o u n t ,  was decreased  in 
liver PE of  cho l ine-def ic ien t  ra ts  because  of  a 
large abso lu te  increase in PE d o c o s a h e x a e n o i c  
acid. Increased  biological  half-lives of  the  PE 
subf rac t ions  f rom chol ine  def ic ient  rats  sug- 
gested t h a t  the convers ion  of  PE to PC was im- 
pai red  possibly because  of l imi ted  avai labi l i ty  
of m e t h i o n i n e  m e t h y l  groups  for m e t h y l a t i n g  
the PE. The  possibi l i ty tha t  m e t h i o n i n e  might  
play an act ive role in d e t e r m i n i n g  the  liver PC 
compo s i t i on  of  chol ine-def ic ien t  rats was indi-  
ca ted  by Beare-Rogers  (18)  who recen t ly  re- 
p o r t e d  that  s u p p l e m e n t a r y  m e t h i o n i n e  was 
more  effect ive  than  chol ine  for  increas ing the  
liver PC a rach idon ic  acid in ra ts  fed a chol ine-  
def ic ien t  diet .  

In view of  the  fact  t ha t  the  p o l y u n s a t u r a t e d  
subf rac t ions  o f  hepa t ic  PC seem mos t  a f fec ted  
by  chol ine  def ic iency and  t h a t  a source  of  
me thy l  groups may be necessary  to ma in t a in  
the i r  no rma l  d i s t r ibu t ion  and  p rope r  concen t r a -  
t ion ,  we in i t i a ted  an inves t iga t ion  of  the  ef fec t  
of  m e t h i o n i n e  and  chol ine  upon  the  synthes i s  
by the  m e t h y l a t i o n  of PE of  the  major  liver and  
plasma PC f rac t ions  in ra ts  fed a low m e t h i o -  
n ine  chol ine-def ic ien t  diet .  

EXPERIMENTAL PROCEDURES 

Male, Long-Evans  ra ts  ( H o r t o n ' s  Labora-  
tories ,  Oakland ,  Calif.) weighing ca. 150 g each  
were sepa ra ted  in to  4 d ie tary  g roups  and  al- 

lowed free access to  water  and  the i r  semipur i -  
fied diets,  wh ich  dif fered on ly  in the i r  chol ine  
and  m e t h i o n i n e  c o n t e n t  (Table  1). 

The  animals  were fed the  semipur i f ied  con-  
t rol  die t  for  4 days prior to  an e x p e r i m e n t .  
They  t hen  were fed the i r  respect ive  exper i -  
men ta l  diets  for 7 days, at  which  t ime  the  ani- 
mals were in jec ted  i n t r ape r i t onea l ly  wi th  8 / JC  
1 4 C | I 3 - m e t h i o n i n e  (in 0.9% sa l ine ) /100  g body  
wt (Amersham/Sea r l e ,  Ar l ing ton  Heights,  I11.). 
The rats  were anes the t i zed  2 and  5 hr a f te r  the  
in jec t ions  wi th  Diabuta l  ( sod ium p e n t o b a r b i t a l )  
and  b lood  w i thd rawn  f rom the  hear t .  Equal 
a m o u n t s  of  b lood  f rom 3 ra ts  were pooled  ac- 
co rd ing  to the  t ime per iod and  the  diet .  Plasma 
was ob t a ined  af te r  cen t r i fug ing  in chil led,  
hepar in ized  cen t r i fuge  tubes .  Livers were re- 
moved,  weighed,  rapid ly  f rozen on  solid ca rbon  
d ioxide ,  and  lyophi l ized  prior  to l ipid ex t rac-  
t ion.  

Lipid Extraction 
Plasma vo lume was measured  and  the  plasma 

ex t r ac t ed  by add ing  it dropwise  to 100 ml 
c h l o r o f o r m - m e t h a n o l  (2 :1 ,  v/v) which con-  
t a ined  0.1 mg h y d r o q u i n o n e  in 95% e thano l .  
The plasma samples  were e x t r a c t e d  fu r t he r  by 
gentle shaking  for 1 hr,  f i l tered,  and  r eex t r ac t ed  
wi th  100 ml c h l o r o f o r m - m e t h a n o l  (2 :1) .  The  
ex t rac t  volume was r educed  to ca. 75 ml in a 
ro ta ry  vacuum e v a p o r a t o r  (Calif. L a b o r a t o r y  
E q u i p m e n t  Co.,  Emeryvi l le ,  Calif.) and  washed  
wi th  an equal  volume of  dist i l led water .  The  
mix tu re  was cen t r i fuged  and  the  aqueous  phase  
r emoved  by aspi ra t ion .  The l ipid phase  was 
t aken  to dryness  and  ex t r ac t ed  i n to  redis t i l led 
p e t r o l e u m  e t h e r  (boi l ing  range 30-55 C) for 
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storage at -20 C until  analysis. All solvents and 
chemicals were reagent grade. 

Lyophilized livers were pulverized and ex- 
tracted twice with the chloroform-methanol 
mixture described above. Solvents were re- 
moved under vacuum, and the lipids were ex- 
tracted into redistilled petroleum ether and 
stored at -20 C until analyzed. 

Phospholipid Separation and Analyses 

Phospholipids were separated by thin layer 
chromatography (TLC) on washed Silica Gel H 
(20) using chloroform-methanol-acetic acid- 
water (25:15:4:2,  v/v/v/v) (21). Phospholipid 
bands were identified under UV light after 
spraying with 0.4% 2',7'-dichlorofluorescein in 
absolute  methanol. Phosphorus and radio- 
activity were determined on each band. Phos- 
phorus in plasma extracts was determined by 
the method of Bartlett (22) while that of liver 
was determined by that of Sumner (23). Radio- 
activity of the silica gel bands scraped from the 
TLC plates was counted in a scintillator- 
dioxane mixture. Unfractionated lipid extracts 
and extracts of the PC subfractions obtained by 
argentation chromatography were counted in 
toluene with added scintillator. 

Fractionation of Liver and Plasma PC 

PC was isolated by TLC with the solvent 
system of Skipski, et al. (21) in sufficient 
amount for separation into subfractions by ar- 
gentation TLC. The PC fractions were eluted 
according to the procedure described by Arvid- 
son (24) and were stored in methanol at 0 C 
u n t i l  rechromatography. Silver-impregnated 
plates were spread to a thickness of 0.5 mm 
with a slurry containing 6.25 g AgNO 3 and 50 g 
Silica Gel H and were activated immediately 
prior to use in a 175 C oven for 18 hr. Ca. 9 mg 
of PC was applied to a 20 x 20 cm TLC plate as 
a narrow band with a Radin-Pelick streaker 
(Applied Science Laboratories, State College, 
Pa.). The plates were developed in chloroform- 
methanol-water, (65:25:4, v/v/v). Bands were 
located by spraying with 0.25% Rhodamine 6G 
in redistilled 95% ethanol and viewing under 
UV light. Areas of fluorescence, as well as a 
plate blank, were scraped into centrifuge tubes 
and eluted 3 times with methanol, then de- 
canted into 250 ml round bottom flasks. The 
eluates were evaporated under vacuum and 
transferred to graduated tubes with a small 
amount of methanol (less than 2 ml) and finally 
rinsed with petroleum ether. Solid choline 
chloride was added to each tube to make sure 
the lower phase was saturated and the methanol 
layer extracted three more times with petro- 
leum ether. Aliquots of the extract were taken 
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for counting and for fatty acid analysis. Re- 
covery of the fractions relative to the amount  
of original PC averaged 94% for liver and 95% 
for plasma. Resolution of the PC fractions was 
similar to what we have reported previously 
(25). The fractions most completely resolved 
were the 18:2 and 20:4 PC. 

Fatty Acid Analyses 

Methyl esters of the fatty acids were pre- 
pared by refluxing the PC in methanol, acidi- 
fied with H2SO 4, for at least 30 rain. One 
volume of water was added, and the methyl 
esters then were extracted into petroleum 
ether. Gas chromatography of the methyl esters 
was performed on a dual column Varian/Aero- 
graph model 1700 chromatograph, equipped 
with hydrogen flame detectors and silanized 
diethyleneglycol succinate (DEGS) columns. 
Calbration of the instrument has been described 
earlier (20). Characterization of the fatty acids 
was made by gas chromatography o f  the methyl 
esters on a polar (20% DEGS) and a nonpolar 
column (3% SE-30). Hydrocarbon chain lengtla 
and unsaturation were confirmed by rechro- 
matographing hydrogenated samples and by 
comparing log plots of the relative retention 
times with those of known standards. The n3 
and n6 families of fatty acids were differen- 
tiated using log plots (26). An internal standard 
of heptadecanoic acid was used in each sample, 
so that a quantitative evaluation of the fatty 
acids present could be made. 

Radioactivity Determinations 

Radioactivities of the PC and its subfractions 
were determined in a Beckman model LS-100 
liquid scintillation counter. Bands of phospho- 
lipid, separated by TLC, were scraped into 
counting vials and counted in a solution of 
0.4% 2,5-diphenyloxazole in dioxane contain- 
ing 10% naphthalene and diluted with 0.2 
volume of water. Efficiency of counting 14C in 
the dioxane mixture was 75%. 

Where applicable, statistical comparisons 
were made using the t test as described by 
Snedecor and Cochran (27). P values less than 
0.05 were considered to be the lowest level of 
significance. 

R ESU LTS 

Distribution of fiver and plasma PC is shown 
in Table II. Since the rats were young adults at 
the start of the experiment, there were no im- 
portant differences among the groups in regard 
to food intake, growth, or liver size. Although 
its concentration was reduced, total liver phos- 
phol ip id  was not affected appreciably by 
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choline deficiency, but, relative to the groups 
being fed choline or methionine, PC concentra- 
tion in deficient rats was reduced significantly, 
while hepatic PE was increased. This effect of 
choline deficiency has been reported previously 
(15,17). Concentrations of total plasma phos- 
pholipids, as well as those of PC were lower in 
the choline-deficient rats than in those animals 
s u p p l e m e n t e d  with either methionine or 
choline. The differences were most pronounced 
for the PC. 

Fatty acid composition of the liver and plas- 
ma PC from the different groups is shown in 
Table III. Choline deficiency had no significant 
effect upon the proportion of either arachi- 
donic or docosahexaenoic acids in the liver PC. 
However, as previously noted by us (17) and by 
others (28), proportions of stearic acid were 
higher and those of linoleic acid lower when 
deficient rats were compared with the groups 
getting the supplements. The significance of 
these fatty acid changes are not  known. 

The fatty acids of the plasma PC in all the 
groups differed from those of the liver, princi- 
pally, by having a higher proportion of linoleic 
acid and a lower proportion of arachidonic 
acid. These differences were intensified by 
choline deficiency, which increased the propor- 
tion of linoleic acid and reduced that of arachi- 
donic acid even further when compared with 
the supplemented groups. 

Differences in the proportions of linoleic 
and arachidonic acids of the PC reflect changes 
in the molecular species of the PC. To evaluate 
quantitative aspects of the changes observed, 
three major fractions, each characterized by its 
con ten t  of either docosahexaenoic (22:6), 
arachidonic (20:4), and linoleic (18:2) acids, 
were isolated from the liver and plasma PC 
from each group of animals. Table IV shows the 
percent and concentration of each of the liver 
and plasma PC fractions. The lower concentra- 
tion of hepatic PC in the deficient animals oc- 
curred mostly from a reduction in the 20:4 and 
18:2 fractions. The concentration of 22:6 PC 
fraction also was depleted by the deficiency, 
but its reduction exerted only a negligible quan- 
titative effect upon the PC. The apparent higher 
proportion of the liver 22:6 PC in deficient ani- 
mals resulted from the decline in other frac- 
tions. These kinds of changes resembled those 
reported by Miller and Cornatzer (29) for liver 
microsomes and mitochondria from rats severe- 
ly depleted of choline and methyl groups. 

All the PC fractions in the plasma of defi- 
cient rats, except the 22:6 PC, were low com- 
pared to supplemented groups. Proportionately, 
however, the concentration of the 20:4 PC frac- 
tion appeared affected more than was the 18:2, 
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TABLE III 

Fatty Acid Composition of Liver and Plasma Phosphatidyl Choline from 
Rats Fed Their Respective Diets 7 Days 
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Fatty acid (wt %) 

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

Liver 

-Choline 21.0 -+ 0.3a, b 26.6 + 0.4 c 2.8 + 0.2 b 12.8 • 0.3 e 28.4 + 0.6 b 3.1 +0.2 b 
-Choline 

+methionine 21.1 + 0.6 22.8 +- 0.8 3.7 • 0.1 17.2 -+ 0.5 27.3 • 0.9 2.9 • 0.2 
+Choline 22.0 • 0.4 22.2 + 0.4 4.3 + 0.1 16.6 +- 0.7 26.8 -2_ 0.7 3.2 • 0.2 
+Choline 

+methionine 20.8-+1.3 23.8-+0.7 3.0-+0.8 15.0-+0.7 28.6+-1.4 3 .0 •  

Plasma 
-Choline 22.0 • 0.4d,b20.3 -+ 0.3 b 4.3 -+ 0.1 b 33.6 -+ 1.7 e 14.9 -+ 1.0 f 2.1 • 0.3 b 
-Choline 

+methionine 21.4 +- 0.7 20.5 -+ 0.9 4.0 -+ 0.6 28.5 -+ 0.3 20.2 -+ 1.0 2.6 -+ 0.2 
+Choline 23.6 +- 0.4 21.3 -+ 1.3 3.6 • 0.2 30.4 • 1.6 17.4 -+ 1.1 2.0 +- 0.3 
+Choline 

+methionine 20.8 • 0.3 22.4 • 0.8 3.8 • 0 24.2 -+ 1.5 22.3 • 1.5 2.7 + 0.3 

aMean • standard error of the mean of eight rats/group. 
bNot significantly different from supplemented groups. 
CSignificantly different from supplemented groups, p<O.01. 
dMean -+ standard error of the mean of two or more separate pools of blood plasma from three 

rats/pool. 
eSignificantly higher than methionine supplemented groups, p<0.01. 
fsignifieantly lower than methionine supplemented groups, p<.001. 

a l though ,  quan t i t a t ive ly ,  the  l a t t e r  was the  
major  p lasma PC f rac t ion .  U p o n  co r r ec t i on  o f  
the  def ic iency by e i the r  m e t h i o n i n e  or chol ine ,  
the  2 0 : 4  f r ac t ion  was increased  more  t h a n  was 
the  18: 2, a l t h o u g h  c o n c e n t r a t i o n s  of  b o t h  plas- 
ma f rac t ions  were increased.  This  was par t icu-  
laxly a p p a r e n t  w h e n  b o t h  cho l ine  and  m e t h i o -  
n ine  were fed. 

The  pe rcen t  of  rad ioac t iv i ty  a d m i n i s t e r e d  as 
1 4 C H 3 - m e t h i o n i n e  and  recovered  i n  the  liver 
and  p lasma PC is s h o w n  in Table  V. The  average 
u p t a k e  of  r ad ioac t iv i ty  by  t he  l iver PC of  the  
chol ine-def ic ien t  an imals  was ca. 75% of  t h a t  of  
the  s u p p l e m e n t e d  groups  bu t  was n o t  con-  
s is tent ly  lower  t h a n  t he  s u p p l e m e n t e d  rats .  
Methy l  grOUl5 u t i l i za t ion  in the  syn thes i s  of  
p lasma PC, however ,  was on ly  ca. 32% of  the  
s u p p l e m e n t e d  groups.  

Specific act ivi t ies  of  the  major  l iver and  plas- 
ma PC f rac t ions  were d e t e r m i n e d  in all g roups  
at 2 and  5 hr in tervals  a f t e r  in j ec t ing  t he  ra ts  
w i th  1 4 C H 3 - m e t h i o n i n e  (Table  V).  These  t ime  
in tervals  were chosen  as the  resul t  o f  a prel imi-  
na ry  e x p e r i m e n t  wh ich  s h o w e d  t h a t  peak  incor-  
po ra t i on  of  the  label  i n to  l iver and  p lasma PC 
occu r red  a r o u n d  2 hr  for  the  22 :6  PC f rac t ion ,  
t hen  dec l ined  rap id ly  the rea f t e r .  M a x i m u m  in- 
c o r p o r a t i o n  i n t o  t h e  o t h e r  l iver PC f r ac t ions  
also occu r r ed  by  2 hr ,  bu t ,  for  p lasma,  i t  was 
la ter  or a r o u n d  5 hr .  Indiv idual  specif ic  activi- 
t ies for  the  hepa t i c  2 0 : 4  and  18 :2  PC f rac t ions  

were  m a i n t a i n e d  re la t ively  c o n s t a n t  dur ing 
these  per iods ,  i nd i ca t i ng  t h a t  exchange  of  t he  
n i t r ogen  base (30)  or  t r a n s a c y l a t i o n  r e a c t i o n s  
(31)  were p r o b a b l y  of  m i n o r  i m p o r t a n c e .  

Table  V shows t h a t ,  in all groups ,  the  2 2 : 6  
f rac t ion  of  b o t h  l iver and  p lasma PC had  t he  
highest  specif ic  ac t iv i ty  of  all t h e  f r ac t i ons  at  
b o t h  t ime  per iods .  The high specif ic  ac t iv i ty  of  
th is  hepa t i c  PC f rac t ion  has been  n o t e d  pre-  
viously (16) .  

A l t h o u g h  chol ine  def ic iency  inc reased  the  
specific ac t iv i ty  of  th is  l iver PC f r ac t i on  com-  
pa red  w i th  o t h e r  groups ,  i t  s ign i f ican t ly  de- 
pressed the  u p t a k e  o f  r ad ioac t iv i ty  b y  t he  2 0 : 4  
and  18 :2  PC f rac t ions .  S u p p l e m e n t a t i o n  w i t h  
e i the r  chol ine  or chol ine  and  m e t h i o n i n e  pre- 
v e n t e d  t he  h igh  ini t ia l  i n c o r p o r a t i o n  of  m e t h y l  
groups by  the  l iver 2 2 : 6  f r ac t ion ,  and  the  incor-  
po ra t i on  o f  the  label  by  the  2 0 : 4  a n d  18 :2  PC 
f rac t ions  was increased  s ignif icant ly .  

T h e  2 2 : 6  PC f rac t ion  f r o m  p la sma  of  
cho l ine-def ic ien t  ra ts  d id  n o t  e x h i b i t  t he  early,  
unusua l ly  h igh  specif ic  ac t iv i ty ,  seen in t he  
fiver, even t h o u g h  specif ic  act ivi t ies  of  th i s  frac- 
t ion  were h igher  t h a n  the  o t h e r  p l a sma  PC frac- 
t i o n s .  M e t h i o n i n e  or  the  c o m b i n a t i o n  of  
m e t h i o n i n e  a n d  cho l ine  increased  t h e  specif ic  
activi t ies of  t he  2 0 : 4  a n d  18 :2  PC f r ac t i ons  
c o n s i d e r a b l y  above  those  in the  def ic ien t  
groups.  This was par t i cu la r ly  t rue  at  t he  5 hr  
per iod.  Chol ine  s u p p l e m e n t a t i o n  s e e m e d  to  
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have less of an effect upon this parameter  than 
did methionine, and, by the 5 hr period,  specif- 
ic activities of the plasma 20:4 and 18:2 frac- 
tions were no higher than those of the deficient 
group. By 5 hr after administering the radio- 
active methionine, specific activities of most of 
the plasma PC fractions had continued to rise, 
so that  they were similar to their respective 
hepatic fractions. 

To see whether certain PC fractions may 
have been formed preferentially when methio- 
nine or choline was made available, the relative 
specific activities of each fraction were calcu- 
lated and are shown in Table VI. In all groups, 
the 22:6 PC of both liver and plasma had a 
disproport ionately high relative activity. This 
was especially evident in the choline-deficient 
animals. Relative specific activities of the plas- 
ma 22:6 PC fraction consistently were higher 
than those of  the liver, indicating, possibly, 
there may have been some selective formation 
and secretion of this PC fraction by the liver, 
even when availability of methyl  groups was 
limited. 

The relative specific activities of the liver 
20:4 PC fraction from choline-deficient rats 
were appreciably lower than those of the sup- 
plemented groups, at least during the early 
period of time. Relative specific activities of 
this plasma fraction in the deficient group were 
slightly higher than those of the liver but  were 
still less than the specific activities seen after 
supplementation. With supplementat ion,  rela- 
tive specific activities of the plasma 20:4 PC 
fraction were quite similar to those of the liver. 
The lowest relative specific activities of the PC 
fractions determined were in the 18:2 PC frac- 
tion of both  the liver and plasma. These data 
indicate, therefore, that  the highest proport ions  
of the methyl lable, when methyl groups are 
made available to choline-deficient rats, are 
used in the synthesis of the 22:6 and 20:4 PC 
fractions with much less appearing in the 18:2 
PC. The relative affinities of incorporat ion of 
the labile methyl groups into the PC fractions 
are 22 :6>20 :4>18 :2 .  If rats are deficient in 
methyl groups, the proport ion of methylat ion 
of the 22:6 fraction is increased, relative to the 
other fractions. 

DISCUSSI ON 

The conversion of  PE to PC by sequential 
methylat ion is the only mechanism known by 
which choline-deficient rats can synthesize PC 
de novo. This reaction depends upon the avail- 
ability of labile methyl groups and is thought to 
lead to the synthesis of PC species containing 
polyunsaturated fat ty  acids, part icularly arachi- 
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donic and docosahexaenoic. Therefore, we 
might expect changes in the proport ions of 
these PC fractions in the livers of rats fed the 
choline-deficient diet. Since no effect upon the 
polyunsaturated fat ty acid pattern of the liver 
PC was evident (Table III), sufficient methio- 
nine must have been provided by the diet 
(0.27%) to maintain resonably normal PC fat ty  
acid patterns but at the expense of a reduced 
liver PC concentration. 

On the other  hand, the concentrat ion of 
plasma PC was not  only reduced by the defi- 
ciency to nearly half that  of the supplemented 
groups, but  the proport ion of arachidonic acid 
in this phospholipid was lowered significantly, 
relative to the supplemented rats. The lower 
proport ion and concentration of this fa t ty  acid 
indicates that  all the PC fractions in the plasma 
were not  depleted uniformly,  and the defic- 
iency affected the arachidonoyl fraction to a 
g r e a t e r  e x t e n t  t h a n  i t  d i d  the others 
(Table IV). 

T h e r e  still  exists controversy regarding 
whether the conversion of PE to PC is impaired 
in choline-deficient rats (11,32). Evidence by 
Rytter  and Cornatzer (9) suggested that  the 
conversion of PE to PC may have been reduced 
in choline-deficient rats. More recently,  Skurdal 
and Cornatzer (33) have shown that  the activity 
of microsomal PE methyltransferase., the en- 
zyme necessary for the methylat ion of PE, was 
decreased in choline-deficient rats. The data in 
Table V also are consistent with the view that,  
in choline deficiency, PC synthesis is impaired. 
In the absence of supplementary methionine or 
choline, methyl  group incorporat ion into PC 
was reduced appreciably in the 20:4 and 18:2 
PC fractions of bo th  liver and plasma. When 
either methionine or choline was fed, the much 
higher specific activity of the predominant  20:4 
PC fraction, when compared with the smaller 
18:2 fraction, was indicative of a high rate of  
methyl group util ization for its synthesis. 

These results suggest the rat synthesizes an 
appreciable amount  of its liver 20:4 PC by 
methylat ion of PE. When choline is omit ted 
from the diet and the supply of labile methyl  is 
limited, overall synthesis of the liver PC frac- 
tions is reduced to a level just necessary to 
maintain the integrity of the membranous 
structures of the liver cell ,  a si tuation accom- 
plished by decreased secretion of PC as a part 
of the l ipoproteins,  into the blood.  The reduced 
proport ion of the plasma 20:4 PC fraction may 
result from a selective retention of 20:4 PC by 
the liver, since most of the l imited labile methyl 
would be used for synthesis of this large PC 
fraction. 

Another  liver PC fraction that  might be ex- 
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pected to be affected by a choline deficiency is 
the 22:6 fraction, since its synthesis also has 
been associated with the methylation pathway 
(34). Previous studies have shown that a 22:6 
PE fraction accumulated in rat liver PE under 
the conditions of choline deficiency (14,17). 
However, the results in Table III and IV show 
that the proportion of this fatty acid in liver 
and plasma PC was unchanged by the dietary 
treatments and the deficiency had only a small 
effect upon its concentration in the liver. With- 
in 2 hr after administering the labeled methio- 
nine to the deficient rats, however, the 22:6 
liver fraction had a specific activity higher than 
the choline supplemented groups. This occurred 
even though the size of the 22:6 PC pool into 
which it entered was similar to that of the con- 
trol (Table V). Thus, while the incorporation of 
labeled methyl groups into the other PC frac- 
tions of deficient animals decreased, it in- 
creased in the 22:6 fraction. Methionine or 
choline supplements shifted the patterns of in- 
corporation from the 22:6 PC toward the 20:4 
PC fraction. 

The rapid decline in radioactivity of this 
fraction suggests it is either quickly incorpora- 
ted into the lipoproteins and secreted into the 
blood or else is converted into other PC frac- 
tions by transacylation reactions. Tinoco, et al., 
(34) proposed that the newly synthesized 
choline could be hydrolyzed and transferred to 
another PC fraction, while the diacylglyceride 
was reutilized for the synthesis of PE. Such a 
mechanism might explain the relatively high 
specific activity and the abnormal accumulation 
of the 22:6 PE fraction in the livers of choline- 
deficient rats when administered radiolabeled 
ethanolamine (17). 

The initially high specific activity of the liver 
22:6 PC fraction was not apparent in the re- 
spective plasma PC fraction from deficient rats 
(Table V). However, when results were ex- 
pressed as relative specific activities (Table VI), 
deficient animals, at both time periods, had a 
higher proportion of radiolabel in both their 
liver and plasma 22:6 PC than did the other 
groups. 

Relative specific activities of the 18:2 liver 
and plasma PC fractions in all groups were 
lower than the other two PC fractions. Forma- 
tion of this PC traction is thought to be pri- 
marily by condensation of CDP-choline with a 
diglyceride (31), so its uptake of radioactivity 
w o u l d  r e s u l t  principally from acylation- 
deacylation reactions and exchange with some 
of the radiolabeled choline. 

It was expected that feeding choline to the 
def ic ien t  animals would have diluted the 
choline labeled with 14C-methyl and thereby 

reduce the incorporation into the liver and plas- 
ma PC fractions. However, specific activities of 
liver PC fractions were relatively unaffected, 
when choline was supplemented (Table V), 
compared with rats fed methionine or choline 
and methionine. Feeding choline increased the 
amount of liver PC, while maintaining its fatty 
acid composition (Table III) the same as the 
other supplemented groups. Choline must not 
have been used directly for synthesizing the 
specific PC fractions, nor must it  have ex- 
changed significantly with the other unsatu- 
rated fractions of PC, since the specific activi- 
ties of the individual liver PC fractions re- 
mained quite stable. Possibly, choline spared 
the limited dietary methionine, which increased 
the conversion of PE to PC to that seen when 
methionine was fed. It is doubtful that choline 
served as a methyl donor, since there is evi- 
dence this reaction does not occur readily (35). 

Plasma PC levels increased appreciably with 
choline supplementation (Table II). However, 
the specific activities of the plasma fractions 
were low compared with those supplemented 
with methionine (Table V). By 5 hr, specific 
activities of the plasma 20:4 and 18:2 fractions 
resembled those of the deficient groups. Only 
when methionine was added to the diet did the 
specific activities of the plasma 20:4 fraction 
and, to a lesser extent, those of the 18:2 in- 
crease until they were comparable to the 
specific activities of their respective liver frac- 
tions. It appeared that the supplemental choline 
provided a pool of PC for export into the plas- 
ma whose origin may not have been the same as 
when methionine methyl groups were provided. 

These results have shown that a deficiency 
of labile methyl groups induced in rats by a diet 
deficient in choline and methionine interferes 
with the normal synthesis of the 22:6 and 20:4 
subfractions of PC. A principal effect of the 
deficiency appears to be to reduce methylation 
of PE and synthesis of the liver 20:4 PC frac- 
tion. Presumably, the 20:4 PC synthesized is 
conserved and used principally for maintaining 
hepatic cell membranes wi~h only limited 
amounts made available for lipoprotein syn- 
thesis. Under the same conditions, the liver 
22:6 PC synthesis increases, apparently, be- 
cause of a greater affinity of this fraction for 
the available labile methyl groups. 

The experiments reported here were con- 
ducted in rats which had an established fatty 
liver, so did not show whether the availability 
of the liver 20:4 PC fraction was related to the 
fat infiltration normally associated with a 
choline deficiency in rats. Although there is evi- 
dence suggesting that a correlation may exist 
(14), a cause and effect relationship between 
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liver fat  in f i l t r a t ion  and  the  r e d u c t i o n  in to ta l  
hepa t ic  2 0 :4  PC has n o t  been  d e m o n s t r a t e d .  

For  the  p resen t ,  however ,  it can be said t ha t  
m e t h i o n i n e ,  as a source  of  labile m e t h y l  g roups ,  
is i m p o r t a n t  in regu la t ing  a n d  m a i n t a i n i n g  t he  

p r o p o r t i o n s  of  specif ic  u n s a t u r a t e d  PC f rac t ions  
and  t r a n s m e t h y l a t i o n  o f  PE to PC m a y  be es- 
sent ial  for  n o r m a l  l ipid m e t a b o l i s m  and  t rans-  
por t .  
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ABSTRACT 

Rats of the Wistar and Sprague-Dawley 
strains were injected with sodium pheno- 
barbital (100 mg/kg body wt/day) for 8 
days. Fecal bile acid excretion was mea- 
sured on days 6 and 8 of the experiment, 
and biliary bile acid composition, hepatic 
microsomal cholesterol, 7a-hydroxylase, 
and  7 a - l iy  dr o x y - 4 - c h o l e s t e n - 3 - o n e  
12a-hydroxylase were determined at the 
end of the study. In the Wistar rat, 
injection of phenobarbital produced a 
doubling of fecal bile acid output (con- 
trols, 5.3 mg/rat/day; treated rats, 10.6 
mg/rat/day) and a two-threefold increase 
in cholesterol 7~x-hydroxylase. The fecal 
bile acid output  of Sprague-Dawley rats 
increased 20% in response to phenobarbi- 
tal (controls, 9.5 mg/rat/day; treated rats, 
11.6 mg/rat/day), The activity of choles- 
t e r o l  7a-hydroxylase remained un- 
changed. In both strains, phenobarbital 
treatment produced a decrease in the 
proportion of cholic acid in total biliary 
bile acids (controls, 85%; treated groups, 
65%). This was associated with a decrease 
o f  7 a - h y d r o x y - 4 - c h o l e s t e n - 3 - o n e  
120~-hydroxylase activity by ca. 50%. 
Biliary cholesterol concentrations were 
reduced in phenobarbital treated rats of 
both strains, but liver cholesterol con- 
centrations remained unchanged. The 
drug produced a 25% increase in liver wt, 
on the average. 

INTRODUCTION 

The administration of pharmacological 
amounts of phenobarbital produces a prolifera- 
tion of the hepatic endoplasmic reticulum 
(1,2). In addition, the barbiturate induces 
microsomal enzymes involved in the hydroxyla- 
tion and demethylation of certain drugs (1). 
The enzyme cholesterol 7a-hydroxylase is re- 
ported to reside within the endoplasmic reticu- 
lure (3,4). This enzyme, which is thought to be 
rate-limiting for bile acid synthesis from choles- 
terol, is not induced by phenobarbital in rats of 
the Sprague-Dawley strain (5). Shefer, et al., (6) 
and Wada, et al., (7) confirmed these results in 

the Sprague-Dawley strain but found that phe- 
nobarbital enhanced cholesterol 7a-hydroxylase 
in male Wistar strain rats. In Sprague-Dawley 
rats, phenobarbital produces a decrease in the 
activity of the microsomal 12a-hydroxylase, an 
enzyme of possible importance in the regula- 
tion of the ratio of cholic acid to chenodeoxy- 
cholic acid in bile (5,8). The response of this 
enzyme to phenobarbital in the Wistar rat has 
not been studied. 

The present study was designed to find out, 
for the first time, whether the observed differ- 
ential effect of phenobarbital upon cholesterol 
7a-hydroxylase in the two strains of rats also 
was associated with a similar differential effect 
upon bile acid production. For this purpose, 
the effect of phenobarbital upon the activity of 
cholesterol 7c~-hydroxylase and bile acid output  
was measured in the same animals. In addition, 
for the first time, we have correlated the 
amount of biliary cholic acid with the micro- 
somal 12a-hydroxylase activity in phenobarbi- 
tal-treated rats. 

EXPERIMENTAL PROCEDURES 

Treatment of Animals 

Male Wistar rats weighing 225-235 g were 
obtained from the Otisville Laboratory, New 
York City Health Department. Male Sprague- 
Dawley-derived rats of ca. the same wt were 
purchased from Charles River Breeding Labora- 
tories, Wilmington, Mass. The animals were 
placed into metabolic cages which allow for 
quantitative feces collection and were fed a 
stock diet of Rockland rat chow supplemented 
with 5% corn off. The rats had access to water 
ad lib. 

At 9 a.m., the rats were injected intraperi- 
toneally with sodium phenobarbital (Merck, 
Darmstadt, Germany) (25 mg/ml) dissolved in 
0.9% sodium chloride. The dose was 100 mg/kg 
(25 mg/250 g) of body wt (1 ml sodium 
phenobarbital solution). Control animals were 
injected with 1 ml 0.9% sodium chloride 
solution. The animals were injected daffy during 
the 8 day experimental period. Feces were 
collected on day 6 and day 8. On day 8, the 
rats were weighed and anesthetized with Dia- 
butal (Diamond Laboratories, Des Moines, 
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Iowa), and cannulas were inserted into the 
common bile ducts. Bile was collected for 1 hr. 
The rats were killed by exsanguination, and 
their livers were excised and weighed. A suita- 
ble port ion of liver was used for the preparat ion 
of the microsomal fraction. 

Preparation of Liver Microsomes 

The liver tissue was blot ted dry on sterile 
gauze, weighed, and put  into a 15 ml centrifuge 
tube in the amount  of homogenizing medium 
necessary to obtain a solution of  ca. 40% (w/v) 
concentration. Temperature was maintained be- 
tween 0-5 C during preparation of the micro- 
somes. The homogenizing medium contained 
0.3 M sucrose, 75 mM nicotinamide, 2 mM 
ethylenediaminetetraacetic acid (EDTA), and 
20 mM mercaptoethanol.  The tissue was ho- 
mogenized with a loose fitting Teflon pestle 
(radial clearance, 0.5 mm). The whole homoge- 
nate was centrifuged at 11,000 x g for 10 min 
to sediment nuclei, cell debris, and the mito- 
chondrial fraction. The supernatant solution 
was centrifuged at 100,000 x g. The superna- 
tant solution was decanted, and the sedimented 
microsomal pellet was homogenized in the 
same tube with homogenizing medium to 
give a solution of 40% (w/v) concentration. The 
microsomal suspensions were used for the assay 
of cholesterol 70~-hydroxylase and 12a-hy- 
droxylase. The microsomal protein concentra- 
t ion was determined by the method of Lowry, 
et al., (9). A typical preparation had a concen- 
trat ion of  ca. I 0 mg/ml. 

Labeled Compounds 

(4 -14C)-Cholesterol (New England Nuclear, 
Boston, Mass.)was purified by column chroma- 
tography on silicic acid (Bio-Rad Laboratories, 
Richmond, Calif.) in the presence of unlabeled 
7or- and 7/3-hydroxycholesterol as previously 
described (10). 

3 (H) -7  a - H y  dr  o xy-4-cholesten-3-one was 
synthesized by the method of Bj6rkhem from 
(3H)-chenodeoxycholic acid (New England 
Nuclear), specific radioactivity 800 mCi/ 
mmole, by electrolytic coupling with isovaleric 
acid, oxidat ion of the resulting 3a,7a-dihy- 
droxy-5/3-cholestane with aluminum tert-bu- 
toxide and dehydrogenation of  the 7a-hy- 
droxy-5/3-cholestane-3-one with selenium dioxide 
(11). 

Reference Compounds 

5a-Cholestane (Applied Science Labora- 
tories, State College, Pa.) was used as an 
internal standard for gas liquid chromatography 
(GLC).  

3a,7a-Dihydroxy-12 keto-5/3-cholanoic acid 

was used as internal standard to correct for 
analytical losses of fecal bile acids. 

7 a -  Hydroxy-4-cholesten-3-one (unlabeled) 
was prepared in the same manner as the labeled 
compound (11). 

7a ,1  2a-Dihydroxy-4-choles ten-3-one was 
synthesized as described by Bers6us, et al., (12) 
by electrolytic coupling of cholic acid with 
isovaleric acid. 

For  the preparation of 7a-hydroxycholes-  
terol, a mixture of 7a- and 7/3-hydroxycho- 
lesterol was obtained by the reduction of 7- 
ketocholesterol  (Schwarz-Mann, Orangeburg, 
N.Y.) with sodium borohydride,  followed by 
separation of the epimers by preparative thin 
layer chromatography (TLC) on silica gel 
(Analtech, Wilmington, Del.) (13). 7a-Hydroxy- 
cholesterol was purified further by column 
chromatography on deactivated silicic acid (13). 

Assay of Cholesterol 7a-Hydroxylase Activity 

Incubations of the microsomal enzyme were 
carried out  using (4-14C)-cholesterol as sub- 
strate. The substrate consisted of (4 -14C) cho- 
lesterol (5 x 105 dpm, 5 x 10 .6 M, 2 nmoles/ 
tube) and unlabeled cholesterol (100mmoles/  
tube) which was solubilized with cutscum 
(Fisher Scientific Co., Springfield, N.J.) asprevi- 
ously described (14). The assay system con- 
tained, in a total  volume of 0.5 ml: 0.15 ml 
of an NADPH-generating system (70 mM potas- 
sium phosphate buffer, pH 7.4; 4.5 mM MgC12 ; 
1.25 mM nicotinamide adenine dinucleotide 
phosphate, oxidized form [NADP];  2.5 mM 
glucose-6-phosphate; 5 units glucose-6-phos- 
phate dehydrogenase); 0.15 ml medium con- 
taining the solubilized cholesterol substrate; 
and 0.2 ml microsomal protein. Incubation 
was carried out in the dark at 37 C for 20 rain. 
The reaction was stopped by the addition of 
15 volumes of methylene chloride-ethanol 
(5:1; v/v). The reaction product ,  7a-hydroxy-  
cholesterol, was extracted, separated by  TLC, 
and the radioactivity determined. Enzyme ac- 
tivity was expressed as dpm incorporated into 
7a-hydroxycholesterol /mg protein/rain. The 
mass of 7a-hydroxycholesterol  formed also 
was measured directly by an isotope derivative 
method (15). 

Assay of Microsomal 12a-Hydroxylase Activity 

The procedure used was that  of Einarsson 
w i t h  modificat ions (16). The substrate, 
(3 H)-7 a - h y  d ro  x y - 4 - c h o l e  st en-3-one (150 
nmoles; specific activity, 550 dpm/nmole)  was 
mixed with 0 .3  ml bovine albumin solution 
(containing 0.6 mg albumin) and left at room 
temperature for 10 min before incubation. The 
standard assay system contained in a volume of  
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2.2 ml: 1 ml NADPH-generating system (70 
mM potassium phosphate buffer, pH 7.4; 2.25 
mM MgC12 ; 1.25 mM NADP + ; 2.5 mM glucose- 
6-phosphate, 5 units glucose-6-phosphate dehy- 
drogenase); 150 nmoles (3H)-7~-hydroxy-4- 
cholesten-3-one mixed with 0.6 mg albumin; 
and 0.5 ml microsomal suspension (ca. 5 mg 
protein). 

Incubations were carried out in air at 37 C 
for 20 rain with shaking and terminated by the 
addition of 2 ml methanol. Water (2 ml) was 
added, and the reaction products were ex- 
tracted twice with 20 volumes of chloroform- 
methanol (3:1 ; v/v). 

TLC 

The chloroform extract was evaporated 
under nitrogen and applied to a Silica Gel G 
(Analtech) thin layer plate with unlabeled 
7a-hydroxy4-cholesten-3-one and 7a, 12a-di- 
hydroxy-4-cholesten-3-one added as carriers. 
The plates were developed at room temperature 
using ethyl acetate-benzene (6:4; v/v). The 
compounds were made visible by exposing the 
plate to iodine vapors (7a,12a-dihydroxy-4- 
cho les t en -3 -one ,  Rf 0.36; 7~-hydroxy-4- 
cholesten-3-one Rf = 0.78) and counted for 
radioactivity. Enzyme activity was expressed as 
p m o l e s  7a, 12~-dihydroxy-4-cholesten-3-one 
formed/mg protein/min. A zero-time control 
was run for each experiment. 

The TLC separations of the bile acids were 
carried out as previously described (17-19). 

GLC 

Separations of the trimethylsilyl ethers of 
the fecal bile acids and neutral sterols by GLC 
were carried out as previously described 
(17-19). 

Biliary bile acids were analyzed as the 
trifluoroacetate derivatives prepared with tri- 
fluoroacetic anhydride (Pierce Chemical Co., 
Rockford, Ill.). Quantitation of the trifluoro- 
acetates was carried out on a 3% QF-1 column 
on 100-120 mesh Supelcoport (Supelco, Belle- 
fonte, Pa.) using external standards. Operating 
temperatures for the column, inlet, and de- 
tector were 230 C, 245 C, and 245 C, respec- 
tively. 

Methods for Isolation and Quantitation of 
Acidic Steroids from Feces 

The methods for the isolation of the fecal 
bile acids have been described in detail (17,18). 
Quantitation of the material in the acidic 
steroid fraction was carried out by GLC of the 
trimethylsilyl ethers. 5a-Cholestane was added 
as an internal standard. Correction for losses 
during the procedure was made using 3a,7a- 

B.I. COHEN, R.F. RAICHT, G. NICOLAU, AND E.H. MOSBACH 

dihydroxy-12-keto-513-cholanoic acid as an in- 
ternal standard. ]3-Sitosterol was used to correct 
for fecal flow (17). 

Liver and Biliary Cholesterol Concentration 

These methods have been described in detail 
(17). Quantitation was carried out by GLC 
using the trimethylsilyl ether derivatives. 

Isolation and Quantitation of Biliary Bile Acids 

A sample of bile (0.1 ml) was mixed with 2 
ml 2N NaOH and heated in an autoclave for 3 
hr at 16 psi. The solution was cooled in ice and 
acidified with HC1 to pH 1-2. The bile acids 
were extracted with chloroform. Solvents were 
evaporated and the bile acid methyl esters 
prepared using methanol-5% HC1 as previously 
described (17). Quantitation of the biliary bile 
acids was carried out by preparation of the 
trifluoroacetates. 

Measurement of Radioactivity 

For radioactivity determinations, samples 
were placed into scintillation vials containing 
0.3 ml water, and 14 ml scintillation solution 
containing 5 g 2,5-diphenyloxazole and 100 g 
naphthalene/liter dioxane was added. The sam- 
ples were counted in a Beckman LS 200B liquid 
scintillation system. Corrections for back- 
ground, crossover, and quench were made 
where required. 

RESULTS 

Rats of both strains were injected with 
sodium phenobarbital daily during the 8 day 
experimental period. Control animals of both 
strains were studied concurrently. The animals 
in each group had similar initial wt (229-236 g). 
The Sprague-Dawley rats gained an average of 
56 g during the experimental period, while the 
Wistar rats gained only 21 g on the average. The 
average daily food intake of the Sprague- 
Dawley rat was 27 g/day, while the Wistar rats 
on the same diet ingested only 20 g/day. The 
average daily fecal output  of the Sprague-Daw- 
ley rats was 8.5 g]day and of the Wistar rats was 
5.2 g/day. 

The results in Table I compare the choles- 
terol concentrations in the liver and bile of the 
rats at the time of sacrifice. Liver cholesterol 
concentrations were similar in the phenobarbi- 
tal and control groups of both strains of rat. 
Bihary cholesterol concentrations were signifi- 
cantly lower in the phenobarbital-treated ani- 
mals (0.12 mg/ml in Wistar group and 0.14 
mg/ml in the Sprague-Dawleys) as compared to 
the controls (0.21 mg/ml in the Wistars and 
0.23 mg/ml in the Sprague-Dawley rats). Plasma 
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TABLE I 

Effects of Phenobarbital upon Cholesterol Concentration in Liver, Plasma, and Bile 

171 

Liver cholesterol Bile cholesterol Plasma cholesterol 
Number of animals Liver wt concentration b concentration b concentration b 

and treatment a (g) (mg/g) (mg/ml) (rag/100 ml) 

Wistar-phenobarbital 
treated 

5 

Average +_ SEM c 
Range 

Wistar-control 

3 
Average -+ SEM 

Range 

Sprague-Dawley- 
phenobarbital treated 

13.5 d + 0.50 1.98 -+ 0.04 0.12 d + 0.00 71 +~ 2.8 
12.7 -- 15.3 1.87-- 2.10 0.11 --0.13 65-- 80 

9.9 +0.83 2.06-+0.33 0.21 + 0.03 69 • 1.3 
8.8 - 11.5 1.61--2.70 0.16 --0.24 6 7 -  70 

5 

Average +- SEM 17.5 e + 0.69 1.90 + 0.32 0.14 e -+ 0.01 80 • 2.7 f 
Range 17.0 - 18.6 1 .57-  2.20 0.12 - 0 . 1 6  7 4 - 8 8  f 

Sprague-Dawley- 
control 

3 
Average +_SEM 13.5 + 0.50 2.10 +0.16 0.23 -+0.04 86+- 3.0 f 

Range 12.5 -- 14.2 1 .94-2 .27  0.21 --0.24 7 0 - 9 7  f 

aWistar and Sprague-Dawley rats were fed a stock diet of rat chow supplemented with corn oil. 
The rats were injected with sodium phenobarbital (100 mg/kg body wt) each day during the 8 day 
experimental period. 

bThe cholesterol concentrations in liver, bile, and plasma were determined at the end of the 
experiment. 

CSEM = standard error of the mean. 
dDiffers from Wistar control group (p<0.01). 
edifiers from Sprague-Dawley control group (p<0.0 I). 
fValues reported are for rats studied under similar conditions. 

choles terol  of  the  Wistar rats was no t  changed 
significantly by phenobarb i t a l  adminis t ra t ion .  

The  fecal acidic s teroid o u t p u t  was deter-  
mined  on day 6 and day 8 of  the exper imenta l  
per iod.  These results  are summar ized  in Table 
II. A significant increase in daily fecal acidic 

s teroids was observed in the  Wistar rats t rea ted  
wi th  phenobarb i t a l  (5.3 mg / ra t /day  to  10.6 
mg/ ra t /day ,  p<0 ,01 ) .  In the  Sprague-Dawley 
strain,  phenobarb i t a l  adminis t ra t ion  caused 
only a slight increase in the  fecal acidic s teroin  
o u t p u t  (9.5 mg/ ra t /day  to  11.6 mg / ra t /day ,  
p ) '0 .01) .  

The act ivi ty of  the ra teq imi t ing  enzyme  o f  
bile acid synthesis  (choles terol  7a -hydroxylase )  
was measured  in b o t h  strains of  rats and is 
summar ized  in Table II. In the  Wistar strain 
t rea ted  wi th  phenobarb i t a l ,  we found  the  cho-  
lesterol  7a -hydroxylase  act ivi ty to  be enhanced ,  
averaging 2-3 t imes  tha t  of  the  cont ro ls  (13.5 
p icomoles  7a -hyd roxycho le s t e ro l  f o r m e d / m g  
p ro t e in /min  in t rea ted  rats and 5.8 in the  
contro ls )  (6). Similar e n h a n c e m e n t  of  enzyme  

activity (22 p m o l e s / m g  p r o t e i n / m i n  for the  
t rea ted  rats as co mp a red  to 10.5 for  cont ro ls )  
was ob ta /ned  when  using the i so tope  derivative 
m e t h o d  (15). The Sprague-Dawley rats showed  
no significant d i f ferences  in enzyme  activity 
b e t w e e n  con t ro l  and phenobarb i t a l - t r ea ted  
animals. The slight decrease in en zy me  activi ty 
in the  t rea ted  group was within the  error  l imits 

o f  the  assay. The Sprague-Dawley strain does 
no t  show the  increased en zy me  activi ty for  
choles terol  7a -hydroxylase  observed in the  
Wistar strain. 

The activity of  the  microsomal  7a -hyd roxy -  
4-choles ten-3-one  12a-hydroxy lase  was com-  
pared to  the  percen t  o f  cholic  acid in the  bile o f  
the  phenobarb i t a l  and con t ro l  rats. The results  
are summar ized  in Table III. A 55% decrease in 
the 12a-hydroxylase  activity was found  in the  
phenobarb i t a l - t r ea ted  Wistar rats,  and a slightly 
smaller decrease (40N) was found  in the  pheno-  
barbi ta l - t rea ted  Sprague-Dawley rats co mp a red  
to  the  controls .  The con t r ibu t ion  of  cholic acid 
to to ta l  biliary bile acid decreased f rom 85% in 
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TABLE II 

Effects of Phenobarbital upon Fecal Acidic Steroid Output and Cholesterol 7a-Hydroxylase Activity 

Daily acidic Cholesterol 7a-Hydroxylase 
Number of Number of fecal steroid output a activity b (day 8) 

Animal and treatment animals pools mg/rat/day pmoles/mg protein/min 

Wistar-phenobarbital 
5 10 treated 

Average + SEM 10.6 c + 0.87 13.5 c +_ 1.1 
Range 8.0 -- 13.2 11.6 -- 17.1 

Wistar-control 3 6 

Average -2_ SEM 5.3 + 0.51 5.8 -+ 0.4 
Range 4.1 - 7.3 4.6 -- 6.4 

Sprague-Dawley- 5 10 

phenobarbital treated 

Average + SEM 11.6 +- 0.52 10.4 +_ 1.1 
Range 8.55 - 13.05 8.7 -- 14.1 

Sprague-Dawley- 3 6 
control 

Average + SEM 9.5 + 1.25 12.1 -+ 0.4 
Range 5.25 -- 13.23 10.6 -- 13.5 

aRat feces were dried and weighed, and an aliquot was extracted with ethanol to remove the neutral and 
acidic steroids as described previously (17). The acidic steroids were isolated and purified by thin layer chroma- 
tography. Quantitation was accomplished by gas liquid chromatography of the trimethylsilyl ether derivatives. 
The values reported were corrected for losses using 3a, 7c~-dihydroxy-12-keto-5/3-eholanoic acid as internal 
standard as described. 

bThe activity of cholesterol 7a-hydroxylase -+ standard error of the mean (SEM) of Wistar and Sprague- 
Dawley rats was determined at the end of the 8 day experimental period. 

CDiffers from Wistar control group (p<O.01). 

b o t h  strains of  con t ro l  animals to ca. 65% in 
the  phenobarb i t a l - t r ea ted  groups.  The fol lowing 
bile acids p r e d o m i n a t e d  in the  bite o f  b o t h  
strains: cholic,  chenodeoxycho l i c ,  deoxychol ic ,  
c~-muricholic, and/3-muricholic .  

DISCUSSION 

It has been suggested tha t  phenobarb i t a l  is 
potent ia l ly  useful in the  t r ea tmen t  of  gall- 
s tones,  since it p roduces  a significant lower ing 
of  the  relative choles terol  concen t r a t ion  in the  
bile in t rea ted  animals (20-22).  We have con- 
f i rmed this f inding:  biliary choles terol  concen-  
t ra t ions  of  t rea ted  rats o f  b o t h  strains were 
decreased significantly.  This decreased biliary 
choles terol  has been expla ined on the  basis o f  
an increased bile-salt i n d e p e n d e n t  f low (22). It 
also has been  suggested tha t  phenobarb i t a l  
increases bile acid pool  size in the  rat (23). The 
increase in pool  size along wi th  the  decreased 
biliary choles tero l  concen t r a t ion  seems to  indi- 
cate that  phenobarb i t a l  could increase choles- 
terol  solubil i ty in bile. Other  s tudies  have 
shown,  however ,  that  phenobarb i t a l  adminis t ra-  
t ion does n o t  reduce the  sa tura t ion of  choles-  
terol  in the bile o f  the hams te r  (21) or in man 
(20) and tha t  its value as a the rapeu t ic  agent  in 

gallstone disease should  be recons idered .  In the  
rat,  we also have found  tha t  the  choles terol  
concen t ra t ions  in b o t h  liver and  plasma re- 
mained near  normal  af ter  phenobarb i ta l ,  
t hough  the wt of  the  liver increased signifi- 
cant ly  (ca. 25%). The increase in liver wt has 
been  a t t r ibu ted  to  a p roh fe ra t ion  of  the  s m o o t h  

endoplasmic  re t icu lum (1-3). 
Cholesterol  7c~-hydroxylase, the  rate-l imit ing 

enzy me  of  bile acid synthesis ,  is associated wi th  
the endoplasmic  re t icu lum (3). Its activity has 
been  repor ted  to  ref lect  the  rate of  bile acid 
synthesis  in vivo (17). The present  s tudy  shows 
tha t  phenobarb i t a l  admin is t ra t ion  increased the  
fecal bile acid o u t p u t  in the  Wistar rat  by 100% 
but  only  by 20% in the  Sprague-Dawley strain. 
The activity o f  the  rate- l imit ing en zy me  of  bile 
acid synthesis  was measured  in b o t h  strains of 
rat using the  i so tope  inco rpo ra t ion  m e t h o d .  
Cholesterol  7a -hydroxylase  ac t iv i ty /mg pro te in  
was found  to  be elevated in the Wistar strain 
(6) bu t  remained  near  normal  levels in the  
Sprague-Dawley strain. Thus,  the  act ivi ty of  
choles terol  7a -hydroxylase  seems to reflect  the  
b iosyn the t ic  s ta te  in vivo. 

The rats in this s tudy also have been  
examined  to de te rmine  whe the r  a corre la t ion 
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TABLE III 

Activity of Mierosomal 7a-Hydroxycholest-4-en-3-one 12c~-Hydroxylase and 
Amount of Cholic Acid in Bile 

173 

12cz-Hydroxylase Amount of cholic 
activity a acid in bile b 

Animal and treatment pm/mg protein/min percent of total 

Wistar-phenobarbital treated 

Average -+ SE c 51 d -+ 5.3 65 d + 2.3 
Range 43-61 57-70 

Wistar-control 

Average -+ SE c 113+ 3.5 85 -+ 1.0 
Range 109 - 116 83-87 

Sprague-Dawley- 
phenobarbital treated 

Average + SE c 33 + 5.2 66 e + 5.6 
Range 23-46 51-73 

Sprague-Dawley-control 

Average + SE c 47 +- 6.5 85 -+ 1.0 
Range 38-55 82-86 

aThe activity of the microsomal 12cr of both strains of rat was determined 
at the end of the experimental period (day 8). 

bThe total biliary bile acids were determined by gas liquid chromatography of the tri- 
fluoroacetate derivatives of the bile acid methyl esters. The numbers represent the average 
amount of cholic acid (and its bacterial metabolite deoxycholic) in the bile of the pheno- 
barbital and control animals. 

CSE = standard error. 
dDiffers from Wistar control group (p<0.01). 
edifiers from Sprague-Dawley control group (p<0.01). 

exis ted  b e t w e e n  the  act iv i ty  of  t he  mic rosoma l  
12c~-hydroxylase and  the  a m o u n t  of  chol ic  acid 

in the  bile. It had  been  r e p o r t e d  that t he  
12ct-hydroxylase was cons ide red  an i m p o r t a n t  
f a c t o r  which  migh t  regulate  the  a m o u n t  o f  
chol ic  acid in  the  bile. In our  s tudy ,  Wistar and  
Sprague-Dawley rats  t r e a t ed  w i th  p h e n o b a r b i t a l  
s h o w e d  a decrease in specif ic  aci t ivi ty  of  
12t~-hydroxylase of  55% and 40%, respect ive ly ,  
as c o m p a r e d  to con t ro l  an imals  in each  strain.  
The  p h e n o b a r b i t a l  also p r o d u c e d  an acute  
change in t he  composition of  the  bi l iary bile 
acid pool.  The  a m o u n t  of  t au rocho l i c  acid in 
the  bile decreased  f r o m  an  average of  85% of  
to t a l  bile acids in the  con t r o l  animals  to  ca. 
65% in the  p h e n o b a r b i t a l - t r e a t e d  g roup .  I t ,  
t he re fo re ,  appears  t ha t  t he  m e a s u r e m e n t  of  t he  

in  vi t ro  ac t iv i ty  of  the  mic rosoma l  12ct-hy- 
droxylase  may  have value  in e s t ima t ing  t he  
relat ive p r o p o r t i o n  of  t au rocho l i c  acid in t he  
bile of  the  rat.  E ina r s son  and l o h a n s s o n  (5)  
r e p o r t e d  the  i m p o r t a n c e  of  the  12t~-hydroxyl-  
ase in regula t ing  chol ic  acid f o r m a t i o n .  Othe r s  
also have r e p o r t e d  t h a t  t he  ac t iv i ty  of  
12c~-hydroxylase decreased w i th  p h e n o b a r b i t a l  
t r e a t m e n t ,  bu t  the  c o m p o s i t i o n  o f  the  bi l iary  
bile acids was n o t  measu red  (8 ,24) .  The  ac t iv i ty  
of  the  mic rosoma l  12a -hydroxy la se  is k n o w n  to  

be a f fec ted  by  t he  t h y r o i d  s ta te .  In rats ,  
t r e a t m e n t  wi th  t h y r o i d  h o r m o n e  decreased  t he  
ac t iv i ty  o f  the  120t-hydroxylase (25 ,26) .  The  
decrease in ac t iv i ty  was n o t  suf f ic ien t  to  ac- 
c o u n t  for  the  drast ic  r e d u c t i o n  in the  t au ro -  
cholic  acid level of  t he  bile;  the  au tho r s  
c o n c l u d e d  t h a t  t h e  ra t io  of  12~t /26-hydroxylase  

7c~-hydroxy eh olest-4-en-3-one 12a-hydroxylase 

3c~, 7a-dihydroxy-5fl-cholestane 26-hydroxylase 

act ivi ty  d e t e r m i n e d  the  a m o u n t  of  cholic  acid 
in  the  bile (15) .  In  con t r a s t ,  t he  decrease  o f  
120t-hydroxylase act iv i ty  in  the  p h e n o b a r b i t a l -  
t r e a t ed  ra ts  a lone  seems to be suff ic ient  to  
a c c o u n t  for  the  m o d e r a t e  decrease in b i l ia ry  
chol ic  acid sec re t ion  (Table  III).  

The  bi l iary bile acids were ana lyzed  as t he  
t r i f l uo roace t a t e  derivatives.  The  ma jo r i t y  of  the  
to ta l  bi l iary bile acids were t r i h y d r o x y  bile 
acids (ca. 88% in the  con t ro l  groups  and  ca. 
72% in the  p h e n o b a r b i t a l - t r e a t e d  rats) .  Using 
Wistar rats ,  Paumgar tne r ,  e t  al., (27)  r e p o r t e d  
t h a t  t he  t r i h y d r o x y  bile acid f r ac t ion  o f  t he  bile 
compr i sed  on ly  35% of  the  bi l iary bile acids in  
b o t h  t he  p h e n o b a r b i t a l  a n d  con t ro l  animals .  In  
these  e x p e r i m e n t s ,  n o  change  in bi l iary  bile acid 
c o m p o s i t i o n  was obse rved  w i t h  p h e n o b a r b i t a l  
t r e a t m e n t  of  3 or  7 days. The  r ea son  for  the  
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failure o f  p h e n o b a r b i t a l  to  al ter  the  bil iary bile 
acid c o m p o s i t i o n  in these  e x p e r i m e n t s  m i g h t  be 
a t t r i b u t e d  to  the  lower  dose o f  p h e n o b a r b i t a l  
u sed  (4 m g / 1 0 0  g b ody  wt c o m p a r e d  to 10 
rag /100  g b o d y  wt in ou r  e x p e r i m e n t s ) .  

F r o m  these  e x p e r i m e n t s  in t he  Wistar  and  
Sprague-Dawley  rats ,  it  s e ems  l ikely t ha t  t he  in 
vi t ro assay o f  cho les te ro l  7 a - h y d r o x y l a s e  activ- 
i ty  ref lec ts  the  s ta te  o f  bile acid syn the s i s  in 
vivo an d  t h a t  the  in vi t ro ac t iv i ty  of  the  
m i c r o s o m a l  1 2 a - h y d r o x y l a s e  ref lects  the  pro-  
p o r t i o n  o f  cholic acid p re sen t  in the  bile. 
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Incorporation of Radioactive Polyunsaturated Fatty Acids 
into Liver and Brain of Developing Rat 
A.J. SI NCLAI R 1 , Nuff ield Institute of Comparative Medicine, 
The Zoological Society of London, Regent's Park, London, N.W.1 

ABSTRACT 

The incorporat ion of radioactivity 
from orally administered linoleic acid- 
1-14C, linolenic acid-1-14C, arachidonic 
acid-3Hs, and docosahexaenoic acid A4C 
into the liver and brain lipids of suckling 
rats was studied. In both tissues, 22 hr 
after dosing, 2 distinct levels of incorpo- 
ration were observed: a low uptake (from 
18:2-1-14C and 18:3-1-14C) and a high 
uptake (from 20:4-3H8 and 22:6-14C). 
In adult rats, the incorporat ion of radio- 
activity into brain lipids from 18:2-1-14C 
and 20:4-3H was considerably lower than 
the incorporation into the brains of the 
young rats. In the livers of the suckling 
rats, the activity from the 18 carbon acids 
was associated mostly with the triglycer- 
ide fraction, whereas the activity from 
the 20:4-3H8 and 22:6-14C was concen- 
trated in the phospholipid fraction. In the 
brain lipids, the activity from the differ- 
ent fatty acids was associated predomi- 
nantly with the phospholipids. In the liver 
and brain phospholipid fat ty acids, some 
of the activity in the 18:2-1-14C and 
18:3-1-14 C experiments was associated 
with 20 and 22 carbon polyunsaturated 
fat ty acids; however, radioactivity from 
o r a l l y  admin i s t e r ed  20:4-3H8 and 
22:6-14C was incorporated intact into 
the tissue phospholipid to a much greater 
extent  compared with the incorporat ion 
of radioactivity into 20:4 and 22:6 in the 
e x p e r i m e n t s  where 18:2-1A4C and 
18:3-1-14C, respectively, were adminis- 
tered. Possible reasons for these differ- 
ences are discussed. Rat milk c o n t a i n s  a 
wide spectrum of polyunsaturated fat ty 
acids, including linoleate, l inolenate, 
a rach idona te ,  and docosahexaenoate.  
During the suckling period in the rat, 
there is a rapid deposition of  20:4 and 
22:6 in the brain. The results of  the 
present experiments suggested that die- 
tary 20:4 and 22:6 were important  
sources of brain 20:4 and 22:6 in the 
developing rat. 

1present address: The Russell Grimwade School of 
Biochemistry, University of Melbourne, Victoria, Aus- 
tralia. 

I NTRODUCTION 

Long chain polyenoic fat ty  acids are of 
particular interest in relation to the mammalian 
brain, since, in a wide variety of mammals, the 
brain grey matter  phosphoglycerides are charac- 
terized by the presence of  large amounts of 
20:4606, 22:4w6, and 22:6603 and by low 
levels of 18:26o6 and 18:3w3 (1). In the 
laboratory rat, a significant proport ion of  brain 
development occurs during the suckling period 
(2) and more than 70% of the long chain 
polyenoic fatty acids (20:4 and 22:6) in the rat 
brain are laid down by the end of the suckling 
period (3,4). Rat milk contains both  linoleate 
and 1.inotenate, as well as their longer chain 
metabolic products ,  such as 20:3606, 20:4606, 
22:4606, 20:5603, 22:5603, and 22:6603 (4,5). 

To investigate the possible role of dietary 
polyenoic fat ty acids in contributing to brain 
Iipids, we have examined the tissue uptake of  a 
series of radioactive fat ty  acids which were 
administered orally to suckling rat pups. Some 
preliminary results of these experiments have 
been published elsewhere (5,6). 

METHODS A N D  MATERIALS 

Animals and Diets 

Rat pups, 16-17 days old, were used in these 
experiments.  They were bred from female rats 
of the Wistar strain which were maintained on a 
semisynthetic diet (7). The diet contained 
14.4% of  i t s  ca lor ies  as fat, w h i c h  was a rnixture 
of soybean oil and linseed oil (SBOL) (5 : 1, v/v) 
and the linoleic:linolenic ratio in the diet was 
3.3:1. The animals were mated when ca. 4 
months old. During the first 24 hr after birth, 
large litters were reduced to 9 pups, and, if the 
size of  the litter fell below 6 during the suckling 
period, the litter was not  used. Owing to the 
association between l i t ter  size, body growth, 
and the extent  of brain development in rats (2), 
the l i t ter size was controlled in the above 
manner so that  results from different litters 
could be compared. Three adult  female rats 
(300 g) also were used after they had been on 
the above diet for 12 months.  

Radioactive Experiments 

Linoleic acid-l-14C (61mCi /mmole ) ,  r 
linolenic acid (60 mCi/mmole),  and arachidonic 
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TABLE I 

Incorporation of Radioactivity from Labeled Fatty Acids into 
Liver and Brain Lipids of Suckling and Adult Rats 

Liver lipids Brain lipids 

Specific a Specific 
Time isotope Percent dose activity Percent dose activity 

Suckling rats b 

22 hr 18:2-1-14C (6) c 2.69 + 0.24 155 + 14.5 0.44-+ 0.05 29.1 -+ 3.17 
20:4-3H 8(9)  14.9 +- 1.58 1050-+ 120 2.06 +0.36 157 +- 28.0 
18:3-1-14C (3) 3.29 +- 0.32 151 + 8.89 0.29 -+ 0.03 18.5-+ 2.74 
22:6-14C(4) 19.8 +-1.32 1360+153  2.71-+0.79 197-+57.0 

48 hr 18:2-1-14C (4) 1.84 +- 0.08 81.9 -+ 4.74 0.42 -+ 0.02 23.7 :t 1.84 
20:4-3H 8(3)  7.84+-0.68 341 • 37.7 1.66-+ 0.19 88.9 + 5.33 
18:3-1-14C(3) 0 .85+0.15  60.6+10.9  0.36-+0.05 26.1 J: 4.71 

Adult rats d 

22 hr 18:2-1-14C (3) 4.17 +- 0.17 54-+ 2.6 0.039-+ 0.003 1.2 +- 0.3 
20:4-3H8 (3) 19.3 +- 0.10 222 -+ 0.4 0.134 -+ 0.004 3.4 +- 0.1 

aSpecific activity = dpm/mg lipid//~Ci dose. 

b18:2-1-14C And 20:4-3H8 were injected simultaneously in 6 and 3 rats at 22 and 48 hr, respec- 
tively. The dose ratio (3H/14C) was 1.2:1 at 22 hr and 1.3:1 at 48 hr. 

CThe numbers in parenthesis represent the numbers of rats used. The results are shown as the mean 
-+ standard error of mean. 

dlsotopes injected simultaneously; the dose ratio (3H/14C) was 0.4:1. 

a c id - l -14C  (54  m C i / m m o l e )  were o b t a i n e d  
f rom the  Rad iochemica l  Centre ,  A m e r s h a m ,  
U.K. Arach idon ic  ac id -3Hs ,  m e t h y l  es ter  (32  
m C i / m m o l e )  was a gift f r o m  Uni lever  Research,  
Vlaard ingen,  The Ne the r l ands ,  and  docosahexa -  
eno ic  acid -14C, m e t h y l  es ter  (1.3 m C i / m m o l e )  
was p repa red  b io syn the t i ca l l y  in this  l a b o r a t o r y  
(8) .  Be tween  1-4 ~tCi each  i so tope  was given to 
each  ra t ,  excep t  in the  22 :6 -14C e x p e r i m e n t s  
where  0 .03/~Ci  was used.  A k n o w n  a m o u n t  of  a 
radioact ive  f a t t y  acid (in so lvent )  was in t ro -  
duced  in to  a vial con t a in ing  0.3 ml olive oil,  
a n d  the  so lvent  was evapora t ed  w i th  a s t r eam of  
N 2. The oil a n d  i so tope  m i x t u r e  t h e n  was 
drawn i n t o  a glass syringe (wi th  a b l u n t  18 
gauge need le )  and  a d m i n i s t e r e d  oral ly  to  un-  
ane s the t i z ed  animals .  The  i so tope  c o n t e n t  of  
the  residue in the  syr inge and  vial was esti-  
mated ,  giving by  d i f fe rence  the  ac tua l  dose. 
This  usually a m o u n t e d  to ca. 70% of  the  
act ivi ty  i n t r o d u c e d  i n to  t he  vial (see above) .  In 
some expe r imen t s ,  l inole ic-1-14C and  arachi -  
donic -3H8 were a d m i n i s t e r e d  s imul t aneous ly .  
The r ad iochemica l  pur i ty  of  the  i so topes ,  deter-  
m i n e d  by  gas l iquid  c h r o m a t o g r a p h y  (GLC) of  
the  m e t h y l  esters ,  was b e t t e r  t han  98%, excep t  
for  the  22 :6  -14C where  7% of  the  ac t iv i ty  was 
associa ted  w i t h  22: 5(03. 

Lipid Extraction and Liquid Scintillation 
Counting 

After  dosing, the  pups  were r e t u r n e d  to  the i r  

m o t h e r s  and  sampled  at 22 a n d  48 hr .  Animals  
were ki l led by  decap i t a t i on  and  the  liver and  
bra in  qu ick ly  r emoved ,  washed  in  ice-cold 
saline,  b l o t t e d  dry,  and  weighed.  These  t issues 
t h e n  were e x t r a c t e d  in c h l o r o f o r m - m e t h a n o l  
(2 :1 ,  con t a in ing  10 rag/ l i ter  2: 6-di-tert-butyl-p- 
cresol as an  a n t i o x i d a n t ) .  The  l ipid ex t rac t s  
were washed  acco rd ing  to t he  F o l c h  p rocedure  
(9) ,  and  the  to ta l  l ip id  wt was e s t ima ted  by  
weighing dried a l iquo ts  of  the  l ipid ex t rac t .  
A l iquo t s  of  the  to ta l  l ipids also were assayed 
for  rad ioac t iv i ty  by l iquid  sc in t i l l a t ion  c o u n t i n g  
us ing  a Packard  Tri-Carb mode l  3000  scinti l la-  
t ion  spec t rome te r .  The  sc in t i l l a t ion  so lu t ion  
cons is ted  of  4 g d ipheny loxazo l e  (PPO) and  0.2 
g d i p h e n y l o x o z o l e - b e n z e n e  (POPOP) / l i t e r  to lu-  
ene.  The  c o u n t i n g  ef f ic iency for  ca rbon  14 was 
no rma l ly  ca. 75% and  for  double - labe l  exper i -  
m e n t s  (14C and  3H), ca. 23% for  3H and  14C 
in t he  mixed  channe l ,  a n d  25% for  14C in the  
ca rbon  on ly  channe l .  The  e f f ic iency  of  c o u n t -  
ing was d e t e r m i n e d  by  use of  i n t e rna l  s t anda rds  
o f  n - h e x a d e c a n e - l - 1 4 C  and  n -hexadecane -  
1,2-3H (The Rad iochemica l  Centre ,  A m e r s h a m ,  
U.K.).  

A l iquo t s  o f  t issue lipids were separa ted  by  
th in  layer  c h r o m a t o g r a p h y  (TLC)  using Silica 
Gel G as the  a d s o r b e n t  and  l ight  p e t r o l e u m  (bp  
40-60) -d ie thy l  e ther-glacial  acet ic  acid (85-15-5 
or  90-10-1)  as the  solvents .  The  f rac t ions  were 
de t ec t ed  u n d e r  U V  l ight  a f te r  spray ing  the  TLC 
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TABLE II 

Percentage Distribution a of Isotopes in Liver and Brain Lipid Fractions b 
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Isotope 18:2-1-14C 20:4-3H8 18:3-1-14C 22:6 -14C 

Liver lipid fraction 

Triglyceride 69 + 3 20 + 2 82 + 2 28 + 3 
Phospholipid 25 + 3 78 + 2 14 + 2 70 + 3 
n c 6 6 4 4 

Brain lipid fraction 

Cholesterol 14 • 1 1 • 0.3 26 • 1 ND d 
Phospholipid 84 • 1 96 • 1 72 • I ND 
n 6 4 4 

aThe results are expressed as a percentage of the total isotope recovered from five 
different lipid fractions of the liver and brain (cholesteryl ester, triglyceride, free fatty 
acids, cholesterol + diglyceride, and phospholipid). The distribution was checked each time 
using two solvent systems (see "Methods and Materials"). The results are shown as mean + 
standard error of mean. 

bThe pups were killed 22 hr after dosing with the different fatty acids. 
CThe number of separate experiments. 
riND = not determined. 

plates with a methanolic solution (0.2%) of 
dichlorofluorescein. The radioactivity in the 
different fractions separated by TLC (phospho- 
lipids [PL],  cholesterol, free fatty acids, triglyc- 
erides [TG],  and cholesteryl esters) was mea- 
sured by the elution of  the samples from silica 
gel with 1 ml hyamine hydroxide (1 M in 
methanol) and 10 ml scintillation solution (5). 
This method proved unsatisfactory when esti- 
mating the distribution of I4C and 3H together 
in double-label experiments because of the 
quenching of  3H by the hyamine. In these 
experiments, the TLC fractions were eluted 
from the silica gel with 40 ml solvent (chloro- 
form-acetone-methanol-water, 10-1-5-0.1), and 
the samples were counted following evapora- 
tion of the solvents. Recoveries of  95.3 + 0.2% 
for 14C and 94.1 + 0.2% for 3H (mean + 
standard error of mean for 12 determinations) 
were obtained. 

Brain lipids also were treated with chloro- 
form-0. 2 N methanolic sodium hydroxide (2:1) 
(10) to convert ester-bound fatty acids to 
methyl esters. The lipid extract from this 

reaction was separated on TLC using light 
petroleum (bp 40-60)-diethyl ether-glacial ace- 
tic acid (90-10-1) as the solvent, and the 
fractions (fatty acid methyl esters, cholesterol, 
and alkali-stable lipids) were eluted from the 
silica gel and assayed for radioactivity. 

The distribution of the radioactivity in the 
fatty acids of  tissue TG and PL was determined 
by the separation and fraction collection of the 
methyl esters of  these lipids using a preparative 
GLC (5). The methyl esters were prepared as 
described previously (4), and the preparative 
GLC was carried out using a glass column 2.1 m 

in length x 7 mm inside diameter packed with 
10% ethylene glycol succinate methyl silicone 
polymer (EGSS-X) on Diatomite C-AW 60-70 
mesh (W.G. Pye and Co., Cambridgel U.K.) at 
190 C. The carrier gas flow rate was 170 
ml/min. 

Fatty acid fractions were decarboxylated by 
the Schmidt procedure as described by Gold- 
fine and Bloch (11). 

R ESU LTS 

Incorporation of Activity from Radioactive 
Fatty Acids into Total Lipids of Liver and Brain 

In the 16-17 day o ld  rat pups (22 and 48 hr 
after dosing), there was a substantially greater 
incorporation of  radioactivity from 20:4-3H 8 
and 22:6-14C into the total lipids of liver and 
brain by comparison with the incorporation of 
activity from 18:2-1-14C and 18:3-1-14C (Ta- 
ble I). With all fatty acids, there was a greater 
recovery of  activity in the liver llpids compared 
with brain llpids. 

In adult rats, there was also a greater 
recovery of  activity from 20:4-3H in liver and 
brain lipids by comparison with the uptake of 
14C from linoleic acid-l-14C (Table I). 

The percentage of the dose of  18:2-1-14C 
and 20:4-3H8 recovered in the brain lipids of  
the adult rats was less than 10% of the values 
obtained in the suckling rats, whereas the 
recovery of  the dose in the liver lipids was of 
the same order of  magnitude in adult and 
suckling rats. The values obtained for the adult 
rats are in close agreement with the results 
published in the literature for the recovery of 
activity from orally administered 18:2-1-14C 
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Percentage Dis tr ibut ion  a 

A.J. SINCLAIR 

TABLE IlI  

of Radioactivity in Fatty Acids of Liver Triglyeerides 

18:2-1-14C 18:3-1-14C 20:4-3H 8 22:6-14C 

Fat ty  acid fraction b Wt% c 22 hr 22 hr 22 hr 22 hr 

Solv. -14:0 5.7 ._d . . . . . . . . .  
16:0-16:1 21.6 . . . . . . . . . . .  
18:0-18:1 22.0 . . . . . . . . . . . .  
18:2 19.4 93 -+ 1.2 e . . . . . . . . .  
18:3-20:1 3.0 3.6 -+ 0.4 80 + 1.7 --- 2 
20:2-20:3 1.5 1.6 -+ 0.3 --  1.4 + 0.2 --- 
20:4 4.5 --- 2.5 • 0.4 79 + 0.7 1 
22:1-20:5 2.4 --- 7.5 • 0.8 3.1 -+ 0.4 3 
22:4-22:5 1.2 . . . . .  15 -+ 0.6 1 

22:5 5.6 --- 5.6 -+ 0.9 tl .5 -+ 0.5 8 
22:6 8.0 1.8 -+ 0.3 ~ 86 

n (3) (3) (3) (1) f 

aThe results are expressed as the percentage of radioactivity in a fraction relative to the total 
radioactivity collected for all fractions. 

bUnder the gas liquid chromatographic conditions used the 18:3-20:1 fraction would include 
18:36o6, 18:36o3, 20:0, and 20:1; the 20:2-20:3 fraction would include 20:26o9, 6o6, 18:46o3, and 
20:36o6; fraction 20:4 includes 20:46o6, 20:36o3, and 22:0; fraction 22:1-20:5 includes 22:1, 
20:4w3, and 20: 56o3; and fraction 22:4-22:5 includes 22:46o6, 22: 56o6, 24:0, and 24:1. 

CFatty acid composition (wt %) of liver triglycerides from 16-17 day old rats. 
dLess than 1%. 
eThe number of separate analyses is shown in parenthesis and the mean value • standard error 

of mean is shown. Fractions with greater than 10% of the total activity are underlined. 
fln the 22:6-14C experiment the liver "[G from four animals were pooled prior to analysis. 

and 20:4-1-14C in liver and brain lipids of  adul t  
rats (12-14). 

Recovery of Radioactivity in Whole-Body Lipids 
of 16-17 Day Old Suckling Rats 

The recovery of  radioact ivi ty  f rom the  
whole  b o d y  lipids, 22 hr af ter  dosing of  the 
pups wi th  20:4-1-14C, 22:6-14C,  18:2-1-14C, 
and 18:3-1-14C, was (as pe rcen t  o f  adminis-  
t e red  dose): 80.4 + 2.1, 65.4 -+ 3.2, 46.8 + 2.0, 
and 51.1 + 2.4, respect ively  (mean -+ s tandard  
error  o f  mean  for  3 animals  in each  group,  

excep t  the 22:6-14C group where 4 animals 
were used) .  The arachidonic  acid value was 
significantly greater ( p < 0 . 0 5 )  than  the  o the r  
three  values. 

Distribution of Radioactivity in Liver and Brain 
Lipid Fractions 

In the  liver lipids, radioact iv i ty  f rom the  4 
di f ferent  fa t ty  acids was found  in e i ther  the  TG 

or PL with  less than  5% of  the  act ivi ty being 
associated wi th  the free fa t ty  acids,  choles terol ,  
or choles teryl  esters.  Twen ty - two  hr af ter  dos- 
ing, the activity f rom the 18 ca rbon  acids (18:2  
and 18:3) was c o n c e n t r a t e d  in the  TG, whereas ,  
for  the longer  chain acids (20 :4  and 22:6) ,  
the  activity was associated p r e d o m i n a n t l y  wi th  
the  PL (Table II). 

In the  brain lipids,  the radioact ivi ty  f rom the  
di f ferent  fa t ty  acids mos t ly  was f o u n d  in the  
PL fract ion,  but ,  wi th  the  carboxyl- labeled 
fa t ty  acids (18:2  and 18:3),  some 14-26% of  
the  act ivi ty also was f o u n d  in the  TLC-fract ion 
cor responding  to  choles terol  (Table II). Diglyc- 
efides have similar Rf  values to  choles terol ;  
however ,  cleavage of  the  brain glyceride-ester  
lipids (see " M e t h o d s  and  Materials")  showed  
tha t  this activity was still associated wi th  
choles terol .  A l though  no t  r ep o r t ed  in Table II, 
the  d is t r ibut ion  in the  liver and brain lipids at 
48 hr was very similar to the d is t r ibut ion shown  
for  22 hr. 

Distribution of Radioactivity in Fatty Acids of 
TG and PL 

There were d i f ferences  in the  d is t r ibut ion  of  
the i so tope  in the individual  fa t ty  acids of  the  
three f ract ions  ex ami n ed  (liver TG, PL, and 
brain PL). 

In the  liver TG and PL, the  major i ty  o f  the  
radioact ivi ty  was associa ted wi th  the  fa t ty  acid 
which  had been  admin is te red  (Tables III and 
IV).  An excep t ion  to  this  occur red  in the  liver 
PL in the  l inolenic ac id- l -14C expe r imen t  
where mos t  o f  the activity was associated wi th  
the 22:6,  22:5,  and 20:5 f rac t ions .  In the  brain 
PL fa t ty  acids in the  l inoleic ac id- l -14C exper i -  
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T A B L E  I V  

P e r c e n t a g e  D i s t r i b u t i o n  a o f  R a d i o a c t i v i t y  in F a t t y  A c i d s  o f  L i v e r  P h o s p h o l i p i d s  
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1 8 : 2 - 1 - 1 4 C  1 8 : 3 - 1 - 1 4 C  2 0 : 4 - 3 H 8  
F a t t y  a c i d  
f r a c t i o n  b Wt  %c  2 2  h r  4 8  h r  22  h r  4 8  h r  22  h r  4 8  h r  

2 2 : 6 - 1 4 C  

22  h r  

S o l v . - 1 4 : 0  0 .6  ._.d . . . . . . . . . . . . . . . . . .  
1 6 : 0 - 1 6 : 1  2 4 . 4  . . . . .  3 .5 + 0 .6  4 . 4  +- 0 . 3  . . . . . .  1 
1 8 : 0 - 1 8 : 1  2 4 . 4  1.1 + 0 . 3  e 1.1 -+0.3  3 " 7 + - 0 " 5  ( 7 . 0 + 0 . 3  . . . . . .  1 
1 8 : 2  9 .3  83  -+ 1 .5  65  -+ 3 .7  --- f - . . . . . . . . .  

1 8 : 3 - 2 0 : 1  0.1 2 .3  +- 0 .5  2 . 8  -+ 0 . 8  8 .7  +- 0 . 8  8.1 -+ 0 .8  . . . . . .  1 
2 0 : 2 - 2 0 : 3  0 .9  2.1 +- 0 .2  2 .5  -+ 0 . 6  1 .0  -+ 0.1 . . . . . . . . . . . .  
2 0 : 4  19~4 7 .4  -+ 1~0 23  -+ 3 .8  5.9 -+ 0 . 3  5 .4  + 0 . 4  94  +- 1 . I  9 3  +- 1 .7  --- 

2 2 : 1 - 2 0 : 5  . . . . .  1 . 1 - + 0 . 3  1 1 - + 0 . 7  4 . 5 + - 0 . 4  4 . 4 - + 0 . 9  4 . 8 - + 1 . 4  1 

2 2 : 4 - 2 2 : 5  0 .5  . . . . . .  2 .9  -+ 0 .7  2.1 + 0 .2  1 .3  -+ 0.1 1 .4  -+ 0 . 3  2 

2 2 : 5  3 .0  1 t 2 6 - + 1 . 5  1 9 - + 2 . 4  . . . . . .  3 
2 2 : 6  1 4 . 7  1.5 +- 0 . 3  1.9 -+ 0 . 4  36-+ 3 .7  4 4  -+ 3.1 . . . . . .  9..O0 

n (6 )  (4 )  (3 )  ( 3 )  (8 )  ( 3 )  (1 )  f 

a , b , d , e , f S e e  f o o t n o t e s  T a b l e  I I I .  

C F a t t y  a c i d  c o m p o s i t i o n  ( w t  %) o f  l i ve r  p h o s p h o l i p i d s  f r o m  16 -17  d a y  o l d  r a t s .  

ment, the radioactivity was associated with th~ 
16:0 + 16:1, 18:0 + 18:1, 18:2, and 20:4 
fractions (Table V), whereas, in the linolenic 
acid- 1-14 C experiment, the activity mostly was 
found in the saturated and monounsaturated 
fatty acids and a little in the 22:6 fraction. In 
the arachidonic acid-3H 8 and docosahexaenoic 
acid-14C experiments, most of the activity was 
associated with the 20:4 and 22:6 fractions, 
respectively. 

In the linolenic acid-l-14C experiment, very 
little radioactivity was associated with the 
linolenate fraction of the brain PL (Table V). 
However, in the brain PL, 18:3w3 amounts to 
only 0.1% of the total fatty acids. The calcu- 
lated relative specific activity (RSA) of the 
brain linolenate was 0.09. This value was similar 
to the calculated RSA for brain 18:2, 20:4, and 
22:6 in the 18:2-1-14C, 20:4-3H8, and 
22:6 -14C experiments. In these experiments, 
the RSA were found to be 0.10, 0.13, and 0.13, 
respectively. (The RSA was calculated as fol- 
lows: for example, in the 18:2-1-14C experi- 
ment, 22 hr after dosing, percent dose in brain 
lipids = 0.44% (Table I); activity in brain PL as 
percent of total brain lipids = 84% (Table II); 
activity in brain PL 18:2 as percent of total PL 
fatty acids = 31% (Table V); and the wt percent 
of 18:2 in brain PL fatty acids = 1.2%. 
Therefore, RSA = 0.44 x 0.84 x 0.31 + 1.2 = 
0.10). 

Incorporation of Radioactivity from 18:2-1.14C, 
18:3-1-14C, and 20:4-1.14 C into Brain Lipids 

In view of the difference in the incorpora- 
tion of radioactivity from 1-14C fatty acids 
(18:2 and 18:3) and 3H-labeled arachidonic 

acid. into brain cholesterol (Table II) and 
saturated and monounsaturated fatty acids 
(Table V), it was decided to study the incorpo- 
ration of radioactivity from 20:4-1-14C into 

brain lipids. In this experiment, 3 animals were 
used, and it was found that 3% of the activity 
in the brain lipids was associated with choles- 
terol (1% in the 20:4-3H8 experiment, Table 
II), and ca. 6% of the 14C in brain PL was 
found in saturated and monounsaturated fatty 
acids (0.2% in 3H experiment). These differ- 
ences may, in part, be accounted for by the use 
of the different isotopes (20:4-3H vs 20:4-14C) 
which could result in a selective loss of 3H to 
body water relative to 14 C during the oxidation 
of arachidonic acid to acetyl CoA and CO2 and 
during the recyclization of the isotope to other 
compounds, e.g. fatty acids and cholesterol. 

When the results for three different car- 
boxyl-carbon labeled fatty acids (18:2, 18:3, 
and 20:4) were calculated as a percentage of 
the dose appearing in different fractions of the 
brain lipids, the incorporation of 14C into 
cholesterol and saturated plus monounsaturated 
fatty acids was the same for each fatty acid 
(Table VI). The differences in the incorporation 
of radioactivity from these three 1-14C fatty 
acids into the total lipids of the brain could be 
accounted for entirely by the differences in the 
incorporation of the 14C into the polyunsatu- 
rated acids of the brain. 

Decarboxylation Studies 

In both the linoleic acid-l-14C and linolenic 
acid-I-14 C experiments, the low activity in the 
carboxyl carbon atoms of the 20:4606, 20:5603, 
and 22:5 + 22:6w3 fractions (Table VII) 
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T A B L E  V 

Percentage  Dis t r ibu t ion  a o f  Rad ioac t iv i ty  in F a t t y  Acids  o f  Brain Phosphol ip ids  

18:2-1-14C 18:3-1-14C 2 0 : 4 - 3 H  8 
Fa t t y  acid 
f rac t ion  b Wt %c 22 hr  48  hr 22 hr  48  hr  22 hr  48 hr  

22 :6 -14C 

22 hr  

Solv . -14:0  1.5 __d . . . . . . . . . . . . . . . .  
16 :0 -16 :1  28 .8  21 + 1.0 e 21 -+ 1 . 8  39 + 1.8 36 + 0.6 . . . . . . . . .  

- I 18:0-18 :1  32.4 14 + 0.6 17 + 0.8 26 -+ 1.1 32 +- 2.6 --- 7 

18:2  1.2 31 + 0.8 18 +- 1.4 1.8 -+ 0.2 2.0 +- 0.2 . . . . . .  

18 :3-20:1  0.4 2.0 + 0.4 2.1 + 0.3 4.4 -+ 0.5 2.5 + 0.1 . . . . . .  
2 0 : 2 - 2 0 : 3  0.5 4.7 -+ 0.5 4.2 +- 0.4 . . . . . . . . . . . .  ; 3  
2 0 : 4  13.1 24 + 0.9 31 +- 2.8 3.0 -+ 0.4 1.6 -+ 0.6 85 -+ 1.1 83 -+ 3.1 

2 2 : 1 - 2 0 : 5  0.1 1.2 -+ 0.2 1.2 + 0.2 3.1 -+ 0.2 1.3 + 0.1 2.3 -+ 0.4 3.3 + 0.7 2 
22 :4 -22 : 5  4 .0  2.9 + 0.2 4.3 + 0.3 2.4 +- 0.3 2.7 + 0.2 11 -+ 1.1 12 -+ 1.0 6 

22 :5  0.3 1.0 + 0.2 1.0 + 0.1 15 -+ 1.9 - 1.0 -+ 0.2 1.1 -+ 0.2 
2 2 : 6  14.3 - - 15 + 1.1 78 
n (6)  (4)  (3)  (3)  (5)  (3)  (1)  f 

a ,b ,d , e , f s ee  f o o t n o t e  Table  I lL  

CFatty acid c o m p o s i t i o n  (vet %) o f  brain  phosphol ip ids  f r o m  16-17 day  old rats.  

T A B L E  VI  

I n c o r p o r a t i o n  of  Rad ioac t iv i ty  f r o m  C a r b o x y l - L a b e l e d  Fa t t y  Acids  in to  To ta l  
Lipids, Choles tero l ,  and F a t t y  Acids  o f  Brain 

I so tope  Tota l  l ipid 

Percen tage  o f  dose r e c o v e r e d  in bra in  [ipids 

Phosphol ip id  f a t t y  acids a 
1 - | I 

Choles te ro l  b 16:0  to  18:1 18:2 to  2 2 : 6  

18:2-1-14C 0 .47  -+ 0 .12  c 0 .07  -+ 0 .002  0 .16  + 0.001 0.25 -+ 0.01 
18:3-1-14C 0 .29  + 0 .03  0.07-+ 0 .007  0.19-+ 0 .03  0.03 +- .004 
20 :4-1-14C 2 .58  -+ 0 .14  0 .07  + 0 .003  0.16 -+ 0 .02  2.35 -+ 0 .12  

aThe  f a t t y  ac id  m e t h y l  esters f r o m  brain phosphol ip ids  were  f r a c t i o n a t e d  using prepara-  
t ive gas l iquid c h r o m a t o g r a p h y  (see " M e t h o d s  and  Mater ia l s" ) ,  and  t w o  f rac t ions  were  
col lec ted:  f r o m  16 :0-18 :1  and  f r o m  18 :2 -22 :6 .  

b S e p a r a t e d  f r o m  to ta l  lipids by  TLC (see " M e t h o d s  and  Mater ia l s" ) .  

CThe results  are f r o m  3 separa te  e x p e r i m e n t s  wi th  each i so tope  (t = 22 hr)  an d  are pre- 
s en t ed  as the  m e a n  -+ s t a n d a r d  e r ror  of  mean .  

suggested that the ingested fatty acids were 
incorporated intact into their respective longer 
chain metabolites. 

In the brain, the carboxyl-carbon activity in 
the 16 carbon fatty acids was very close to the 
value predicted for de novo synthesis from an 
acetate molecule with only one of its two 
carbon atoms labeled. Such a molecule would 
be produced by /3-oxidation of an even chain 
fatty acid labeled in the carboxyl position. In 
the 18 carbon saturated and monounsaturated 
acids of the brain, the result for the carboxyl- 
carbon activity suggested that a combination of 
de novo synthesis from acetate and chain 
elongation of 16 carbon acids was responsible 
for the labeling of these acids. 

Incorporation of Radioactivity from Linoleic 
Acid-l-14C and Arachidonic Acid-3H8 into 
Tissue 20:4 

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

activity from the exogenous arachidonate (-3148) 
into tissue 20:4 compared with the endogenous 
formation of arachidonate from linoleic acid- 
1-14C (Table VIII). Similarly, by calculation 
of the amount of activity in the 22:6 of liver and 
brain PL from 22:6-14C compared with the in- 
corporation of 14C into 22:6 from linolenic 
acid-l-14C, it was shown that the former com- 
pound yielded 95 times and 59 times as much 
activity in the 22:6 of liver and brain, respectively. 

Linoleic acid is the chief precursor of arachi- 
donate, and a possible reason for the difference 
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TABLE VII 

Decarboxylation Studies on Fatty Acids Collected from Preparative Gas Liquid Chromatography 

Relative carboxyl activity a 
18:2-1-14C (3) b 18:3-1-14C (3) 

Fatty acid Liver phospholipid Brain phospholipid Liver phospholipid Brain phospholipid 
fraction 22 hr 22 hr 

16:0+ 16:1 .__c 0.13 --- 0.13 
18:0 + 18:1 -- 0.17 --- 0.19 
18:2 0.91 0.99 . . . . . .  
18:3 . . . . .  0.96 --- 
20:4 0.08 0.03 . . . . . .  
20:S . . . .  0.05 --- 
22:5+22:6 . . . . . .  0.03 0.03 

aRadioactivity in the -COOH gToup/activity in total fatty acid. 
bThe number of separate experiments is shown in parenthesis, and the results are presented as the mean. The 

relative carboxyl activity also was determined for the liver and brain fatty acids at 11 and 48 hr after dosing 
rats with linoleic acid-l-14C, and the results were almost identical to those shown for 22 hr. 

CNot determined. 

in the 3H/14C ratio in the tissue a rachidonate  
could be the di lut ion of  the l inole ic- l -14C 
during dosing. 

In the preceding double-label  expe r imen t s ,  
the 18:2-1-14C and 20:4-3H 8 were given to  the 
pups in 0.3 ml olive oil. This oil con ta ined  8% 
of  its fa t ty  acids as 18:2, and,  the re fo re ,  0.3 ml 
oil would  provide ca. 23 mg l inoleate.  This 
would dilute the specif ic  act ivi ty of  the 
18:2-1-14C in the dose relative to  the 
20:4-3H8 . To test. the effect  o f  the specif ic  
activity of  the dose upon  the uptake of  
3H-20:4 and 14C-18:2 in to  tissue lipids,  pups 
were dosed wi th  the olive oi l - isotope mixture  to  
which was added  14, 43, or 86 mg methy l  
a rachidonate  (Table IX). The addi t ion  of  the  
cold arachidonate  was associated wi th  a small 
decrease of  the 3H/14C ratio in the  tota l  lipids 
of  liver and brain; however ,  it had li t t le e f fec t  
upon the 3H/14C ratio in the  a rach idona te  
f rac t ion of  the liver and brain PL. Therefore ,  
even when the specific activity of  the 20:4-3H8 
was lower  than  the  specif ic  activity of  the  
18:2-1-14C (expe r imen t s  3 and 4, Table IX), 
the 3H incorpora t ion  was still s ignificantly 
greater than the 14C incorpora t ion  in to  tissue 
20:4.  

In these expe r imen t s ,  the  diet fed to  the  
dams had a linoleic to l inolenic  ratio of  3.3 to  
1. The incorpora t ion  of  radioact ivi ty  f rom 
linoleic ac id- l -14C and arachidonic  acid-3H8 
into  tissue lipids also was s tudied  in pups  whose  
mothe r s  were fed a diet in which  the l inoleic to  
l inolenic ratio was 48:1 (Table X). The feeding 
o f  this diet (which  was a lmost  comple te ly  
devoid of  l inolenic acid) was associated wi th  an 
increased convers ion o f  l inoleic to  a rachidonic  
acid in the liver PL (decreased 3H/14C in 20:4).  
However,  there  was no change in the 3H/14C 

TABLE VIII 

Incorporation of Radioactivity from 20:4-3H 8 and 
18:2-1-14C into Liver and Brain Arachidonate a 

Ratio of 3H/I4cb 

Liver phospholipid Brain phospholipid 
Time(hr) n c 20:4 20:4 

22 6 140 -+ 11 d 22 • 2.1 
48 3 73• 10 14 • 2.3 

aMethyl arachidoante was isolated from the total 
phospholipid methyl esters by preparative gas liquid 
chromatography (see "Methods and Materials"). 

bThis ratio = 3H/14C of collected 20:4 + 3H/14C 
of dose. The dose ratio was 1.2:1 in the 22 hr experi- 
ment and 1.3:1 in the 48 hr experiment. 

CNumber of separate experiments. 
dResults are presented as the mean • standard error 

of mean. 

ratio in the 20:4 of  the brain PL. 

DISCUSSION 

In the  developing rat ,  the  incorpora t ion  of  
radioact ivi ty  f rom 20:4-3H 8 and 22:6-14C into  
liver and brain to ta l  lipids was very much  
greater  than the incorpora t ion  of  radioact ivi ty  
f rom 18:2-1-14C and 18:3-1- t4C.  In the liver, 
this d i f ference  could be accoun ted  for  by the  
faster incorpora t ion  of  radioact ivi ty  f rom the  
longer  chain acids in to  PL and TG. In the brain,  
the d i f ferences  could be expla ined ent i re ly  by a 
faster  incorpora t ion  o f  radioact ivi ty  f rom the  
longer chain acids (20 :4  and 22:6)  into the  PL 
fract ion.  

Previous workers  have d e m o n s t r a t e d  that  
radioact ivi ty f rom 18:2-1-14C, 18:3-1-14C, and 
20:4-1-14C is i nco rpo ra t ed  in to  the  adult  rat 
brain (12-15).  This f inding was con f i rmed  in 
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the present experiments (Table I) where i t  also 
was demonstrated that there was a greater 
uptake of radioactivity from 20:4-3H8 by 
comparison with 18: 2-1-14 C in the adult brain. 

For  all fatty acids, the uptake of  radioactiv- 
i ty by the adult  rat brain was markedly lower 
than the uptake in the developing rat brain 
(Table I). Although this difference might be 
accounted for by a difference in the permeabil- 
i ty of brain membranes in rats of different ages, 
it also could be a reflection of the rapid rate of 
deposition of 20:4606, 22:4606, and 22:6603 in 
the developing rat brain (3,4). 

Although radioactive 20:4 and 22:6 were 
isolated from the liver and brain lipids follow- 
ing the dosing of the pups with 18:2-1-14C and 
18:3-1-14C, respectively, in the liver, at least, 
the bulk of the radioactivity was still present as 
the administered fat ty  acid. Thus, the compari-  
son of the uptake of the radioactivity from 
orally administered 20:4-3H 8 with the appear- 
ance of radioactivity in 20:4 from orally 
administered 18:2-1-14C showed that ,  in both  
liver and brain, most of  the radioactivity in the 
20:4 fraction was derived from the orally 
administered 20:4 (Table VIII)�9 This pat tern 
also was observed when the 22:6 formation 
from 18: 3-1-14 C was compared with the direct 
incorporat ion of 22: 6-14C. 

Several factors may have influenced the 
different uptake of radioactivity from linoleic 
acid-l-14C compared with arachidonic acid- 
3H s . First, in the initial experiments,  the 
specific activity of the 18:2-1-14C was lower 
than that of the 20:4-3Hs during dosing�9 When 
the arachidonic acid-3H8 specific activity was 
reduced below that  of  the linoleic acid-l-14C, 
the radioactivity in the liver and brain 20:4 was 
still mostly derived from the arachidonic acid- 
3H 8. Second, the SBOL diet ("Methods and 
Materials") contained both linoleic and lino- 
lenic acids, and it is known that  linolenic acid 
can reduce the conversion of linoleic to arachi- 
donic acid (16-18). In the absence of dietary 
linolenate (SSO diet, Table X), there was an 
increased formation of arachidonate (14C) 
from linoleic ac id - l - l aC  in the liver PL; how- 
ever, despite this, the majori ty of the radioac- 
tivity in the liver and brain PL arachidonate was 
derived from the orally administered 20:4-3H 8. 

Although linoleic acid is converted to arachi- 
donic acid in the body,  to explain the consist- 
ently greater uptake of dietary (exogenous) 
arachidonate by liver and brain lipids compared 
with the endogenous formation of  20:4 from 
dietary linoleate, the factors discussed below 
should be taken into account:  

Linoleic acid is oxidized to CO 2 faster than 
arachidonic acid (19), and this may explain the 
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TABLE X 

Effect of Dietary Fatty Acids upon Incorporation a of Radioactivity from 
18:2-1-14C and 20:4-3H 8 intoLiver and Brain Fatty Acids 
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Liver phospholipid Brain phospholipid 

Fatty acid 
fraction Diet SBOL b Diet SSO c Diet SBOL Diet SSO 

1 8 : 2  83 d 44 31 24 
18: 3-20:1 2.3 3.3 2.0 1.7 
20:2-20:3 2.1 2.6 4.7 6.6 
20:4 7.4 35 24 16 
3H/14C in 20:4 140 + 11 e 2 8  + 3 22 -+ 2 22 +_ 1 

aThe pups were killed 22 hr after dosing with 18:2-1-14C and 20:4-3H 8. The dose ratio 
(3H/14C) in the soybean oil and linseed oil (SBOL) experiment was 1.2:1 and 0.7:1 in the 
safflower seed oil (SSO) experiment. 

bSBOL diet (see "Methods and Mateials"), results from Tables IV, V, and VIII. 
cSSO diet = same gross composition as SBOL diet, except that fat was supplied as 

safflower seed oil. Linoleie to linolenic ratio in this diet was 48:1 and in the SBOL diet, 
3.3:1. Mean of results from three animals. 

dThe results are expressed as the percentage of radioactivity in a fraction relative to the 
total radioactivity collected for all fractions. 

eThis ratio = 3H/14C in collected 20:4 + 3H/14C in dose. 

re ten t ion  o f  80% of  the 1 4 C in the whole body  
lipids fol lowing the dosing of  pups with  
20:4-1-14C compared  with  a re ten t ion  of  only  
47% of  the 14C when pups were dosed with 
18:2-1-14C. 

The turnover  of  l inoleic acid is faster than 
arachidonic acid in tissue lipids (20,21);  this 
may mean that l inoleic acid is more f requent ly  
exposed to the /3-oxidation enzymes  than  ara- 
chidonic  acid. 

In the liver, l inoleic acid-1-14C was preferen-  
tiaily incorpora ted  into  TG, whereas arachi- 
donic acid-al l8  was concent ra ted  in the PL. If 
it is assumed that  this dis tr ibut ion applied to  all 
tissues and organs, then  it  would  result  in a 
dilution of  the l inoleic acid-1-14C relative to  
arachidonic ac id-a l l  8 owing to  the different  
pool  sizes of  TG and PL in the  whole animal.  

The slow rate of  conversion of  l inoleic acid 
to arachidonic acid may, in part ,  be accounted  
for by the substrate compe t i t i on  and end- 
product  inhibi t ion of  the enzymes  involved in 
this process (16,17).  In the present  experi-  
ments ,  substrates and end-products  are found  in 
the pups '  diet (4,5). 

The greater up take  of  14C f rom 22:6-14C 
compare  d wi th  18: 3-1 - 14 C into  the  tissue lipids 
of  developing rats may be accounted  for by 
similar processes to those described above.  

In view of  these observat ions,  i t  would  be 
wrong to equa te  1 molecule  o f  dietary l inoleic 
and l inolenic acids wi th  1 molecule  of  dietary 
arachidonic and docosahexaenoic  acids, respec- 
tively. Thus, a l though only relatively small 
amount s  o f  these longer chain acids (20:4eo6 
and 22:6eo3) are present in the  pups '  diet 

(milk) during this period of  brain deve lopment ,  
quant i ta t ively they  may be of  considerable 
impor tance  in supplying tissues wi th  longer  
chain fa t ty  acids. 

A significant amount  of  the radioact ivi ty  in 
the brain lipids was associated wi th  choles terol  
and the saturated and monounsa tu ra t ed  fa t ty  
acids fol lowing the adminis t ra t ion o f  carboxyl-  
labeled fa t ty  acids (Tables II, V, and VI). It was 
calculated that ,  as a p ropor t ion  of  the adminis- 
tered dose of  18:2,  18:3,  and 20 :4  (all 1-14C), 
the ex ten t  of  labeling of  cholesterol ,  saturated,  
and monounsa tu ra t ed  fa t ty  acids in the brain 
was 8, 4, and 5 t imes,  respect ively,  greater than 
the labeling of  the same compounds  in the liver. 
In these exper iments ,  the radioact ivi ty  in the  
carboxyl-carbon of  brain 16:0 and 16:1 sug- 
gested that  these fa t ty  acids were being synthe-  
sized de novo f rom acetate.  This acetate was 
most  probably  derived by the /3-oxidation of  
the fed carboxyl- labeled fa t ty  acid. Aceta te  is 
an eff icient  precursor  of  choles terol  and satu- 
rated and monounsa tu ra ted  fat ty  acids, and, 
in suckling rats, the brain has a marked pref- 
erence over the liver for incorpora t ing  carboxyl-  
labeled acetate  in to  lipids (22,23). This pref- 
erence may  be explained by the observat ions 
that ,  during the suckling period,  the rate of  syn- 
thesis and chain e longat ion of  fa t ty  acids in the 
brain is greater than that  of  the liver (24,25). 

The high content of  20:4,  22:4,  and 22:6  
relative to  18:2 and 18:3 in rat brain is well 
recognized,  and, indeed,  this pa t te rn  has been 
observed in the brains of  a number  of  different  
mammal ian  species (1). This pat tern  could  
originate because of  a rapid desaturat ion and 
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chain e longat ion  of  18:2 and 18:3 in the  brain. 
Alternat ively,  it  may be a result  of  a specif ic  
up take  of  longer  chain po lyunsa tu ra t ed  fa t ty  
acids by the  brain. The results  o f  the  present  
exper iments  demons t ra t e  that  the  po lyunsa tu -  
ra ted fa t ty  acids of  the  developing rat  brain  are 
derived f r o m  two sources,  one  endogenous  and 
the o the r  exogenous .  The endogenous  source is 
tha t  fo rmed  in the  liver f rom dietary precursors  
(18:26o6 and  18:36o3) and s u p p l e m e n t e d  in 
part by that  f o rm ed  in the  brain in situ. A 
larger source (exogenous)  is the p r e fo rmed  
dietary po lyunsa tu ra t ed  acids ( 2 0 : 4 ~ 6  and 
22:6603). 
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Polar Lipids of Macrophomina phaseolina I 

MOMTAZ K. WASSEF and V E R N O N  AMMON 2, Department of Plant Pathology, 
University of Kentucky, Lexington, Kentucky 40506, and T.D. WYLLIE, 
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ABSTRACT 

Macrophomina phaseolina was grown 
on a defined medium at three different 
carbon/nitrogen ratios. The lipids of the 
mycelia and the sclerotia were extracted; 
fractionated into polarity groups; and 
separated by thin layer, column, and gas 
liquid chromatographies. Sclerotia con- 
tained higher levels of neutral lipids and 
lower amounts of polar lipids than my- 
celia. The neutral lipid content of scle- 
rotia increased, up to 77% of total lipids, 
and phospholipids decreased as carbon/ni- 
trogen ratio increased from 10 to 320. 
The glycolipid content was not altered 
significantly by changes in carbon/nitro- 
gen ratios. Although cardiolipin could not 
be detected in sclerotial polar lipids, both 
sclerotia and mycelia contained similar 
phospholipid profiles with major quanti- 
tative differences. Phosphatidic acid and 
phosphatidyl glycerol were major compo- 
nents of sclerotia, whereas phosphatidyl 
ethanolamine and phosphatidyl inositol 
were the major phosphatides of mycelia. 
Phosphatidyl choline was present in both 
mycelia and sclerotia. The fatty acid 
distribution did not show any particular 
pattern of saturation or unsaturation due 
to differences in carbon/nitrogen ratio. 
However, mycelial lipids tended to con- 
tain C24:1, C18:3, and C22:1 as major 
fatty acids, whereas the major fatty acids 
in sclerotial lipids were C18:2, C18:1, 
C22: 1, C20:0, and C16: 1. Saturated fatty 
acids were present in lesser concentra- 
tions. 

I N T R O D U C T I O N  

It has been established firmly that phospho- 
lipids in membranes are in a constant state of 
metabolic flux, with the rate of synthesis and 
degradation often varying with the physiologi- 
cal activity of the organism. Sclerotial develop- 
ment in some fungi may be regarded as a 
response to unfavorable conditions which keeps 

I paper no. 75-11-2~ of the Kentucky Agricul- 
tural Experiment Station. 

2present address: Department of Plant Pathology 
and Weed Science, Mississippi State University, Missis- 
sippi State, Mississippi 39762. 

the organism alive until favorable conditions 
return. The sclerotia formed by Macrophomina 
phaseolina (Tassi) Gold. are multicellular pro- 
pagules, with each cell containing the necessary 
organelles required for germination and growth 
(1). To date, the sclerotial lipids of relatively 
few fungi have been examined (2-7) and only 
with regard to their fatty acid composition. In 
the present investigation, we studied the polar 
lipids and the total fatty acid contents of M. 
phaseolina extracted from both the mycelial 
and sclerotial stages grown on three different 
carbon/nitrogen (C/N) ratios. 

MATERIALS A N D  METHODS 
M. phaseolina was grown on defined medium 

contained sucrose 11.6, 92.5, and 370 g (C/N 
ratios of i0,  80, and 320, respectively); sodium 
nitrate, 3 g; potassium dihydrogen phosphate, 1 
g; magnesium sulfate, 0.5 g; potassium chloride, 
0.5 g; ferrous sulfate, 0.01 g; and distilled 
water, 1000 ml. Portions of the culture medium 
(25 ml) were dispensed into 250 ml flasks, 
autoclaved for 15 min, seeded with agar plugs 
containing M. phaseolina, and incubated at 22 
C for 5 days. Sclerotia of M. phaseolina were 
harvested from cultures grown on media previ- 
ously described but solidified with agar (2%), 
dispensed in 9 cm Petri Z~tshes cc~-:~red with 
sterile cellophane, and incubated at 22 C. After 
21 days, the sclerotia were scraped from the 
cellophane, passed through a 250/a mesh screen, 
and ground in a Bronwill homogenizer for 1 1/2 
min in 20 ml isopropanol using 5 ml 0.45-0.50 
mm glass beads. 

Materials: Sephadex G-25, coarse, beaded, 
was purchased from Pharmacia Fine Chemicals, 
New Market, N.J. Silicic acid was the Unisil 
100-200 mesh product of Clarkson Chemical 
Co., Williamsport, Pa. All chemicals used were 
AR grade. All solvents were redistilled, and 
butylated hydroxytohiene was added to pre- 
vent autoxidation. Chloroform was stabilized 
by distillation into enough methanol to give a 
final concentration of 0.25% (v/v). Concen- 
trated ammonium hydroxide was prepared by 
bubbling gaseous ammonia into ice-cold dis- 
tilled water in a plastic bottle until 28% by wt 
of ammonia was introduced. Solvents for ex- 
traction and column chromatography were de- 
gassed under reduced pressure and reequili- 
brated to atmospheric pressure with pure nitro- 
gen. 
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TABLE I 

Separation of Lipids of Macrophornina phaseolina into Polarity 
Groups by Silicic Acid Column Chromatography 

Percent of total lipids a 

Carbon/nitrogen 10 Carbon/nitrogen 80 Carbon/nitrogen 320 
Silicic acid 

column fraction Mycelia Sclerotia Mycelia Sclerotia Mycelia Sclerotia 

Neutral lipids 13.1 18.7 5.9 54.3 10.1 75.2 
(1.8) (0.'78) (0.24) (0o51) (0.32) (1.49) 

Glycolipids 61.4 13.6 58.8 26.3 47.8 16.5 
(8.2) (0.57) (2.37) (0.25) (1.51) (0.35) 

Phospholipids 23.1 65.3 33.3 19.4 36.9 5.1 
(3.1) (2.72) (1.34) (0.18) (1.16) (0.1 O) 

Percent recovery 97.6 97.6 98.0 100.0 94.8 96.8 

aFigures in parentheses represent percent lipid content on the basis of oven-dry wt of 
tissue. 

Extraction and fractionation of  lipids: 
Lipids of the mycelia were extracted by the hot 
isopropanol procedure (8) as modified by 
Wassef and Hendrix (9). Sclerotial lipids were 
extracted by grinding sclerotia in isopropanol in 
a Bronwill homogenizer under liquid CO2 
(Bronwill Scientific, Rochester, N.Y.). The 
sonicate then was treated for lipid extraction, 
as in the case of mycelia mentioned above. The 
extracts from 2-5 g (mycelia or sclerotia) were 
applied to a 2.5 x 15 cm Sephadex G-25 
column to separate lipids from nonlipid con- 
taminants (10). Lipids were separated into 
polarity groups by silicic acid column chroma- 
tography (10). 

The method described by Rouser, et al., (10) 
was used for wt determination by the electro- 
balance procedure and for preventing autooxi- 
dation of lipids. Wts were determined on 
fraction 1, chloroform-methanol (19:1 v/v) 
saturated with water from the Sephadex col- 
umns, and all fractions separated by the silicic 
acid columns. 

Analyt~'cal procedures: The total lipids (frac- 
tion 1 from Sephadex G-25 c o l u m n ) w e r e  
hydrolyzed and the fatty acids esterified by 
heating in 4% methanolic/sulfuric acid in a 
sealed tube overnight at 75-80 C. The fatty acid 
methyl esters were extracted with n-hexane and 
then fractionated by gas liquid chromatography 
(GLC) using a Varian Aerograph 2100 gas 
chromatograph equipped with a flame ioniza- 
tion detector. The column was a 6 ft glass, 
U-shaped column with an inside diameter of 2 
into, packed with 10% diethyleneglycol suc- 
cinate (DEGS) on Chromosorb G support 
(100-120 mesh). The column temperature was 
programed between 60-180 C at 8 C/rain. The 
flame ionization detector was operated at 150 
C with 35 ml/min hydrogen and 400 ml/min 

air. Nitrogen was used as the carrier gas at a 
flow rate of 20 ml/min. 

Qualitative and quantitative analyses of the 
total lipid extracts (Sephadex G-25 fraction 1) 
and silicic acid column fractions were made by 
the two dimensional thin layer chromatography 
(TLC) system of Rouser, et al., (10) and the 
silicic acid-impregnated paper chromatographic 
procedure of Marinetti (I 1,12). Specific sprays 
and dip reagents were used according to Kates 
(8,13). The identities of the phospho- and 
glycolipids were established by comparison of 
Rf values and cochromatography of appropriate 
standards (obtained from Supelco, Bellefonte, 
Pa.). The lipids were visualized on TLC by 
exposure to I2-vapors , and the plates were 
photographed (by Brinkmann photocopier, 
Brinkmann Instruments, Westbury, N.J.). Indi- 
vidual lipid components were aspirated from 
the plates. Glycolipids were measured quantita- 
tively by the procedures described by Dittmer 
and Wells (14) or by Kates (13). Total phospho- 
lipid-phosphorus was determined on TLC plates 
as described by Rouser, et al., ( t5)  and on 
paper chromatography as described by Kates 
(8). 

RESULTS 

Total lipid yield: The amount  of total lipids 
extracted from mycelia was markedly higher 
than those extracted from sclerotia. At a C/N 
ratio of 10, the total lipids accounted for ca. 
13.1% of the mycelial dry wt, whereas they 
accounted for only 4.2% in sclerotia. At a C/N 
ratio of 80 and 320, the mycelial lipid content 
dropped to 4.0 and 4.8%, respectively. Scle- 
rotial lipids also decreased to 0.9 and 1.9% at 
C/N ratios of 80 and 320, respectively. 

Lipid polarity groups: Mycelial and sclerotial 
lipids were separated into polarity groups by 
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TABLE II 

Fat ty  Acid Composi t ion of  Total Lipids ofMacrophomina phaseolina 

187 

Fatty acid 

Percent of  total  fa t ty  acids 

Carbon/ni trogen 10 Carbon/ni trogen 80 Carbon/ni t rogen 320 

Mycelia Sclerotia Mycelia Sclerotia Mycelia Sclerotia 

C 8:0 trace --- trace --- 1.7 - -  
C10:O 6.6 5.8 9.2 3.8 37.2 trace 
C12:0 . . . . . . . . . . . .  trace --- 
C14:0 . . . . . . . . . . . .  1.8 --- 
CI 6:0 2.9 13.1 2.7 trace 2.6 trace 
C 16:1 trace 17.2 trace trace trace trace 
C18:0' 4.6 trace 4.6 6.4 trace 1.8 
C 18:1 trace trace trace 24.0 trace 16.2 
C18:2 trace 49.0 1.3 3.5 trace 18.9 
C18:3 30.8 12.9 15.9 1.3 25.0 23.4 
C20:0 --- 1.9 1.2 --- trace 38.4 
C20:1 trace trace trace trace trace trace 
C22:1 14.3 --- 10.8 52.4 13.5 trace 
C24:1 39.0 trace 48.8 --- 16.1 --- 
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FIG. 1. Two dimensional  thin layer chromatogram of  phospholipids of  mycelia (1-3) and sclerotia (4-6) 
grown on carbon/ni t rogen ratio o f  10, 80, and 320, respectively. 1. Diphosphat idyl  glycerol (cardiolipin). 2. 
Phosphat idyl  e thanolamine.  3. Phosphat idyl  choline (lecithin). 4. Phosphat idyl  glycerol. 5. Phosphatidic acid. 6. 
Phosphat idyl  inositol. 7. Phosphat idyl  serine and origin. Staining behavior and quanti tat ive composi t ion are 
given in Table III. Developing solvents are those  described in ref. 10. Compounds  present  in higher, med ium,  and 
lower concentra t ions  are represented by shaded,  circled, and dot ted  lines, respectively. 

si l icic ac id  c o l u m n  c h r o m a t o g r a p h y .  M yce l i a l  t i s s u e  d r y  w t  bas i s )  f o r  o r g a n i s m s  g r o w n  o n  
n e u t r a l  l ip ids  c o n s t i t u t e d  1 3 . 1 ,  5 .9 ,  a n d  1 0 . 1 %  m e d i a  w i t h  C / N  r a t i o s  o f  10 ,  80 ,  a n d  3 2 0 ,  
o f  t h e  t o t a l  l ip id  c o n t e n t  ( 1 . 8 ,  0 . 2 ,  a n d  0 . 3 %  o n  r e s p e c t i v e l y  ( T a b l e  I).  E x c e p t  f o r  C / N  10,  t h e s e  
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values were seven-nine times higher for the 
sclerotial neutral lipids than for mycelial neu- 
tral lipids (Table I). The main neutral lipid 
constituents tentatively were identified as di- 
glycerides and free fat ty acids. Mycelia were 
considerably higher (two-five times) in glyco- 
lipids than were sclerotia (Table I). These 
differences were especially notable when lipid 
content was expressed on a tissue dry wt basis 
(Table I). Monogalactosyl and digalactosyl di- 
glycerides tentatively were identified as the 
main constituents of the glycolipid fractions. 
The phospholipids comprised ca. one-third of 
the total  lipids extracted from the rnycelia of  
M. phaseolina grown at C/N ratios of 80 and 
320. Ca. two-thirds of the to ta l  lipids extracted 
from sclerotia produced on media with a C/N 
ratio of  10 were phosphatides. This value 
decreased to ca. 20% at C/N 80 and 5% at C/N 
320 (Table I). 

Fatty acid composition: The fat ty  acid 
composition of the total  lipids extracted from 
sclerotia and mycelia of M. phaseolina grown 
on C/N 10, 80, and 320 is presented in Table II. 
Qualitatively, mycelial lipids has similar fat ty 
acid compositions at all C/N ratios. The major 
fatty acids were C18:3, C22:1, C24:1, and 
C l 0 : 0  with minor and trace amounts of C8:0, 
C16:0, C16:1, C18:0, C18:1, C18:2, and 
C20:0. The fat ty  acid composit ion of sclerotial 
lipids differed considerably from the mycelial 
lipids and varied with C/N ratio. While C16:0, 
C16:1, C18:2, and C18:3, were the major fat ty  
acids extracted from sclerotia grown at C/N 10, 
the C18: 1,C22:1 andC18: 1,C18:2,  C18:3, and 
C20:0 fat ty acids were the major components  
isolated from sclerotia grown at C/N of 80 and 
320, respectively (Table II). Trace amounts of 
other fat ty acids were detected�9 

Phospholipid analysis: The complex mixture 
of phospholipids obtained in fraction 4 of the 
silicic acid column ($4) could not be resolved 
completely into individual components  by one 
dimensional paper chromatography (11-13). A 
more effective procedure,  however, was at- 
tained by chromatography on two dimensional 
TLC as shown in Figure 1; staining behavior 
and quantitative composit ion of mycelial and 
sclerotial phosphatides are given in Table !II. 
Under all the growth conditions employed,  
mycelial phosphatides contained 7-13% diphos- 
phat idyl  glycerol (cardiolipin), but  sclerotia 
lacked this compound (Fig. 1, Table III). On 
the other hand, sclerotial phospholipids con- 
tained 4-18-fold as much phosphatidic acid as 
mycelial phosphohpids (Table III). Higher pro- 
portions of phosphat idyl  ethanolamine also 
were present in the lipids of the mycelia as 
compared to the sclerotia in all C/N ratios 
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(Table III). Phosphatidyl choline was present at 
lower levels in mycelial phosphatides than in 
the phosphatides of sclerotia, except at a C/N 
of 80, Phosphatidyl inositol and phosphatidyl 
glycerol concentrations were 3 and 12 times 
higher in sclerotia grown at a C/N 10 than in 
mycelia. These concentrations decreased, how- 
ever, as C/N ratio increased (Table III). Changes 
in phosphatidyl serine levels in mycelia and in 
sclerotia could not be connected to differences 
in the C]N ratio. 

DISCUSSION 

The results reported herein are the first to 
compare the lipids extracted from mycelia and 
sclerotia of a single fungal species grown on 
three different C/N ratios. 

Mycelia and sclerotia of M. phaseolina differ 
considerably in lipid content.  Neutral lipids 
were low in mycelia and high in sclerotia. The 
higher neutral lipid content in sclerotia was not 
unexpected in view of the fact that sclerotia are 
structures which exist in a dormant condition 
for long period of time. Since storage lipids are 
usually neutral, it is conceivable that the 
neutral lipids of sclerotia may serve as carbon 
and energy reserves. 

The glycolipid containing fraction of the 
mycelia was exceptionally high in M. phaseolina, 
and study of the nature of the individual 
components is warranted. 

The phospholipid content was expected to 
be higher in mycelia than in sclerotia due to the 
presence of active phospholipases accompa- 
nying fungal maturation (16,17). We cannot 
find a satisfactory explanation for the lower 
phosphatide content of mycelia grown at C/N 
10 compared to the corresponding sclerotia. 
The seven phospholipids found in mycelia 
(Table III) have been shown previously to be 
normal phospholipid constituents in fungi pres- 
ent at varying concentrations, depending upon 
several physiological conditions (16,17). There 
are considerable differences, however, in the 
phospholipid levels of sclerotia and mycelia 
grown at the same C/N ratio (Table III). 
Cardiolipin could not  be detected in sclerotial 
phosphatides; its importance in membrane 
structure and function remains to be seen. The 
concentrations of phosphatidic acid were 
higher, and phosphatidyi ethanolamine, phos- 
phatidyl inositol, and phosphatidyl serine lower 
in sclerotia than in mycelia (Table III). These 
results suggest that phospholipases are present 
and active in mycelia and are able to hydrolyze 
phospholipids to phosphatidic acid as the 
mycelia produces sclerotia. There were no 
lysophosphatides detected in mycelia or scle- 

rotia suggesting that phospholipase A2 might be 
absent or inoperative. 

The  fatty acid composition of Eukaryotes 
has been a subject of interest for many investi- 
gators. In Euglena gracilis (18), ciliate protozoa 
(19), yeasts (20), basidiomycetes (21-23), and 
imperfect fungi (24), the fatty acids of the 
polar lipids have been shown to be more 
unsaturated than those of the neutral lipids. 
The situation in phycomycetous fungi (I 6) and 
flagellate protozoa (25) is different, since neu- 
tral and polar Iipids show no differential fatty 
acid distribution. No conclusive pattern of 
distribution appears to exist in the mycelial and 
sclerotial lipids in M. phaseolina. Whether this 
observation is a feature of sclerotia forming 
fungi or whether it is an effect of the C/N ratio 
growing conditions remains to be determined. 
It would be of interest to compare fatty acid 
composition of neutral and polar lipids of the 
mycelial and sclerotial stages of M. phaseolina. 

It is interesting to speculate on the implica- 
tions of some of the differences in lipid 
composition of the mycelium and the sclerotia 
found in M. phaseolina. Distinct differences in 
the wt percent of the neutral and polar lipids 
between the sclerotia and the mycelia were 
shown. The complete characterization of all 
lipid components might provide a degree of 
insight into the survival mechanism of sclerotia. 
Furthermore, it might develop a better under- 
standing of this resistant propagative unit in 
terms of how much catabolizable material is 
present which can be used as a source of energy 
for germination. In many respects, sclerotia 
may be compared with seeds regarding lipid 
composition. High concentrations of lipids in 
sclerotia probably function in a manner similar 
to those of seeds. Lipids not only provide the 
energy required for germination but also the 
energy required to maintain a low level of 
respiration for extended periods of time, a 
prerequisite for dormant, resistant propagative 
units, such as sclerotia. 
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Distribution of Fatty Acids during Germination of Cottonseeds 
A.C. JOSHI and V.M. DOCTOR, Department of Chemistry, 
Prairie View A&M University, Prairier View, Texas 77445 

ABSTRACT 

Gas chromatographic determination of 
the fatty acids in the seeds of cottonseed 
(Gossypium sp.) showed linoleic, palmi- 
tic, oleic, and stearic acids, with linoleic 
acid being the major component.  Changes 
in the composition of fatty acids during 
various stages of germination were mea- 
sured in the cotyledons and in the roots. 
A decrease in the content of all the fatty 
acids and an 8-fold increase in the mois- 
ture content of the cotyledons were ob- 
served during the 10 days of germination. 
There were no significant changes in the 
fatty acid contents of the roots with the 
exception of those in linoleic acid which 
increased by 50% during 4-10 days of ger- 
mination. The possible significance of 
these changes is discussed. 

INTRODUCTION 

The U.S. is one of the biggest producers of 
soybean seeds and cottonseeds. Both of these 
are rich in protein and lipid, and these facts 
have created renewed interest in the studies re- 
garding their chemical composition and geno- 
types. Hoffpauir, et al., (1) studied cottonseeds 
and reported that, among the different species, 
the percent of germination decreased with an 
increase in the content of free fatty acids in the 
seeds. The developing roots have an intricate 
system of membranes which are major sites of 
lipid accumulation. Also, studying fatty acid 
composition of the roots and cotyledons sepa- 
rately may give an insight into the metabolic 
interrelationship between the two organs. 

Joshi, et el., (2) reported a decrease in the 
percent of palmitic and oleic acids in soybean 
cotyledons from 6-12 days of germination, 
while the percent of linoleic acid increased 
during the same period. A decrease in the per- 
cent of oleic acid during germination was inter- 
preted to suggest that it was the immediate pre- 
cursor  for the synthesis of linoleic acid. 
Crombie, et el., (3) reported the composition of 
the fatty acid of Citrullus vulgaris seeds during 
germination and concluded that oleic was 
metabolizing rapidly. Grindley (4) reported the 
sequence of formation of fatty acids in the 
developing cottonseeds and observed that the 
percent of linoleic acid increased during matu- 
ration. Also, a gradual increase in the percent of 

total l ip ids  occurred during the same period. 
The present report concerns the distribution of 
the fatty acids in cotyledons and roots of cot- 
tonseeds during the initial l0  days of germina- 
tion. 

MATERIALS AND METHODS 

Seed 

Cottonseeds were obtained from Wyart- 
Quarles Seed Co., Raleigh, N.C. All of the 
studies reported in this paper were conducted 
on three different batches of McNair 210. 

Germination and Extraction of  Lipid 

Germination of the seeds was conducted in 
the dark at 37 C. At 4, 7, and 10 days following 
germination, the seedlings were separated into 
cotyledons and roots and were dried by the 
vacuum oven method prescribed by the Asso- 
ciation of Official Analytical Chemists (5). The 
dried material was ground in a Waxing blender 
and stored in a freezer. 

Lipid material was extracted from an aliquot 
of the powder with petroleum ether using a 
Soxhlet apparatus. In the oilseeds, the triacyl- 
glycerols are not bound and comprise over 95% 
of the lipids which axe extracted almost com- 
pletely by the petroleum ether. The solvent was 
removed by evaporation at room temperature 
under a steady stream of nitrogen, and the ex- 
tract was weighed and stored at refrigerator 
temperature. 

Preparation of Derivatives 

The fatty acids were obtained from the 
glycerides by alkaline hydrolysis (6), and the 
methyl esters were prepared for gas liquid chro- 
matographic (GLC) analysis by the method of 

TABLE I 

Percentages of Lipid in Cottonseed 
Components during Germination 

Days of  germination 

Seed component a 4 7 10 

Cotyledons 22.5 17.0 9.8 
23.7 17.7 9.6 

Roots 10.5 8.9 5.8 
11.1 9.8 5.6 

aSeeds contained 24.4% lipid before germination. 
Glycerides comprised over 95% of this fraction. All 
determinations were carried out  in duplicate. 
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TABLE II 

Composition of Cotyledons (100 Seedlings) 

Days of germination 

Component a 0 4 7 10 

Fresh wt (g) 9.4 10.7 19.0 26.3 
9.0 8.8 20.5 27.2 

Dry wt (g) 8.4 4.8 4.5 4.5 
8.1 4.7 4.4 3.5 

Moisture (%) 10.7 55.2 75.9 82.9 
10.0 48.0 78.5 87.2 

Total fatty acids (mg) 2046 1065 812 440 
2501 1053 820 406 

Palmitic (rag) 570 303 201 113 
697 299 208 110 

Stearic (mg) 42 34 17 11 
52 33 18 11 

Oleic (mg) 286 223 141 58 
352 222 146 57 

Linoleic (nag) 1145 505 442 252 
1400 499 458 245 

aThe fatty acids were identified as methyl esters by comparing their retention time with 
that of authentic samples. The composition of the fatty acids was calculated on the basis of 
their gas chromatographic areas by the triangulation procedure. All the determinations were 
conducted on duplicate random samples of 100 seeds each. 

TABLE III 

Composition of Roots (100 Seedlings) 

Days of germination 

Component a 4 7 10 

Fresh wt (g) 2.3 6.9 11.1 
2.4 6.3 11.0 

Dry wt (g) 0.6 0.7 1.3 
0.6 0.6 1.0 

Moisture (%) 73.9 89.9 88.3 
75.0 90.5 90.9 

Total fatty acids (mg) 59 65 74 
61 61 72 

Palmitic (rag) 21 22 22 
23 19 19 

Stearic (mg) 1 l 1 
1 1 1 

Oleic 9 7 9 
8 6 9 

Linoleic (mg) 28 35 42 
29 35 43 

aprocedure for the determination of fatty acids 
was the same as described in Table II. 

Hus ton  and Albro (7). Analysis o f  the  lipid by  
the  double  deve lopmen t  th in  layer ch roma to -  
graphic (TLC) p rocedure  of  Skipski, et al., (8) 
showed  tha t  it con ta ined  less t han  1% of  the  
material  as free fa t ty  acids. 

GLC 

Methyl  es ter  f rac t ions  ob ta ined  by the  above 
p rocedure  were di luted wi th  n -hep tane ,  and ali- 
quots  conta in ing  0.05-0.1 mg mix tu re  were in- 
j ec ted  in to  a Beckman GC 2A gas ch roma to -  
graph. A 0.6 cm x 7.0 ft  stainless steel  co lumn 

filled wi th  20% po lyd ie thy lene  glycol  succinate  
on acid-washed Chromoso rb  W was ope ra t ed  at 
a t empera tu re  of  220 C with  he l ium as carrier 
gas and a current  o f  200 ma. Elut ion  t ime was 
ca. 10 rain. A s tandard  solut ion conta in ing  a 
mixture  of  au then t ic  samples  of  f a t ty  m e t h y l  
esters was run unde r  ident ical  expe r imen ta l  
cond i t ions  prior to runn ing  samples.  The re ten-  
t ion  t imes  of  the  u n k n o w n  samples  of m e t h y l  
esters were co mp a red  wi th  the s tandards  for  
ident i f ica t ion  purposes .  

RESULTS 

The resul ts  o n  t he  t o t a l  l ipid ma te r i a l  a t  dif- 
f e r e n t  stages o f  germina t ion  p resen ted  in 
Table I show tha t  the  seeds, pr ior  to  germina-  
t ion,  con ta ined  24.4% lipid which  gradually 
changed to 9.6-9.8% in co ty l edons  and to 
5.6-5.8% in roo t s  af ter  10 days of  germina t ion .  

In Table II are p resen ted  the  results  of  the 
mois ture  con ten t s  and the levels of  f a t ty  me t h y l  
esters of co ty l edons  during various stages of  
germinat ion.  The co t tonseeds ,  pr ior  to  germina- 
t ion,  con ta ined  largely linoleic acid fo l lowed by 
palmit ic ,  oleic, and stearic acids. During the  10 
days of  germina t ion ,  the co n t en t s  o f  all the  4 

fa t ty  acids decreased signif icantly in the cotyle-  
dons.  At  the  end  of  this per iod ,  l inoleic acid 
was still the  major  f a t ty  acid, fo l lowed  by pal- 
mit ic ,  oleic, and stearic acids. The mois ture  
con t en t  o f  the co ty l edons  increased t h r o u g h o u t  
the  germina t ion ,  while the  dry wt of  the  cotyle-  
dons  decreased to  one-hal f  at 4 days  of  ger- 
mina t ion ,  mainly due to shedding  o f  the  seed 
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coat. The changes in fatty acid composit ion of 
the roots during 4-10 days of germination are 
presented in Table III. At 4 days of  germina- 
tion, the roots contained linoleic acid as the 
major component followed by palmitic, oleic, 
and stearic acids. At any given period of ger- 
mination, the percentages of moisture in the 
roots were higher than in the cotyledons, while 
the dry wt and the fatty acid contents were 
lower in the roots than in the cotyledons. There 
were no significant changes in the fatty acid 
contents of the roots, with the exception of 
linoleic acid which increased by 50% during 
4-10 days of germination. 

DISCUSSION 

The unsaturated fatty acids of cottonseeds 
were linoleic and oleic acids which together 
comprised over 75% of the total fatty acids. 
The remaining acids were palmitic and stearic 
acids. Cottonseed oil has been classified as 
"linoleic-rich" because linoleic acid alone con- 
stitutes over 50% of the total fatty acids. 

Dutton and Mounts (9) studied photosyn- 
thesizing flax, soybean, and safflower plants ex- 
posed to 14CO 2 for a 1 hr period at seed- 
setting stage. Of the C18 unsaturated fatty 
acids, oleic acid was the first to acquire the 
radioactivity which subsequently and succes- 
sively appeared in linoleic and linolenic acids. 
Gridley (4) used a combination of iodine value 
and the spectrophotometric method of  Brown, 
et al., (10) and reported a decrease in the con- 
centration of oleic and saturated acids and an 
increase in linoleic acid and total oil content of 
cottonseeds during maturation. The results of 
the present investigation show a gradual de- 
crease in the percent of lipid material in the 
cotyledons and in the roots during the initial 10 
day period of germination. Linoleic acid con- 
tent of the cotyledons decreased by 80% during 
the 10 days of germination, while it increased 
by 50% in the roots during 4-10 days of ger- 
mination. Whether the increase in linoleic acid 
in the roots was caused by a transfer from the 
cotyledons cannot be determined by the results 

o f  the present investigation. All other fatty 
acids decreased in the cotyledons, while they 
remained unchanged in the roots. 

Soybean seedlings contained linolenic acid in 
the cotyledons and in the roots, but linolenic 
acid was absent from the cotton seedlings, 
while both types of  seedlings contained linoleic 
acid as the major component  (2). The differ- 
ences in the pattern of fatty acids in cotyledons 
and roots during germination indicate the im- 
portance of analyzing individual components  of  
the seedlings. A more detailed study of  the en- 
zyme kinetics of  the desaturation and satu- 
ration reactions in the cell-free preparations 
using tracer techniques may explain the nature 
of the precursors of the linoleic acid in the 
roots of the cottonseed. 
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Lipids of Cultured Hepatoma Cells: VI. Glycerolipid and 
Monoenoic Fatty Acid Biosynthesis in Minimal Deviation 
Hepatoma 7288C 1 
REX D. WIEGAND and RANDALL WOOD, Division of Gastroenterology, Departments of Medicine 
and Biochemistry, University of Missouri School of Medicine, Columbia, Missouri 65201 

ABSTRACT 

1 _1 4C_Acet ic  ' l_14C_palmitic, or 
1-14C-stearic acid was incubated with 
minimal deviation hepatoma 7288C cells 
grown in culture to assess: de novo fatty 
acid synthesis, oxidation, desaturation, 
and elongation of saturated fatty acids, as 
well as the ability of media fatty acids to 
serve as precursors of cellular glycero- 
lipids. Distribution of radioactivity in the 
individual lipid classes and the various 
fatty acids of triglyceride, phosphatidyl 
choline, and phosphatidyl ethanolamine 
was determined. The radioactivity among 
the monoenoic acid isomers derived from 
triglyceride, phosphatidyl choline, and 
phosphatidyl ethanolamine was analyzed 
by reductive ozonolysis. Only small 
amounts of the labeled substrates were 
oxidized to carbon dioxide. Except for 
labeled stearic acid, which also was incor- 
porated heavily into phosphatidyl inositol 
and phosphatidyl serine, most radioactiv- 
ity was recovered in triglyceride, phos- 
phatidyl choline, and phosphatidyl etha- 
nolamine. Synthesis of cholesterol and 
long chain fatty acids from labeled acetic 
acid demonstrated that these cells can 
perform de novo synthesis of fatty acids 
and cholesterol. Both labeled palmitic 
and stearic acids were desaturated to the 
corresponding A9 monoenes, and pal- 
mitic and palmitoleic acids were elon- 
gated. The hexadecenoic acid fraction 
isolated from triglyceride, phosphatidyl 
choline, and phosphatidyl ettlanolamine, 
when acetic or palmitic acid was the 
labeled substrate, showed that greater 
than 70% of the labeled acids were the 
A9 isomer. Radioactivity of the octa- 
decenoic acid fraction derived from la- 
beled acetic or palmitic acids was nearly 
equally divided between the A9 isomer, 
oleic acid, and the A 11 isomer, vaccenic 
acid. Desaturation of labeled stearic acid 
produced only oleic acid. These data 

1presented at the 65th Meeting of American 
Society of Biological Chemists, Minneapolis, June 
1974. 

demonstrate that the biosynthesis of vac- 
cenic acid in these cultured neoplastic 
cells proceeds via the elongation of pal- 
mitoleic acid. The relatively high level of 
vaccenic acid synthesis in these cells 
suggests that the reported elevation of 
"oleic acid" in many neoplasms may 
result from increased concentration of 
vaccenic acid. 

INTRODUCTION 

The significance of elucidating the role of 
lipid metabolism in the neoplastic cell, as well 
as the advantages offered by the cultured 
minimal deviation hepatoma cell (HTC) as a 
model system for studying neoplasia, has been 
discussed previously (1,2). Of the several stud- 
ies wherein the HTC cell was utilized for study 
of lipid biosynthesis, no information has been 
obtained as to the relative contribution of the 
pathways for fatty acid and glycerolipid biosyn- 
thesis (3,4). Those studies reported incorpora- 
tion of the fatty acid substrate into total 
cellular lipid and thus ignored the important 
information, such as interconversion of the 
fatty acid substrates into particular lipid classes. 
We have shown that HTC cells have a high 
capacity for the incorporation and interconver- 
sion of exogeneous palmitic acid into glycero- 
lipid (2), and, in the present communication, 
we have utilized data from that previous com- 
munication for comparative purposes. The pres- 
ent results demonstrate that these HTC cells 
possess the capacity for the de novo fatty acid 
synthesis, as well as possess an appreciable 
stearic acid desaturase activity. Furthermore, 
isomeric analysis of the octadecenoic acid 
fraction synthesized from labeled acetic or 
palmitic acid revealed that these cells synthesize 
significant quantities of vaccenic acid. 

EXPERIMENTAL PROCEDURES 

7288C HTC were cultured on Swim's 77 
medium (Grand Island Biological Co., Grand 
Island, N.Y., catalog no. H-20) supplemented 
with 20% bovine serum and 5% fetal calf serum. 
At confluency, the medium was decanted, and 
20 ml Swim's 77 medium (without serum) and 
either 1-14C-acetic (1.55 pCi), 1-14C-palmitic 
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FIG. 1. Percentage of  total administered radioactivity recovered in cellular lipid, lipids of  culture media, and 
CO 2 at various incubation times. Culture conditions,  isotope administration, extraction, and quantification of  
radioactivity are given in the text.  Symbols represent:  open = cells; closed = culture media; x and * = CO2 from 
1-14C-acetic and 1-14C-stearic acid, respectively. 1-14C-acetic acid (% =, x); 1-14C-palmitic acid (% e, ND = not  
determined); and 1-14C-stearic acid (ix, A, *). 

(1.99 #Ci), or 1-14C-stearic (1.48 #Ci) acid 
were added to the culture flasks and incubated 
for 0.75, 1.5, 3, 6, 9, 12, and 24 hr. Collection 
of radioqabeled CO2 evolved by the cells when 
incubated with labeled acetic or stearic acid was 
accomplished by connecting a 1 x 3 in. length 
of silicone tubing from the mouth of the 
incubation flask to a wide mouth scintillation 
vial which contained 1 in. sq. piece of folded 
filter paper saturated with 0.25 ml ethanol- 
amine. At termination of the incubation, the 
vial and contents were counted as described 
previously (2). Lyophilized cells and media 
were extracted twice by the Bligh and Dyer 
procedure (5) to obtain total lipids. Neutral 
lipids were isolated from polar lipids by silicic 
acid chromatography (6). Individual neutral 
lipid and phospholipid classes were resolved by 
thin layer chromatography (TLC) and the 
distribution of radioactivity determined. Tri- 

glycefide, phosphatidyl choline (PC) and phos- 
phatidyl ethanolamine (PE) fractions were iso- 
lated by TLC and converted to methyl esters. 
The methyl esters were fractionated according 
to degree of unsaturation and chain length by 
preparative gas liquid chromatography (GLC) 
and the radioactivity in the individual esters for 
each lipid class determined. The details of these 
procedures have been described previously (2). 

Monoene methyl esters resolved by prepara- 
tive GLC were converted to ozonides by a 
modification of the Beroza and Bierl proce- 
dures (7). Ca. 2 ml CS 2 saturated with ozone at 
-70 C was added to the isolated radioactive 
monoene fraction which also contained 50 btg 
standard monoene carrier mixture comprised of 
equal amounts of the methyl esters of oleate, 
vaccenate, erucate, and nervonate. Excess 
ozone was driven off immediately by bubbling 
nitrogen through the solution. Dry nitrogen was 
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FIG. 2. Percentage of total administered radioactivity recovered in individual cellular lipid classes at various 
incubation times. Culture conditions, isotope administration, extraction, and quantification of the lipids are 
given in the text. Symbols represent: o - - D  = cholesterol, m - - .  = triglycerides, o - - o  = choline 
phosphoglycerides, o - - o  = inositol phosphoglycerides, A - - A  = serine phosphoglycerides, A--A = ethanol- 
amine phosphoglycerides, and |174 = free fatty acid. 

used to reduce the volume of solvent to 10 
/aliter or less. Triphenylphosphine (250/lg)  was 
added to the ozonide mixture and injected into 
an Aerograph model A90-P chromatograph 
equipped with a thermal conductivity detector. 
Aldehydes and aldesters resulting from the 
cleavage of the ozonides were resolved on a 5 ft 
x 0.25 in. stainless steel column packed with 
3% SE-30 coated on Varaport-30 (100-120 
mesh) support. The column temperature was 
programed manually from 50-240 C. Injector, 
detector, and collector temperatures were main- 
tained at ca. 265, 250, and 210 C, respectively. 
The flow rate of the helium carrier gas was 
maintained at 55 ml/min. Radioactive alde- 
hydes and aldesters emerging from the gas 
chromatograph were trapped by means of a 
collecting device described by Wood and Reiser 
(8). Several small blocks of dry ice were placed 
on the trapping tube to ensure maximum 
recovery of the resolved radioactive aldehydes. 
Aldehyde and aldester fractions were rinsed 
from the collection tubes into scintillation vials 
with 15 ml scintillation solution (9) and the 
radioactivity counted in a Beckman LS-100C 
liquid scintillation spectrometer. 

Tissue culture flasks, culture medium, fatty 
acid methyl esters, lipid standards, and solvents 
were purchased from those sources previously 
described (2). 1-14C-Acetic acid (specific activ- 
ity 54.7 mc/mM) and 1-14C-palmitic acid (spe- 

cific activity 55.2 mc/mM) were purchased 
from Nuclear Chicago, Des Plaines, Ill., and 
1-14C-steari c acid (specific activity 54.3 
mc/mM) was purchased from New England 
Nuclear Corp., Boston, Mass. 

RESULTS 

Incorporation of Radioactivity into Total Lipids 

The time-course incorporation of 1-14C- 
acetic, 1-14C-palmitic, and 1-14C_steari c acids 
into cellular lipids, CO2, and the amount of 
radioactive label remaining in the culture media 
are given in Figure 1. The two long chain fatty 
acids were incorporated to the same extent in 
an almost linear fashion for the first 12 hr. 
Decreases in media radioactivity with t i m e  w e r e  

found to accompany the incorporation of the 
long chain fatty acid into cellular lipid. Uptake 
and conversion of labeled acetate into cellular 
lipid were reduced relative to the long chain 
acids, and peak incorporation occurred at the 
twelfth hr, the same as for labeled stearate. 
Radioactivity recovered as media lipid when 
acetic acid was the labeled substrate accounted 
for only 2-3% of the administered radioactivity. 
Radioactivity recovered as carbon dioxide was 
minimal throughout the 24 hr. 

Incorporation of Radioactivity into Lipid Classes 

The percentage of administered radioactivity 
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in individual cellular lipid classes is given in 
Figure 2. With few exceptions, the percentage 
of radioactivity continued to increase in all 
lipid classes through the twelfth hr. Generally, 
the ratio of radioactivity in a class to other 
classes remained somewhat constant during the 
first 12 hr. Acetate was the only substrate that 
was incorporated into cholesterol to any signifi- 
cant degree. Triglycerides, PC, and PE con- 
tained the highest percentages of radioactiv- 
ity. When palmitic acid was the labeled sub- 
strate, slightly greater than 50% of the isotopic 
label was recovered in total phospholipid and, 
of that, 60-70% was isolated in PC. Between 
80-90% of the isotopic label from palmitic acid 
recovered in the neutral lipid fraction was 
triglyceride. When stearic acid was the labeled 
substrate, radioactivity incorporated into glyc- 
erolipids during the first 9 hr was ca. equally 
distributed between the phosphatides of cho- 
line, ethanolamine, inositol, and triglyceride. 
Phosphatidylserine (PS) also contained a much 
higher level of radioactivity when stearate was 
the substrate than from acetate or palmitate. 

Incorporation of Radioactivity into Fatty Acids 

The specific radioactivities of hexadecanoic 
(1 6:0), hexdecenoic (16:1), octadecanoic 
(18:0), and octadecenoic (18:1) fatty acids 
from triglyceride, PC, and PE classes are given 
in Figure 3 for each labeled substrate. Mass data 
used in calculating the specific activities were 
taken from data obtained previously in this 
laboratory. Since the cells used in these studies 
were grown to confluency on Swim's 77 me- 
dium supplemented with 25% serum, mass data 
on the quantities of individual fatty acids in 
each class/given number of cells was calculated 
from cells grown on Swim's 77 medium supple- 
mented with 25, 15, and 10% serum reported 
previously (1). The quantities and compositions 
of cellular lipids from these three media were 
very similar, and previous studies have shown 
that the Glass compositions and fatty acid 
compositions from HTC cells exhibit only 
marginal changes under the severest of growth 
conditions (10,11). Hexadecanoic and hexa- 
decenoic acids of PC possessed the highest 
specific activity throughout the entire incuba- 
tion period when acetate was the substrate. The 
specific activity of octadecanoic acid synthe- 
sized from labeled acetate in PC was ca. equal 
to that in triglyceride but was slightly greater 
than that in PE. Specific activities for octa- 
decenoic acid in the three lipid classes were ca. 
equal. When palmitic acid was the labeled 
substrate, specific activities of fatty acids were 
the highest in triglyceride, intermediate in PC 
and lowest in PE. When stearic acid was the 

labeled substrate, the isotope was confined 
primarily to the octadecanoic and octadecenoic 
acid fraction. During the first 12 hr, the specific 
activities of each 18-carbon fatty acid in each 
lipid class were ca. the same. 

Radioactivity in Monoenoic Fatty Acid Isomers 

The distributions of radioactivity in the 
hexadecenoic and octadecenoic isomeric acids 
isolated from triglyceride, PC, and PE fractions 
at various time periods are given in Tables I, II, 
and III for acetate, palmitate, and stearate 
substrates, respectively. The percentages given 
are a comparison of radioactivity obtained from 
the aldester fragments. When acetate was the 
substrate, some 30-40% of the radioactivity was 
in the aldehyde fragments. Generally, the iso- 
meric distributions did not show a change with 
time. Furthermore, triglycerides contained 90% 
of the A9 hexadecenoic isomer, palmitoleic 
acid, whereas PC and PE exhibited lower 
percentages (70-85%) of palmitoleic acid offset 
by higher percentages of the A l l  isomer. 
Labeled palmitic acid gave rise to a higher 
percentage of palmitoleic acid in all three lipid 
classes, and, as expected, stearic acid radioactiv- 
ity was not found in shorter chain fatty acids at 
significant levels. Ca. 70% of the radioactivity 
in the 18:1 fraction, when acetate was the 
substrate, was found in the A l l  isomer, vac- 
cenic acid (Table I). All lipid classes contained 
the same proportion of oleic and vaccenic acids. 
When palmitate was the substrate, oleic and 
vaccenic acids of each class contained ca. equal 
amounts of radioactivity. Essentially all of the 
labeled stearate converted to the corresponding 
monoene was oleic acid (Table III). 

Data Evaluation 

The experiments described were carried out 
with ca. 20 x 106 cells/flask for each time 
period. Because of the large number  of hrs 
required to analyze each sample in the detailed 
manner described, only one flask/time period 
was used. Data from acetate experiments car- 
ried out with cells grown on Swim's 77 medium 
supplemented with 25% serum agreed well with 
data from corresponding time periods of this 
study. A further indication of the degree of 
reproducibility is demonstrated in the distribu- 
t ion of radioactivity of the isomeric hexadec- 
enoic and octadecenoic acids. Since the differ- 
ences between time periods were small, the 
time periods may be considered as multiple 
determinations. Only data that show a contin- 
uous and sustained change from one time 
period to another and are clearly outside 
marginal limits have been emphasized. 

The geometrical configuration of monoene 
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FIG. 3. Incorporat ion of  radioact ivi ty  from tracer fa t ty  acids into fa t ty  acid esters of choline 
phosphoglycerides (PC), e thanolamine phosphoglycerides (PE), and triglycerides (TG). Values given are 
dis integrat ion/min incorpora ted/#g glyceride fa t ty  acid. Culture condit ions,  isotope adminis t ra t ion,  extract ion,  
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TABLE I TABLE II 

Percentage Distribution of 14C-Radioactivity 
Recovered in Isomeric Monoenoic Acids Drived from 
Lipid Class of Cultured Minimal Deviation Hepatoma 

Cells Incubated with 1-1'~C-Acetic Acid a 

Percentage Distribution of 14C-Radioactivity 
Recovered in Isomeric Monoenoic Acids Derived 

from Lipid Classes of Cultured Minimal Deviation 
Hepatoma Cells Incubated with 1-14C-Palmitic Acid a 

Percentage of 14C-radioactivityb 

PC PE TG 
Incubation 
time (hr) A9 Al l  A9 Al l  A9 Al l  

Percentage of 14C-radioactivityb 

PC PE TG 
Incubation 
time (hr) A9 A11 A9 A1 1 A9 A11 

Hexadecenoicacid 

3 84 16 73 27 95 5 0.75 
6 71 29 ND ND 1.5 
9 87 13 79 21 94 6 3.0 

12 72 28 88 11 93 7 6.0 
24 67 33 70 30 92 8 12.0 

Octadecenoicacid 

3 23 76 29 71 31 69 0.75 
6 29 71 43 57 38 62 1.5 
9 22 78 28 72 27 73 3.0 

12 26 74 36 64 29 71 6.0 
24 34 66 40 60 43 57 12.0 

aCulture conditions, isotopic administration,~ex - 
traction, and quantification of the monoenes are given 
in the text. 

bThe percentages compare only the amounts of 
14C-radioactivity recovered in the aldester fragments. 
PC = choline phosphoglycerides, PE = ethanolamine 
phosphogiycerides, TG = triglycerides, and ND = not 
determined. 

double  b o n d s  was no t  de te rmined ,  but  it is 
likely that  they  are of  the cis configurat ion.  
Vaccenic  acid f rom rat liver mi tochondr i a  (12) 
and rat adipose tissue (13) was of  the  eis 
conf igurat ion.  

DISCUSSION 

The incorporation of radioactively labeled 
aceta te ,  pa lmi ta te ,  and stearate was fo l lowed 
in to  individual fa t ty  acids of  individual  lipid 
classes of  HTC cells as a func t ion  of  t ime.  
Unlike studies tha t  measure  the  radioact ivi ty  of  

a subst ra te  i nco rpo ra t ed  in to  to ta l  lipids, the  
present  s tudy  allows one to examine  a n u m b e r  
of  metabol ic  ques t ions:  (A) the  abili ty of  the  
HTC cell to  carry out  de novo  fa t ty  acid 
b iosynthes is ;  (B) the fate of  exogenous  long 

chain fa t ty  acid vs endogenous ly  syn thes ized  
fa t ty  acids and class specif ic i ty  of  fa t ty  acids; 
(C) the  cells abili ty to oxidize ,  e longate ,  and 
desaturate  fa t ty  acids; and (D) the  rou te  of  
isomeric m o n o e n o i c  acid b iosynthes is .  

Labeled aceta te  was i n c o r p o r a t e d  in to  long 
chain fa t ty  acids (Fig. 3) o f  several cellular lipid 
classes (Fig. 2). The lower  percentage  of  ace ta te  
radioact ivi ty  i nco rpo ra t ion  in to  cellular lipids, 
than  observed for  pa lmi ta te  or s tearate ,  may  
reside in d i f ferences  of  acyl-CoA syn the tase  

Hexadecenoicacid 

ND ND 81 19 
97 3 ND 88 12 
93 7 94 6 86 14 
94 6 ND 97 3 
95 5 87 13 98 2 

Octadecenoicacid 

42 58 53 47 52 48 
35 65 49 51 ND 
37 63 54 46 45 55 
49 51 67 32 61 39 
51 49 56 44 57 43 

aCulture conditions, isotopic administration, ex- 
traction, and quantification of the monoenes are given 
in the text. 

bThe percentages compare only the amounts of 
14C-radioactivity recovered in the aldester fragments. 
PC = choline phosphoglycerides, PE = ethanolamine 
phosphoglycerides, TG = triglycerides, and ND = not 
determined. 

activities. Well to highly differentiated hepa- 
t o m a  mic rosomes  have been  shown  to  have a 
higher  act ivi ty t oward  pa lmi ta te  than  bu ty ra t e  
(14). The data indicate  tha t  HTC cells have the  
abili ty to  carry out  de novo  fa t ty  acid b iosyn-  
thesis. The possibil i ty tha t  ace ta te  was incorpo-  
ra ted only  in to  fa t ty  acids t h rough  e longat ion  
was d i scoun ted  when  the  a ldehydes  f rom 
m o n o e n o i c  acid ozonide  cleavage con ta ined  
30-40% of  the  radioact ivi ty .  The high degree of  
14C_radioactivity in the  free sterol  f rac t ion was 
shown  by TLC analysis to  co r re spond  to  an 
au then t ic  choles terol  s tandard .  Recent  s tudies  
in this labora tory  have conf i rmed  tha t  greater  
than  95% of  the free cellular s terol  in these 
HTC cells was choles terol .  There are n u m e r o u s  
repor t s  suggesting that  Morris minimal  devia- 
t ion  h e p a t o m a  grown in vivo has lost  the  
capaci ty o f  " f eedback  c o n t r o l "  for  choles terol  
b iosynthes is  (15).  However ,  it has been  re- 
po r t ed  tha t  there  is regulat ion of  choles terol  
b iosynthes is  in HTC cells (3,16).  

Numerous  invest igators  have r epo r t ed  tha t  
t u m o r  cells cu l tured  in animal  serum incorpo-  
rate free fa t ty  acids f r o m  the  m e d i u m  and 
subsequent ly  conver t  t h e m  in to  cellular l ipid 
(17-22).  The results  p resen ted  in Figure 1 
demons t r a t e  tha t  the  percentage  of  the  admin-  
is tered labeled palmit ic  and stearic acids incor-  
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TABLE III 

Percentage Distribution of 14C-Radioactivity 
Recovered in Octadecenoic Acids Derived from Lipid 

Classes of Cultured Minimal Deviation Hepatoma 
Cells Incubated with 1-14C-Stearic Acid a 

Percentage of 14C.radioactivityb 

PC PE TG 
Incubation 
time (hr) A9 All  A9 &ll A9 All  

6.0 99 1 99 1 99 1 
12.0 98 2 98 2 99 I 
24.0 97 3 98 2 99 1 

aCulture conditions, isotopic administration, ex- 
traction, and quantification of the monoenes are given 
in the text. 

bThe percentages compare only the amounts of 
14C-radioactivity recovered in the aldester fragments. 
PC = choline phosphoglycerides, PE = ethanolamine 
phosphoglycerides, and TG = triglycerides. 

porated into cellular lipid were similar. Compar- 
ison of exogenous 1-14C-palmitate and the 
desaturation produce (16:1) specific activities 
for all three lipid classes show triglycerides to 
be the highest and PE the lowest, whereas 16:0 
and 16:1 specific activities were the highest in 
PC in the acetate experiments (Fig. 3). Simi- 
larly, the specific activity of 18:0 from the 
palmitate experiment was much higher in tri- 
glycerides than the other two classes. The data 
indicate preferential incorporation of exoge- 
nous palmitate into triglycerides and palmitate 
from de novo biosynthesis into PC. This inter- 
pretation is not  complicated by degradation 
and resynthesis, because radioactivity was not 
found at significant levels in shorter chain acids 
when labeled palmitate and stearate were the 
substrates. In contrast to palmitate, labeled 
stearate and the desaturation product (18 : l )  
was not incorporated preferentially into any of 
the three classes (Fig. 3). The high level of 
labeled stearate incorporated into phosphatidyl 
inositol (PI) and PS (Fig. 2), together with the 
data that indicated these two phospholipid 
classes in these cells contain a high level of 18:0 
(10), suggests that labeled 18:0 and 18:1 was 
distributed among all classes on the basis of 
18:0 and 18:1 mass in each class. The signifi- 
cance of these results cannot be evaluated fully 
until similar data are available from normal 
hepatocytes. However, it presently appears that 
some media fatty acids are handled differently 
from others and that some endogenous biosyn- 
thesized fatty acids exhibit class specificity 
different from exogenous acids. These studies 
also demonstrate the need to examine individ- 
ual lipid classes as opposed to following incor- 
poration into total lipids. 

These hepatoma cells possess an active fatty 

acid elongation system. Labeled palmitate was 
elongated to stearate which showed preferential 
incorporation into triglyceride and PC (Fig. 3). 
The 18:1 fraction from the palmitate experi- 
ments also represented chain elongation, ca. 
50% which occurred after desaturation of the 
16:0 substrate (Table II). Significant amounts 
of radioactivity also were found in the triglycer- 
ide eicosenoic acid fraction at the longer time 
periods of the palmitate experiments. However, 
when stearate was the substrate, low radioactiv- 
ities were observed in the eicosenoic acid 
fractions of all lipid classes at all time periods. 
The reason stearate and its desaturation prod- 
uct oleic acid were not  incorporated into 
eicosenoic acids is not  because this fraction 
does not contain the A l l  isomer. The A l l  
isomer has been shown to account for 30-50% 
of the eicosenoic acid in triglyceride, PC, and 
PE of these cells (23). 

Previous reports from this laboratory have 
shown that both neutral lipid and phospholipid 
classes of these HTC cells contained high levels 
of monoenoic fatty acids which increased as the 
level of serum and lipid in the growth media 
used to culture the cells was reduced (1,10,11). 
It also was established that the octadecenoic 
acid fraction derived from individual lipid 
classes contained high levels of vaccenic acid 
(23). These data are confirmed by the distribu- 
tion of radioactivity in the isomeric octadece- 
noic acids of Tables I and II. The distribution 
of radioactivity from both the acetate and 
palmitate experiments did not show any octa- 
decenoic isomer lipid class preference. Ca. equal 
amounts of radioactivity in oleic and vaccenic 
acids from the palmitate experiment agreed 
well with the mass data (23). Ca. twice as much 
radioactivity was found in the aldester fragment 
of vaccenic acid as oleic when acetate was the 
substrate (Table I). When the values are cor- 
rected for the additional acetate unit in A11 
aldester, the values still are elevated. One 
explanation would be that palmitoleic acid 
synthesized de novo from acetate is used in 
preference to the palmitoleic acid, arising from 
the desaturation of exogenous labeled 16:0, for 
elongation to vaccenic acid. 

The distribution of radioactivity in the 
isomeric hexadecenoic acids agreed well with 
previously reported mass data (23). As ex- 
pected, the A11 hexadecenoic isomer contained 
little radioact ivi ty,  when palmitate was the 
substrate (Table II). PC and PE contained a 
higher percentage of  acetate radioactivity in the 
A11 hexadecenoic acid than triglycerides which 
is not understood at this time. The A l l  
hexadecenoic acid probably was derived from 
the elongation of  A9 tetradecenoic acid. It is of  
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in te res t  to n o t e  that despi te  a s igni f icant  level 
of  A l l  h e x a d e c e n o i c  acid,  t he  A 13  oc tadece -  
noic  i somer  was n o t  measurab le ,  i nd ica t ing  
some specif ic i ty  of the  e longa t ion  sys tem.  This  
is in  ag reemen t  w i t h  mass data  (23) .  

It is of  i n t e r e s t  t h a t  t he  d i s t r i bu t ion  of  
rad ioac t iv i ty  in the  i somer ic  m o n o e n e s  did n o t  
change  s ignif icant ly  w i th  respec t  to  t ime  (Ta- 
bles I, II,  and  III) .  The  data  rule against  one  
i somer  reach ing  a cer ta in  level be fore  the  
synthes is  of  the  o the r  is i n i t i a t ed  bu t  suggest 
t h a t  b o t h  i somers  are syn thes i zed  at  ca. t he  
same t ime  at a ra t io  t h a t  is d e p e n d e n t  u p o n  the  
subs t ra te ,  i.e. 50% o l e a t e - 5 0 %  vaccena te  f rom 
pa lmi t a t e  (Table  II)  and  33% o l e a t e - 6 6 %  vac- 
cena te  f r o m  de n o v o  pa lmi t a t e  via acetate 
(Table  I). 

The  p r e d o m i n a n c e  of  pa lmi to le ic ,  w h e n  pal- 
rni ta te  was the  subs t ra t e  (Table  II),  and  oleic 
acid, w h e n  s teara te  was the  subs t ra t e  (Table  
III) ,  d e m o n s t r a t e d  t ha t  t he  desaturase  sys tem 
of  h e p a t o m a  cells is exclusive for  t he  A9 
pos i t ion .  This  is the  same specif ic i ty  e x h i b i t e d  
by  ra t  l iver (13) .  Resul ts  of  the  pa lmi t a t e  and  
ace ta te  e x p e r i m e n t s  also show t h a t  vaccenic  
acid in the  HTC cells arise f r o m  t he  e longa t ion  
of  pa lmi to le i c  acid. The  r o u t e  o f  vaccenic  acid 
b iosyn thes i s  in  these  h e p a t o m a  cells appears  to  
be the  same as r e p o r t e d  to  occur  in  ra t  l iver 
m i t o c h o n d r i a  by  Hol loway  and  Wakil (12) .  
Several l abora to r i e s  (24-26)  in  add i t i on  to this  
one  (1 ,10 ,11 )  have  r e p o r t e d  h igh  levels of  
"o le ic  ac id"  in the  es ter - l inked lipids in neo-  
plasms,  b u t  n o n e  of  the  r epo r t s  es tab l i shed  t he  

i somer ic  c o m p o s i t i o n  of  t he  18:1 acid.  The  
earl ier  r epo r t  (23)  plus t he  p re sen t  c o m m u n i c a -  
t ion  appea r  to  be the  first  to  charac te r ize  t he  
i somer ic  c o m p o s i t i o n  of  the  m o n o e n e s  der ived 
f rom ind iv idua l  l ipid classes o f  a neop las t i c  
tissue. The  p resen t  data  us ing labe led  f a t t y  acid 
precursors  c o n f i r m  the  previous  f ind ing  t h a t  
vaccenic acid r ep resen t s  a s ignif icant  quantity 
of t he  acyl  moie t i e s  of  the  glycerol ipids.  I t  is 
possible  t h a t  the  r e p o r t e d  increased  levels of  
oleic acid obse rved  in mos t  t u m o r  l ipids are n o t  
all oleic acid and,  conce ivab ly ,  vaccenic  acid 
c o n t r i b u t e s  s igni f icant ly  to  the  increased  level 
of  o c t a d e c e n o i c  acid f r ac t ion  in neop lasms .  At  
p resen t ,  t he  f u n c t i o n  of  vaccenic acid in m a m -  
mal ian  cells is u n k n o w n .  The  ful l  s ignif icance of  
these  obse rva t ions  may  b e c o m e  a p p a r e n t  w h e n  
similar s tudies  are p e r f o r m e d  o n  n o r m a l  h e p a t o -  
cytes.  
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Hepatoma, Host Liver, and Normal Rat Liver Neutral 
as Affected by Diet 
RANDALL WOOD, JOHN FALCH, and REX D. WlEGAND, Division of Gastroenterology, 
Departments of Medicine and Biochemistry, University of Missouri School of Medicine, 
Columbia, Missouri 65201 

Lipids 

ABSTRACT 

G r o u p s  of normal and hepatoma 
(7288CTC) bearing rats were maintained 
on normal chow and fat-free diets for 
4 weeks. Normal liver, host liver, and 
hepatoma neutral lipids were examined in 
detail and compared. Water content,  un- 
affected by diet was: hepatoma, 82%; 
host liver, 71%; and normal liver, 67%. 
The fat-free diet had no effect upon the 
hepatoma neutral lipids but elevated the 
triglyceride level in normal and host liver, 
shifted the triglyceride carbon number 
distribution to lower mol wt, and ele- 
vated the percentage of monoenoic acids 
in triglycerides and cholesteryl esters. 
Host trigiyceride concentrations were ca. 
half, and cholesterol levels were reduced 
moderately relative to normal liver values. 
Hepatoma cholesterol levels were higher 
and  triglyceride concentrations lower 
than normal and host liver values. Hepa- 
toma triglycerides differed dramatically 
from liver and were characterized by in- 
creased concentrations of high tool wt 
species and a fivefold increase in the per- 
centage of C-20 and C-22 fatty acids. The 
percentage of C-20 and C-22 fatty acids 
in hepatoma cholesteryl esters also in- 
creased ca. fivefold relative to liver. The 
data indicate that the systems that regu- 
late triglyceride and cholesteryl ester 
fatty acid composition in liver do not 
control the compositions of these lipid 
classes in this hepatoma. The unchanged 
high level of essential fatty acids in the 
hepatoma lipids from the fat-free fed ani- 
mals demonstrates the l{epatoma's ability 
to absorb and conserve specific fatty 
acids. 

I NTRODUCTION 

Hyperlipemia and the loss of lipid from the 
carcass of host animals bearing transplantable 
tumors are well documented observations. The 
literature up to 1956 regarding the mobilization 
and utilization of host lipids as a result of neo- 
plasia has been reviewed by Haven and Bloor 
(1). At that time, it generally was believed that 
neutral lipid fatty acids, primarily saturated 

acids, were oxidized to meet energy require- 
ments, while essential fatty acids were con- 
served, and the net result led to similarities in 
the concentrations of tumor and host lipids. 

Since the mid 1950's, interest in the changes 
that occur in lipids of animals bearing tumors 
has decreased, while the intensity of research in 
the study of tumor lipids has increased. The 
few reports that have appeared on the lipid 
composition of host lipids do not lead to the 
same conclusions. Carruthers (2) found that the 
total neutral lipids of carcasses from mice bear- 
ing Krebs-2 carcinoma decreased slightly at the 
fifth week and total phospholipids increased but 
the fatty acid composition of individual neutral 
lipid classes did not change. Similarly, Car- 
ruthers (3) reported that three other transplant- 
able mammary carcinomas (Walker carcino- 
ma W256,  Walker carcinoma W256R, and 
methyl cholanthrene-induced mammary carci- 
noma TMC) did not cause a significant change 
in the fatty acid composition of host muscle or 
liver neutral lipids, and the marginal changes in 
the fatty acids of the total phospholipids were 
not consistent among all three tumor bearing 
hosts. Contrarily, Lankin (4) has reported that 
the lipid class composition of liver from mice 
bearing Ehrlich ascites carcinoma cells changed 
with tumor development: triglycerides and 
steryl esters reached maximum concentration at 
the fifth day of tumor growth. Neifakh and 
Lankin (5) have reported further that host 
livers from animals bearing Walker carcinoma 
and hepatoma 22 contain much higher levels of 
oleic, linoleic, and arachidonic acids than nor- 
mal livers or the tumors (except linoleic acid in 
the Walker carcinoma). 

Because of discrepancies in the literature re- 
garding the effect of a tumor upon the quanti- 
tative and qualitative changes that occur in the 
host lipids and the lack of a detailed study com- 
paring normal, host, and tumor lipids at the 
molecular species level, the present study was 
initiated. This investigation is part of a larger 
study to compare the lipid structure and me- 
tabolism of a minimal deviation hepatoma 
(7288C), commonly called HTC cells, grown in 
tissue culture; hepatoma 7288CTC, a solid 
hepatoma resulting from the reintroduction of 
HTC ceils into a host; and normal liver (6). The 
data presented here compare quantitatively the 
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TABLE I 

Comparison of Dry Matter, Neutral Lipid, and Phospholipid Levels of Normal Liver, 
Host Liver, and Hepatoma from Rats Maintained on Normal and Fat-Free Diets 

203 

Quantities (mg/g wet wt) a 

Hepatic tissue b Dry matter Total lipid Neutral lipid Phospholipid 

Rat liver, normal, chow diet (6) 325 -+ 2 54.2 + 4.2 1%6 -+ 3.2 36.6 +- 2.2 
Rat liver, normal, fat-free diet (5) 344 ~+ 2 77.6 -+ 3.8 46.6 + 3.4 31.4 +- 2.8 
Rat liveL 7288CTC host, chow diet (3) 291 -+ 4 46.1 + 2.6 9.9 + 1.0 36.2 + 1.9 
Rat liver, 7288CTC host, fat-free diet (3) 285 39.8 22.8 17.0 
7288CTC Hepatoma, chow diet (4) 183 +- 5 25.8 + 1.2 11.6 -2- 0.5 14.2 + 1.3 
7288CTC Hepatoma, fat-free diet (3) 162 22.4 11.6 10.9 

aValues without standard deviations represent the analysis of a single pooled sample from three 
animals, whereas value accompanied by standard deviations represent the mean of individual analysis 
of three-six animals/group. 

bThe number  in parentheses indicates the number  of animals in each group. 

results obta ined  f rom detailed analyses of  the 
neutral  lipids derived f r o m  normal  rat liver, 
host liver, and hepa toma  7288CTC as affected 
by normal  and fat-free diets. 

METHODS AND MATERIALS 

Groups o f  three-six male Buffalo rats weigh- 
ing 175-225 g were selected at r andom and 
placed on ei ther  Purina lab chow (a single lot)  
or  a fat-free diet consisting o f  ca. 20% casein, 
50% sucrose, 15% cellulose, 4% salts, and a vita- 
m i n  s u p p l e m e n t  (Nutr i t ional  Biochemicals  
Corp.,  Cleveland, Ohio,  catalog no.  450P).  At  
the t ime the animals were placed on the diets, 
they were implan ted  bilaterally intramuscularal-  
ly in the hind l imbs with hepa toma  7 2 8 8 C T C .  
After  4-5 weeks, ca. 1 week before  death of  
the host  animals, the control  and hepa toma  
bea r ing  animals were sacrificed. Individual 
tumors  and livers f rom the  chow-fed hepa toma  
bearing rats and normal  animals on each diet 
were handled separately up to the po in t  where 
the neutral  lipid compos i t ion  was determined.  
Hepa tomas  and host  livers f rom the fat-free fed 
rats were pooled,  and each hepat ic  tissue ana- 
lyzed as a single sample. 

Tissues were weighed, lyophi l ized,  and re- 
weighed;  total  lipids were ext rac ted  twice by 
the Bligh and Dyer procedure  (7), and the per- 
centage of  water,  dry mat ter ,  and lipid was cal- 
culated. Neutral  lipids were separated f rom the  
polar lipids by silicic acid ch romatography  (8) 
and the percentages of  each f rac t ion deter- 
mined gravimetrically.  

The percentage distr ibution of  neutra l  lipid 
classes in the neutral  lipid f ract ion was deter-  
mined  by high tempera ture  gas l iquid chroma-  
tography (GLC) of  the intact  l ipids (9-11). 
Neutral  lipid classes were resolved by thin layer 
ch romatography  (TLC) on adsorbent  layers o f  
Silica Gel G developed in a solvent system of  

h e x a n e - d i e t h y l  ether-acet ic  acid (80 :20 :1 ,  
v/v/v).  Chromatopla tes  used for qual i ta t ive and 
quant i ta t ive  est imat ions were sprayed with sul- 
furic acid, charred,  and documented  by photog-  
raphy. Triglycerides and steryl  ester bands were 
located by viewing chromatop la tes  sprayed 
with Rhodamine  6G under  UV light. Adsorben t  
bands containing the tr iglycerides and steryl 
esters were scraped directly in to  Teflon-l ined 
screw cap culture tubes (16 x 100 mm)  and 
conver ted  to methy l  esters by acid catalyzed 
transesterif icat ion (11). Esters f rom the  steryl 
ester f ract ion were cleaned up by TLC before  
analyzing by GLC. Analyt ical  condi t ions  were 
as described previously (11). Ident i t ies  of  fa t ty  
esters were based upon analyses before  and 
a f t e r  hydrogena t ion  and coch roma tog raphy  
with fa t ty  acid standards. The use o f  classical 
names for unsaturated esters does no t  imply  
that  double bond posi t ion and conf igura t ion  
were examined.  

The sources of  standards, solvents,  reagents, 
etc.,  were the same as given previously (6). 

RESULTS 

Quantity of Lipids 

The compos i t ion  of  normal  liver, host  liver, 
and hepa toma  f rom rats maintained on normal  
and fat-free diets is given in Table I. Diet  had 
little effect  upon dry mat te r  but  significantly 
affected the neutral  l ipid-phospholipid ratios of  
the livers f rom normal  and t umor  bearing ani- 
mals. Normal  fiver conta ined the highest  level 
of  dry mat ter ;  hepa toma  conta ined  ca. one-half  
as much  dry mat te r  as normal  liver, and host  
liver values were in termediate .  Neutral  lipid 
levels nearly t r ipled in the  normal  fat-free diet 
animals over chow-fed animals, but  phospho-  
lipid levels were nearly equal.  The high level of  
neutral  lipid in the liver of  rats mainta ined on 
the fat-free diet was reduced one-hal f  when the  
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TABLE II 

Comparison of Neutral Lipid Class Levels Found in Normal Liver, 
Host Liver, and Hepa toma 728gCTC as Affected by Diet 

Quant i ty  (mg/g wet wt)  a 

Hepatic tissue DG Sterol FFA TG Steryl E. 

Rat liver, normal,  chow diet 0.4 3.4 0.9 11.0 1.1 
Rat liver, normal,  fat-free diet 1.4 2.9 1.9 38.8 1.8 
Rat liver, host,  chow diet 0.2 3.0 0.3 6.6 0.8 
Rat liver, host ,  fat-free diet 0.1 1.4 20.6 1.9 
Hepatoma 7288CTC, chow diet 0.4 4.0 1.4 4.0 1.6 
Hepatoma 7288CTC, 

fat-free diet 0.2 3.9 0.2 5.1 1.9 

aQuanti t ies were determined by high temperature  gas liquid chromatography.  Values 
represent the mean of  duplicate analysis of  a single pooled sample of  tissue f rom three-six 
animals in each group (see Table I for exact numbers) .  A dash (-) indicates the  level was 
too low to measure quantitatively.  Abbreviations: DG = diglyeerides, sterol = primarily 
cholesterol, FFA = free fat ty  acids, TG = triglycerides, and steryl E. = primarily cholesteryl 
esters. 

TABLE III 

Determined Carbon Number  Distributions of Triglycerides Derived f rom Normal Rat  Liver, 
Host Liver, and Hepatoma 7288CTC of Animals Maintained on Normal and Fat-Free Diets 

Carbon number  percentagesa, b 

Tissue 46 48 50 52 54 56 58 60 62 64 

Rat liver, normal ,  chow diet 2.2 14.3 52.0 19.5 10.7 1.4 T c 
Rat liver, normal,  fat-free diet 1.2 15.5 42.6 37.8 3.0 
Rat liver, 7288CTC hepa toma host ,  

chow diet 0.9 13.9 55.2 20.6 7.8 1.4 
Rat liver, 7288CTC hepa toma host,  

fat-free diet 5.8 33.8 49.1 10.3 0.9 
7288CTC Hepatoma,  chow fed 

host  11.9 13.0 19.7 21.7 13.8 9.7 5.8 
7288CTC Hepatoma,  host  fed 

fat-free diet 10.4 9.8 15.8 17.9 15.1 14.2 9.8 

2.6 0.8 

4.7 1.7 

apercentages determined by high temperature  gas liquid chromatography.  
bpercentages represent the analyses of a single pooled sample of  tissue f rom three-six animals in 

each group. 
CT denotes detectable quanti t ies of  less than 0.5%. 

a n i m a l s  were  b e a r i n g  h e p a t o m a s .  H e p a t o m a  
p h o s p h o l i p i d  c o n c e n t r a t i o n s  were  o n e - t h i r d  to  
o n e - h a l f  n o r m a l  l iver  p h o s p h o l i p i d  levels .  

Quantity of Neutral Lipid Classes 

A b s o l u t e  q u a n t i t i e s  o f  n e u t r a l  l ip id  c l a s se s  fo r  
n o r m a l  l iver ,  h o s t  l iver ,  a n d  h e p a t o m a  f r o m  an i -  
m a l s  o n  n o r m a l  a n d  f a t - f r e e  d i e t s  a re  g i v e n  in  
T a b l e  l I .  F r e e  s t e r o l s ,  p r i m a r i l y  c h o l e s t e r o l  as 
d e t e r m i n e d  b y  G L C ,  t r i g l y c e r i d e s ,  a n d  c h o l e s -  
t e r y l  e s t e r s  we re  t h e  m a j o r  c lasses .  L i p i d  c lass  
c o n c e n t r a t i o n s  g iven  in  T a b l e  II s h o w  t h e  e f f e c t  
o f  t h e  f a t - f r e e  d ie t  u p o n  n o r m a l  a n d  h o s t  l iver  
n e u t r a l  l ip ids ,  w h i c h  c o n t r a s t s  t h e  l a c k  o f  a sig- 
n i f i c a n t  e f f e c t  u p o n  t h e  h e p a t o m a .  B o t h  n o r -  
m a l  a n d  h o s t  l ivers  f r o m  a n i m a l s  f ed  t h e  f a t - f l e e  
d ie t  c o n t a i n e d  ca.  f o u r  t i m e s  m o r e  t r i g l y c e r i d e s  
t h a n  t h e  c o r r e s p o n d i n g  c h o w - f e d  g r o u p s .  L ive r s  
f r o m  h o s t  a n i m a l s  c o n t a i n e d  ca.  h a l f  t h e  c o n -  

centration of triglycerides as livers from normal 
animals on the respective diets. The hepatoma 
contained higher concentrations of cholesterol 
a n d  r e d u c e d  levels  o f  t r i g l y c e f i d e s  r e l a t ive  t o  
n o r m a l  o r  h o s t  l iver  c o n c e n t r a t i o n s .  C h o l e s t e r y l  
e s t e r s ,  w h i c h  a p p e a r e d  t o  b e  e l e v a t e d  f r o m  
c o m p o s i t i o n  d a t a ,  we re  in  l ine  w i t h  v a l u e s  f r o m  
b o t h  n o r m a l  a n d  h o s t  l iver.  

Triglycerides 

Determined carbon number distributions of 
t r i g l y c e r i d e s  d e r i v e d  f r o m  t h e  v a r i o u s  h e p a t i c  
t i s s u e s  are  g iven  in  Tab l e  III .  T h e  f a t - f r e e  d ie t  
c a u s e d  a d r a m a t i c  s h i f t  in  t h e  c a r b o n  n u m b e r  
d i s t r i b u t i o n  t o  l o w e r  m o l  w t  s p e c i e s  in  b o t h  
n o r m a l  a n d  h o s t  l ivers  b u t  h a d  l i t t l e  o r  n o  ef-  
f e c t  u p o n  t h e  h e p a t o m a  t r i g l y c e r i d e s .  T h e  
d e t e r m i n e d  c a r b o n  n u m b e r  p e r c e n t a g e s  fo r  
b o t h  n o r m a l  a n d  h o s t  l iver  o f  c h o w - f e d  a n i m a l s  
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TABLE IV 

Quantitative Analysis of Triglyceride Fatty Acids Derived from 
Normal Rat Liver, Host Liver, and Hepatoma 7288CTC 
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Fatty acid percentagesa, b 

H e p a t i c  t i ssue  14 :0  1 6 : 0  16:1  18 :0  18:1  18 :2  2 0 : 1  2 0 : 2  

24:0 + 
2 0 : 4  2 2 : 4  22:5 22:6 

Rat liver, normal, chow diet 0.8 27.0 5.0 2.2 33.2 23.7 1.2 
Rat liver, normal, fat-free diet 1.3 37.8 14.2 1.9 43.8 0.8 
Rat liver, 7288CTC hepatoma 

host, chow diet 0.3 29.1 2.1 4.3 30.4 28.2 2.7 
Rat liver, 7288CTC hepatoma 

host, fat-free diet 0.9 35.8 7.4 3.8 48.2 3.5 0.3 
7288CTC Hepatoma, chow 

fed host 0.4 12.4 1.3 12.1 29.1 18.4 3.6 1.7 7.8 
7288CTC Hepatoma, host fed 

fat-free diet 0.5 14.1 2.3 12.1 28.8 15.0 3.6 2.1 9.1 

1.1 2.6 

0.3 1.5 

4.8 4.4 2.8 

4.4 3.6 3.5 

aThe difference between the sum of the percentages in any row and 100% represents the sum of percentages 
of other minor fatty acids n o t  given in the table. 

bpercentages represent the mean of duplicate analyses of a single pooled sample of tissue from three-six 
animals in each group. 

were similar,  bu t  the  values d i f fered  f r o m  ran-  
d o m  d i s t r i bu t i on  ca lcu la ted  values in  each  case. 
Triglycer ides  of  n o r m a l  an imals  fed  t he  fat-free 
diet  e x h i b i t e d  a c a r b o n  n u m b e r  d i s t r i b u t i o n  
sl ightly d i f fe ren t  f r o m  the  t r ig lycer ides  of  hos t  
animals  on  the  same diet.  The  c a r b o n  n u m b e r  
d i s t r ibu t ion  of  h e p a t o m a  t r ig lycer ides  d i f fered  
dramat ica l ly  f r o m  n o r m a l  and  hos t  liver distri-  
bu t i ons  i r respect ive  of  diet .  H e p a t o m a  tr iglyc- 
erides e x h i b i t e d  a wide c a r b o n  n u m b e r  range 
t h a t  e x t e n d e d  in to  the  very h igh  mol  wt  
species. D e t e r m i n e d  and  r a n d o m  d i s t r i b u t i o n  
ca lcu la ted  values for  the  h e p a t o m a  t r ig lycer ides  
covered  the  same range,  bu t  the  lack of  agree- 
m e n t  of  c a r b o n  n u m b e r s  48 and  54 ind ica ted  
t h a t  no t  all of  the  f a t t y  acids exh i b i t  a r a n d o m  
d i s t r ibu t ion .  

The  fa t ty  acid c o m p o s i t i o n  of  h e p a t o m a ,  
hos t  liver, and  n o r m a l  l iver t r ig lycer ides  f r o m  
animals  m a i n t a i n e d  on  n o r m a l  and  fa t - f ree  diets  
is given in Table  IV. Diet a f fec ted  t h e  c o m p o -  
s i t ion  o f  n o r m a l  and  hos t  an ima l s '  l ivers as ex-  
pec t ed  bu t  had  n o  ef fec t  u p o n  the  h e p a t o m a  
t r ig lycer ide  compos i t i o n .  The  c o m p o s i t i o n s  of  
n o r m a l  and  hos t  l iver t r ig lycer /des  were similar  
for  t he  respect ive  diets.  Tr iglycer ides  f rom the  
fat-free diet  g roups  were prac t ica l ly  devoid  o f  
p o l y u n s a t u r a t e d  acids,  wh ich  had  been  rep laced  
w i th  m o n o e n o i c  acids. H e p a t o m a  t r ig lycer ides  
d i f fered d ramat ica l ly  f r o m  t he  c o m p o s i t i o n s  of  
n o r m a l  or  hos t  an imais  i r respect ive  o f  diet .  The  
h e p a t o m a  t r ig lycer ides  c o n t a i n e d  a large n u m -  
ber  o f  long  chain  acids t h a t  were a b s e n t  or  pres-  
en t  in  on ly  t race  a m o u n t s  in n o r m a l  or  hos t  
liver. 

Steryl Esters 

C o m p o s i t i o n  of  the  s teryl  esters ,  p r imar i ly  

cho les te ry l  esters,  as d e t e r m i n e d  by  GLC, f r o m  
h e p a t o m a ,  n o r m a l  liver, and  hos t  l iver of  ani- 
mals m a i n t a i n e d  on  n o r m a l  and  fa t - f ree  diets  is 
given in Table  V. The  f a t t y  acids f o u n d  in nor-  
mal and  hos t  liver s te ry l  esters  d i f fe red  f r o m  
the  h e p a t o m a ,  w h i c h  was n o t  a f f ec t ed  b y  diet .  
Excep t  for  an increase  in pa lm/ t i c  acid, t he  
c o m p o s i t i o n  of  the  s teryl  es ter  f r a c t i o n  f r o m  
n o r m a l  and  hos t  an imals  was s imilar  for  the  re- 
spective diets.  M o n o e n o i c  acids rep laced  the  
p o l y u n s a t u r a t e d  acids in the  s teryl  es ter  frac- 
t ions  f r o m  n o r m a l  and  hos t  animals  o n  the  fa t  ~ 
free diet .  H e p a t o m a  s teryl  esters,  l ike the  tri- 
glycerides f r o m  this  neop l a sm,  c o n t a i n e d  a large 
n u m b e r  of  f a t ty  acids n o t  p resen t  in  n o r m a l  or  
hos t  livers. Choles te ry l  esters f r o m  t h e  hepa-  
t o m a  g rown on rats  m a i n t a i n e d  on  a fat-free 
diet  c o n t a i n e d  the  same relat ive pe rcen tages  of  
p o l y u n s a t u r a t e d  acids as the  s te ry l  es ters  f r o m  
chow-fed  hosts .  

Oata Evaluation 

Most  of  the  data  p re sen ted  here  were ob-  
t a ined  f r o m  the  analysis  of  a p o o l e d  sampled  
f rom each  e x p e r i m e n t a l  g roup .  However ,  be- 
cause of  on ly  m i n o r  d i f ferences  in t he  pe rcen t -  
age class c o m p o s i t i o n s  and  f a t t y  acid compos i -  
t ions  b e t w e e n  con t ro l  and  hos t  an imals  on  the  
same diet ,  t h e y  may  be  cons ide red  as dupl ica te  
e x p e r i m e n t s  for  assessing r ep roduc ib i l i t y .  Data  
on the  neu t r a l  l ip ids  of  n o r m a l  livers f r o m  o lder  
rats m a i n t a i n e d  on  c h o w  and  fa t - f ree  diets  were 
in close ag reemen t  w i th  the  data  p r e s e n t e d  in 
these  s tudies .  The  lack of  a s igni f icant  d ie t  ef- 
fect  u p o n  the  h e p a t o m a  neu t r a l  l ip ids  appears  
to  be genuine .  This  is s u p p o r t e d  b y  the  fac t  
t h a t  7 2 8 8 C  h e p a t o m a  cells, t he  or igin of  the  
hos t  g rown  h e p a t o m a  used  in th is  s tudy ,  cul- 
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TABLE V 

Quantitative Analyses of Steryl Ester Fatty Acids Derived from 
Normal Rat Liver, Host Liver, and Hepatoma 7288CTC 

Fatty acid percentagesa, b 

Hepatic tissue 14:0 16:0 16:1 18:0 18:1 18:2 20:1 20:2 

22:4 
+ 

2 0 : 4  2 4 : 0  2 2 : 5  2 2 : 6  

Rat liver, normal, chow diet T c 39.9 2.5 9.2 21.8 14.9 8.0 
Rat liver, normal, fat-free diet T 37.5 11.6 7.9 40.3 T 2.7 
Rat liver, 7288CTC hepatoma 

host, chow diet T 51L7 T 7.0 16.9 10.8 5.6 
Rat liver, 7288CTC hepatoma 

host, fat-free diet 0.6 44.1 8.8 5.6 33.1 2.9 4.6 
7288CTC Hepatoma, chow 

fed host 1.2 8.4 1.2 6.8 22.8 12.8 5.0 2.6 16.8 
7288CTC Hepatoma, host fed 

fat-free diet 1.3 7.6 3.4 5.6 22.2 9.8 4.2 4.5 21.2 

6.4 10.6 3.3 

4.3 9.3 4.9 

aThe difference between the sum of the percentages in any row and 100% represents the sum of percentages 
of other minor fatty acids not  given in the table. 

bpercentages represent the mean of duplicate analyses of a single pooled sample of tissue from three-six 
animals in each group. 

CT denotes detectable quantities of less than 0.5%. 

tu red  o n  a var ie ty  of  media  s h o w e d  on ly  mar-  
ginal changes  in the  neu t r a l  l ipids re la t ive  to the  
s t anda rd  s tock  cu l ture  m e d i u m  (6).  

DISCUSSION 

Effect of Hepatoma upon Host 

Genera l ly ,  an observed  d i f fe rence  b e t w e e n  
hos t  l iver and  n o r m a l  l iver f r o m  an imal s  on  the  
same diet  r epresen t s  a d i rec t  or  i nd i r ec t  e f fec t  
of  the  h e p a t o m a .  The  n u t r i t i o n a l  s ta te  of  hos t  
and  n o r m a l  an imals  also mus t  be t a k e n  in to  ac- 
count .  There fo re ,  the  va l id i ty  o f  an obs e r va t i on  
is cons iderab ly  s t r e n g t h e n e d  when  resu l t s  f rom 
two  d ie ta ry  reg imens  show the  same t r end .  

The  increased wate r  c o n t e n t  of  the  hos t  l iver 
is in ag reemen t  w i th  previous ly  r e p o r t e d  da ta  
which  ind ica te  t h a t  hepa t i c  and  m o s t  o t h e r  tis- 
sues of  t u m o r  bear ing  an imals  exh i b i t  increased  
wa te r  c o n t e n t  (12-15) .  Lank in  (4)  has  s h o w n  
tha t  the  t r ig lycer ides  and  cho le s t e ry l  esters  of  
livers f r o m  mice bear ing  Ehr l ich  asci tes  cells 
change cons iderab ly  w i t h  t ime  af te r  imp lan t a -  
t ion.  Host  livers showed  ca. 50% decrease  in 
t r iglycerides,  a m o d e r a t e  decrease in choles-  
terol ,  and  no  s ignif icant  change  in cho les t e ry l  
esters in this  s t udy  (Table  II). To ta l  or  frac- 
t i o n a t e d  neu t r a l  l ipids f r o m  o t h e r  t issues of  
t u m o r  bear ing  an imals  show n o  recognizab le  
p a t t e r n  of  change (2 ,3 ,12-15) .  

Ca. 50% loss o f  liver t r ig lycer ides  in t u m o r  
bear ing  animals  (Table  II) resu l ted  in l i t t le  
change in the  ca rbon  n u m b e r  d i s t r i bu t i on ,  rela- 
tive to  con t ro l  animals  (Table  III). These  da ta  
ind ica te  t h a t  the  var ious species o f  t r ig lycer ides  
were ca tabo l ized  w i t h o u t  a p p a r e n t  select ivi ty.  

This conc lus ion  is s u p p o r t e d  by  the  s jmilar i ty  
in the  t r ig lycer ide f a t t y  acid c o m p o s i t i o n s  be- 
tween  host  and  con t ro l  animals  on  the  same 
diet  (Table  IV).  Excep t  for  h igher  levels o f  
choles te ry l  pa lmi t a t e  in t u m o r  bear ing  animals ,  
l iver cho les te ry l  es ter  species were s imilar  in  
hos t  and  con t ro l  animals  on  the  same diet  
(Table  V). These  data  are in a g r e e m e n t  wi th  
those  r epo r t ed  by  Car ru thers  (3)  wh ich  indi-  
ca ted  n o  change  in l iver t o t a l  neu t r a l  l ipid f a t t y  
acid c o m p o s i t i o n  b e t w e e n  con t ro l  an imals  and  
animals  bear ing  t r ansp l an t ab l e  m a m m a r y  carci- 
nomas .  Ne i fakh  and  Lank in  (5)  have  s h o w n  
wi th  two  t r an sp l an t ab l e  t u m o r s ,  Walker  carci- 
n o m a  and  h e p a t o m a  -22, t h a t  hos t  l iver to t a l  
l ipids c o n t a i n e d  more  p o l y u n s a t u r a t e d  acids 
t h a n  those  f r o m  con t ro l  an ima l  livers. The  pres-  
en t  s t u d y  ind ica t ed  t ha t ,  if  indeed ,  the re  is a 
rise in  c o n c e n t r a t i o n  o f  p o l y u n s a t u r a t e d  f a t t y  
acids o f  t u m o r  bear ing  animals ,  it does  n o t  oc- 
cur  in the  t r ig lycer ides  and  cho le s t e ry l  esters. 

Effect of Diet upon Liver and Hepatoma Lipids 

Livers o f  n o r m a l  and  t u m o r  bear ing  rats  
m a i n t a i n e d  on  the  fat-free diet  a c c u m u l a t e d  tri- 
glycerides (Table  II). B o t h  the  t r ig lycer ides  and  
choles te ry l  esters  c o n t a i n e d  e leva ted  pe rcen t -  
ages of  C-16 and  C-18 m o n o e n o i c  acids (Tables  
IV and  V). The  changes  in l iver l ipids t h a t  occu r  
in ra ts  and  mice m a i n t a i n e d  on  fa t - f ree  or  l ino-  
leic ac id-def ic ient  diets  have been  well docu-  
m e n t e d  (16 ,17) .  Tr iglycer ides  and  cho les te ry l  
esters did no t  accumula t e  e icosa t r ienoic  acid 
which  becomes  e levated  in to t a l  l ipids o f  ani- 
mals m a i n t a i n e d  on  an essent ia l  f a t t y  acid- 
de f ic ien t  d ie t  for  a p ro longed  t ime  (18) .  
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The  fat-free diet  had  l i t t le  or n o  e f fec t  u p o n  
the  q u a n t i t y  of  ind iv idua l  h e p a t o m a  neu t r a l  
l ipid classes or  u p o n  the  f a t t y  acid c o m p o s i t i o n  
o f  h e p a t o m a  t r ig /ycer ides  and  cho le s t e ry l  
esters.  These  resul ts  are in a g r e e m e n t  w i th  t he  
da ta  we o b t a i n e d  w i t h  h e p a t o m a  cells cu l tu red  
on  a m e d i u m  s u p p l e m e n t e d  wi th  vary ing  levels 
of  se rum and  l ipids (6 ,11) .  These  mass  da ta  also 
agree wi th  resul ts  o b t a i n e d  by  several  invest i-  
gators  (19-21)  wi th  labe led  f a t t y  acid precur -  
sors t h a t  i n d i c a t e d  h e p a t o m a  f a t t y  acid b iosyn-  
thesis was no t  responsive  to d ie ta ry  regu la t ion .  
The  lack of  d ie ta ry  regu la t ion  o f  cho le s t e ro l  
b iosyn thes i s  in h e p a t o m a s  has been  well  docu-  
m e n t e d ,  and  the  subjec t  r ecen t ly  has  been  re- 
viewed by  Sabine  (22).  

Liver vs Hepatoma 

There  is a t e m p t a t i o n  to  a t t r i b u t e  all differ-  
ences  b e t w e e n  h e p a t o m a s  and  liver to  neo-  
plasia. The circulation, avai labi l i ty  of  nutrients, 
removal  o f  m e t a b o l i c  p roduc t s ,  etc. ,  are differ- .  
en t  in the  l iver f r o m  a t r a n s p l a n t a b l e  h e p a t o m a  
growing in the  h i n d  h m b  of  a ra t  and  p r o b a b l y  
are c o n t r i b u t i n g  factors .  Whe t he r  d i f ferences  
exist  can d e p e n d  u p o n  wha t  basis the  data  is 
ca lcula ted:  wet  wt ,  dry  wt,  relat ive percentages ,  
etc.  This b e c o m e s  very i m p o r t a n t  w h e n  the  
h e p a t o m a  con ta ins  on ly  55-65% of t h e  dry  ma t -  
t e r  as hos t  or  n o r m a l  l iver (Table  I). Relat ive  
percen tages  suggested t h a t  s teryl  es ters  were in- 
creased in the  h e p a t o m a  bu t ,  w h e n  ca lcula ted  
on  a wet -wt  basis, t he  c o n c e n t r a t i o n  in l iver and  
h e p a t o m a  was ca. equal  (Tab le  II). 

Choles te ro l  c o n c e n t r a t i o n s  were h igher  in  
the  h e p a t o m a ,  and  t r iglycer ide levels were lower  
t h a n  in hver .  The  h e p a t o m a  t r ig lycer ides  were 
charac te r ized  by  an increased  percentage o f  t he  
h igh  mol  wt  species. The  occu r r ence  of  h igh  
mol  wt  species of  t r ig lycer ides  in hos t  g rown  
t u m o r s  has  b e e n  d e m o n s t r a t e d  in a wide 
var ie ty  of  t u m o r s  (23) .  H e p a t o m a  t r ig lycer ides  
were charac te r i zed  fu r t he r  by  the  h igher  per-  
centage  of  C-20 and  C-22 u n s a t u r a t e d  f a t t y  
acids: 25% in t he  h e p a t o m a  vs less t h a n  5% in 
hver.  High mol  wt  species con ta in ing  C-20 and  
C-22 p o l y u n s a t u r a t e d  acids,  charac te r i s t i c  of  
p h o s p h o h p i d ,  cou ld  arise via the  a c y l a t i o n  o f  
diglyceride species n o r m a l l y  f o u n d  in l iver 
p h o s p h o h p i d s  (24 ,25) .  Diglycerides f r o m  t he  
t r iglycer ides  and  p h o s p h a t i d y l  cho l ine  were 
f o u n d  to  be iden t ica l  in Ehr l i ch  asci tes  cells 
(26) ,  w h i c h  led to  the  p o s t u l a t i o n  t h a t  neo-  
p lasms may  lack diglycer ide se lec t iv i ty  for  t he  
b iosyn thes i s  o f  some  glycerides.  The  p r e s en t  
da ta  suppor t s  th is  hypo thes i s .  

One  of  the  mos t  in t r igu ing  aspec ts  of  th is  
s tudy  was t he  d e m o n s t r a t e d  a b i h t y  of  t he  hepa-  
t o m a  to  o b t a i n  t he  necessary  essent ia l  f a t t y  
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acids f r o m  the  hos t  an imals  on  t he  fat-free d ie t  
to  m a i n t a i n  the  same a p p r o x i m a t e  level  of  poly-  
u n s a t u r a t e d  acids in t he  t r ig lycer ides  and  cho-  
lesteryl esters  as in  these  hp ids  f r o m  t h e  chow-  
fed animals .  What  is more  i m p o r t a n t  is t h a t  th is  
t o o k  place w i t h o u t  the  d rama t i c  change  in t he  
f a t ty  acid c o m p o s i t o n  of  the  h e p a t o m a  neu t r a l  
l ipids t h a t  was obse rved  in t he  h v e r  neu t r a l  
l ipids f r o m  animals  o n  the  fa t - f ree  diet .  These  
data  i l lus t ra te  the  abi l i ty  of  the  h e p a t o m a  to  
abso rb  and  conserve  specif ic  f a t t y  acids. 
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Carduus nigrescens Seed O i I -A  Rich Source of 
Pentacyclic Triterpenoids 1 
R.V. MADRIGAL, R.D. PLATTNER, and C.R. SMITH, JR., Northern Regional Research 
Laboratory 2, Peoria, Illinois 61604 

ABSTRACT 

Pentacyclic triterpene alcohols (3%), 
their acetates (I  8%), and their long chain 
fat ty acid esters (11%), together with tri- 
terpene acids (I 8%), represent ca. 50% of 
the off from the seed and pericarp of  the 
thistle Carduus nigrescens Viii. (Compo- 
sitae). Along with the usual fat ty acids, 
alkaline hydrolysis of this oil gave triter- 
pene alcohols, some of which were identi- 
fied by gas chromatography-mass spec- 
t r ome t ry .  Composition of the triter- 
penoid fraction, as indicated by gas chro- 
matography of the corresponding ace- 
t a t e s ,  was: a-amyrin (6%), 13-amyrin 
(15%), lupeol plus ~-taraxasterol  (3%), 
erythrodiol  (6%), and oleanolic acid (3%). 
Several components,  representing 16% of 
the oil, were not  identified. The content 
of  pentacyclic tri terpenoids is the largest 
found in plant seed oils. 

INTRODUCTION 

Carduus nigrescens ViU. is a member of the 
family Compositae,  tribe Cynareae. Genera of 
this tribe are commonly known as thistles. The 
seed and pericarp of  C. nigrescens contain 41% 
oil. Preliminary analysis of this oil in our labor- 
atory indicated the presence of large amounts 
of nonglyceride components  not  usually associ- 
ated with seed oils (unpublished results). In 
addit ion to maxima usually associated with tri- 
glycerides, the IR spectrum showed a strong ab- 
sorbance at 8.1 /2m (1230 cm -1) which is char- 
acteristic of acetates. Gas liquid chromatog- 
raphy (GLC) revealed constituents which had 
retention characteristics resembling those of tri- 
terpene alcohols, tr i terpene acetates, and long 
chain fat ty acid esters of triterpenes, as well as 
the common triglycerides. 

Only a few references appear in the litera- 
ture (1-3) that deal with the analysis of seed 
oils of  plants of  the genus Carduus, but none of 
these discuss the nonglyceride components.  
Pentacyclic tr i terpenoids have been reported in 
various plant parts of the Cynareae (4-6), but  in 
only one publication have they been reported 

Ipresented at the AOCS Fall Meeting, Philadelphia, 
September 1974. 

2ARS, USDA. 

in the seed oils. In 1967, Mikolajczak and 
Smith (6) found 40% pentacyclic tri terpene al- 
cohols in the seed oils of Jurinea anatolica and 
Jr. consanguinea. 

This paper describes the composit ion of  C. 
nigrescens seed oil and identifies its major tri- 
terpenoid constituents. 

EXPERIMENTAL METHODS 

Reference Materials 
The following authentic compounds were 

used as reference materials in thin layer chro- 
matography (TLC), GLC, and mass spectrom- 
e t r y :  ace ta tes  of ~-amyrin, 3-amyrin, ~-  
taraxasterol,  lupeol,  and methyl  oleanolate. 
a-Amyrin acetate was prepared (6) from the 
free alcohol purchased from K&K Laboratories,  
Plainview, N.Y. 3-Amyrin acetate was donated 
by P. de Mayo, University of Western Ontario. 
Acetates of ~-taraxasterol  and lupeol were pre- 
sented by E.R.H. Jones, Oxford University. 
Acetyl methyl oleanolate was prepared from 
oleanolic acid given by R.M. Parkhurst, Stan- 
ford Research Institute,  Menlo Park, Calif. 

Extraction and Analysis of Oil 
Seed extraction: C. nigrescens seeds (6.17 g, 

including pericarp) were ground and extracted 
6 hr in a Soxhlet extractor  with petroleum 
ether (bp 35-60 C). Solvent was removed under 
vacuum at 25-30 C to give a bright yellow vis- 
cous oil (2.53 g). 

Methylation of free acids: Free acids in the 
original oil were converted to methyl  esters by 
treatment with an ethereal solution of diazo- 
methane (7). 

GLC analysis: GLC of the original oil and 
the methylated oil was carried out with a Hew- 
lett-Packard model  5750 gas chromatograph 
equipped with a 3 ft x 1/8 in. stainless steel 
column packed with 3% OV-1 on 100-120 mesh 
Gas Chrom Q (Applied Science Laboratories,  
State College, Pa.). The temperature was pro- 
g a m e d  at 4 C/rain 100-400 C. The injec- 
tion port  was operated at 300 C and the flame 
ionization detector  at 360 C. Retention data 
are reported as relative retention t ime (RRT) 
with 3-amyrin acetate as the reference com- 
pound (Fig. 1). Methyl esters were identified by 
their equivalent chain length (8). Quantities of 
all components  are expressed as GLC area per- 
centages. 
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I 

HO i 

a-Amyrin 

I 

HO 

fl-Amyrin 

HO 

~-Taraxasterol 

H 2 OH OOH 

Lupeol Erythrodiol Oleanolic Acid 
FIG. 1. PentacycIic triterpenoids of Carduus nigrescens seed oil. 

Preparation and Analysis of Mixed Methyl Esters 
Preparation: Mixed m e t h y l  esters  of  the  con-  

s t i t uen t  acids in C. nigrescens seed oil were pre-  
pared  by  dissolving a 100 mg p o r t i o n  of  the  oil 
in 3 ml benzene  and  re f lux ing  4 hr  w i th  5 ml  
0 .5N sod ium h y d r o x i d e  in m e t h a n o l .  U p o n  
cooling,  the  a lkal ine  so lu t ion  was e x t r a c t e d  
wi th  h e x a n e  to  r emove  a lcohols  and  o t h e r  un-  
saponi f iab le  mater ia l .  Hexane  ex t r ac t s  con ta in -  
ing the  a lcohols  were set aside for  la te r  exami-  
na t ion .  To t he  a lkal ine  so lu t ion  was added  5 ml  
b o r o n  t r i f l u o r i d e - m e t h a n o l  reagen t  of  Metcalfe ,  
et  al. (9).  Af t e r  r e f lux ing  the  m i x t u r e  for  10 
min ,  50 ml  aqueous  sa tu ra t ed  sod ium chlor ide  
was added .  The  esters were e x t r a c t e d  w i th  hex-  
ane,  and  solvent  was evapora t ed  to  give a sam- 
ple of  m e t h y l  esters.  

GLC analys&: GLC of  the  mixed  m e t h y l  
esters was c o n d u c t e d  on  an  F&M mode l  402  gas 
c h r o m a t o g r a p h  as descr ibed  by  Kle iman ,  e t  al. 
(10) .  

Acetates of Triterpene Alcohols 
Preparation: The h e x a n e  ex t r ac t s  set  aside 

dur ing  t he  m e t h y l  es ter  p r e p a r a t i o n  were evapo-  
r a t ed  to  p rov ide  a m i x t u r e  of  a lcohols ,  wh ich  
was t r e a t ed  by  the  a c e t y l a t i o n  p r o c e d u r e  de- 
scr ibed by  Mikola jczak and  S m i t h  (6).  

Preparative TLC: Prepara t ive  TLC of  the  
mixed  ace ta tes  was carr ied ou t  o n  glass p la tes  
c o a t e d  w i th  1 m m  layers  of  Silica Gel  G impreg-  

TABLE I 

Composition of Diazomethane-Treated 
Carduus nigrescens Seed Oil 

GLC b 
Component RRT a area, % 

Methyl esters of free fatty acids 0.10-0.67 19 
Unknowns 0.70-0.80 1 
Triterpene alcohols 0.90-0.95 3 
Acetates of triterpene alcohols 1.00-1.02 18 
Acetates of triterpenoid acid 

methyl esters 1.07-1.13 18 
Diglycerides 1.18-1.27 4 
Long chain fatty acid esters of 

triterpene alcohols 1.33-1.57 11 
Triglycerides 1.62-1.86 26 

aRelative retention time: The ratio of the retention 
time of an individual component to that of/3-amyrin 
acetate. 

bGLC = gas liquid chromatography. 

n a t e d  wi th  20% silver n i t ra te .  The  deve lop ing  
solvent  was b e n z e n e - h e x a n e  ( 4 0 : 6 0 ) .  Sample  
bands  were loca ted  b y  viewing t he  p la tes  u n d e r  
long-wave UV l ight  a f te r  t hey  had  b e e n  sprayed  

�9 . t t . 

wi th  a 0 .2% so lu t ion  of  2 , 7 - d l c h l o r o f l u o r e s -  
cein.  Indiv idual  f rac t ions  were e lu ted  w i th  ben-  
zene -hexane  (1 : 1). F r ac t i ons  were n u m b e r e d  
consecu t ive ly  o n  the  basis of  increas ing  Rf.  

Analytical TLC: Analy t i ca l  TLC of  the  
mixed  ace ta tes  and  of  t he  f r ac t ions  f r o m  pre-  
para t ive  TLC was c o n d u c t e d  w i t h  benzene -  

LIPIDS, VOL. 10, NO. 3 
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TG 

Acetyl 

,q 

TT-OAc 
3 ft. x 1/8 in. SS 
3% OV-1, Gas Chrom. Q 
Inj.: 300 C., Oct.: 360 C. 
Prog.: 100-400 C, 4 C/min. 

IT-OH 

J 
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1.00 0.80 
42 rain. 
Relative Retention Time 
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of FFA 

_ j  

- -  t r I I I I I i 
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FIG. 2. Gas liquid chromatogram of Carduus nigrescens seed oi l  Top: Original oil. Bottom: Oil after treat- 
ment with diazomethane. TG = triglycerides; TT esters = long chain fatty acid esters of triterpene alcohols; 
TT-OAc = triterpene acetates; FFA = free fatty acids; Me esters of FFA = methyl esters of free fatty acids. 
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FIG. 3. Analytical thin layer chromatogam of tri- 
terpenoid acetate fractions (1 Me = fraction 1 after 
treatment with diazomethane). 

h e x a n e  ( 4 0 : 6 0 )  on  glass p la tes  coa ted  w i th  
0 .275 m m  layers  of  Silica G e l G  i m p r e g n a t e d  
wi th  20% silver n i t ra te .  The  spots  were visual- 
ized by  char r ing  wi th  a sulfur ic  ac id -d i ch roma te  
so lu t ion .  Rf  values of  ind iv idua l  c o m p o n e n t s  
were c o m p a r e d  wi th  those  of  a u t h e n t i c  refer-  
ence c o m p o u n d s .  

GLC analysis: The mixed  ace ta tes  and  pre-  
parat ive  TLC f rac t ions  were e x a m i n e d  by  GLC 
wi th  the  Hewle t t -Packard  m o d e l  5750  ins t ru -  
m e n t  as descr ibed  above.  F rac t ions  which  ap- 
peared  to con t a in  free acids were t r ea t ed  w i th  
d i a z o m e t h a n e  and  r e e x a m i n e d  by  GLC and  
TLC. 

GLC-coupled mass spectrometry (GC-MS):  
Mass spectra  of  the  ace ty l a t ed  f rac t ions  were 
o b t a i n e d  wi th  a D u P o n t  21-492-1 mass spec- 
t r o m e t e r .  Samples  were i n t r o d u c e d  in to  the  
mass s p e c t r o m e t e r  t h r o u g h  a Bend ix  2600  gas 
c h r o m a t o g r a p h  and  a stainless steel  j e t  separa-  
tor .  The  gas c h r o m a t o g r a p h  was equ ipped  wi th  
a 3 f t x  1/8 in. stainless steel  c o l u m n  packed  
w i th  3% Dexsil  300  on  Gas C h r o m  Q. The  tem- 
pe ra tu re  was p rog ramed  at 4 C / m i n  230-350  C. 
The  t r ans fe r  l ine and  j e t  s epa ra to r  were held at  
280  C, and  the  mass s p e c t r o m e t e r  source  was 
k e p t  at  260  C. The  f i l amen t  cu r r en t  was 2 5 0 / I A  
and  the  ion iz ing  voltage,  70 eV. 

Total  Methyl  Ester and Acetate  Mix ture  

A 100 mg sample  o f  the  oil in 3 ml b e n z e n e  
was r e f luxed  3 hr  w i t h  10 ml  5% a n h y d r o u s  
HCl-methanol .  The  p roduc t ,  i so la ted  by  con-  
ven t iona l  m e t h o d s ,  c o n t a i n e d  m e t h y l  esters and  
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TABLE II 

Mass Spectra of Acetates of Triterpenoid Alcohols from Carduus nigrescens Seed Oil 

211 

Alcohol Mass spectrum, role (relative intensity) 

c~-Amyrin 
/~-Amyrin 
Lupeol 

~O-Taraxasterol 

Erythrodiol 
Unknown C 

Methyl oleanolate 

189(16), 203(11), 218(100), 249(1.4), 408(2.'/), 453(1.2), 468(M+)(4.4) 
189(12), 203(28), 218(100), 249(1.3), 408(1.6), 459(0.59), 468(M+)(2.4) 
189(100), 203(28), 204(27), 218(21), 229(11), 249(10), 365(7.8), 393(6.3), 408(11), 
453(3.2), 468(M+)(20) 
189(100), 203(12), 204(5.6), 218(5.0), 229(7.3), 249(10), 365(4.9), 393(4.67, 408(17), 
453(1.9) 468(M+)(13) 
189(24), 203(100), 216(63), 276(9.3), 406(6.2), 466(11.9), 526(M+7(0.87 
55(59), 69(87), 81(100), 93(60), 119(60), 135(557, 145(31), 161(24), 175(26), 
189(83), 203(38), 215(157, 276(4.6), 406(4.6), 423(13), 466(49), 526(M+)(2.3) 
189(34), 203(100), 249(12), 262(71), 437(2.8), 452(8.5), 512(M+)(2.8) 

triterpene alcohols; it was treated by the acety- 
lation procedure used previously (6) and was 
analyzed by GLC. 

IR Analysis 

IR spectra were determined with Perkin- 
Elmer Infracord model 137 and model 377 in- 
struments. The oil was analyzed as a thin film 
on NaC1 disks. All other samples were run as 1% 
CCI 4 solutions in 1 mm NaC1 cells. 

RESULTS 

Composition of Oil After Mathylation 

GLC of the oil after methylation (Table I) 
shows, in addition to triglycerides, a variety of 
components ranging from long chain fatty acid 
esters of triterpene alcohols to methyl esters of 
fatty acids. The major peak among the long 
chain triterpene esters had the same RRT 
(1.50) as a- or 13-amyrin palmitate. In addition, 
a peak was found whose retention time corres- 
ponded to that of an authentic sample of acetyl 
methyl oleanolate (Fig. 2). 

Mixed Methyl Esters from Saponification 

Saponification of the oil, followed by re- 
moval of unsaponifiables and subsequent treat- 
ment of the alkaline portion with boron tri- 
fluoride-methanol, gave methyl esters of com- 
m o n  ac ids  whose  GLC analysis showed 
(amounts in parentheses are area percent): 
12:0(1), 14:0(2), 16:0(12), 18:0(4), 18:1(26), 
18:2(43), 18:3(5), 20:0(2), 20:1(2), 22:0(0.4), 
and 22:1(3). 

Triterpene Alcohols 

GLC analysis of the acetylated triterpene al- 
cohol fraction indicated the presence of a com- 
plex mixture of triterpenoids. GC-MS of this 
mixture yielded spectra for the major compo- 
nents of the fraction; however, some minor 
components did not  give sufficiently intense 
spectra for meaningful interpretation. There- 

fore, the acetate mixture was fractionated by 
preparative TLC. Seven fractions were sepa- 
rated with wt percentages as follows: 1(59), 
2(5.4),  3(6.5), 4(7.6), 5(3.3), 6(4.2), and 
7(13.6). There was considerable overlap in com- 
position among these TLC bands (Fig. 3), but 
GC-MS of these partially purified materials pro- 
vided usable spectra for minor triterpenoid 
components. Fractions 6 and 7 each were com- 
posed primarily of a- and fl-amyrin acetates 
which were identified by TLC, GLC, and MS 
(Table II). In contrast, the acetates of 4 -  
taraxasterol in fractions 5 and 6 and lupeol in 
fractions 4 and 5 gave identical GLC retention 
times and similar mass spectra. However, they 
were readily distinguishable by analytical TLC. 
The similarities in the mass spectra and the 
GLC retention times were also observed with 
authentic samples of lupeol and ~-taraxasterol 
acetates. Their spectra resembled the mass spec- 
trum obtained by Budzikiewicz, et al., (11)for  
ff-taraxasterol acetate. Lupeot can be iso- 
mefized to qJ-taraxasterol, and certain trans- 
formation products can be derived from both 
of these compounds through acid-catalyzed 
solvolysis reactions (12). Possibly, related inter- 
conversions occur during the rigors of GLC and 
MS and are responsible for the observed simi- 
larities. 

The major component of TLC fraction 3 had 
a mass spectrum (Fig. 4) closely resembling that 
published for erythrodiol diacetate (11). The 
major component of fraction 2 (unknown C, 
Table III) gave a mass spectrum (Fig. 4) in 
which the fragmentation pattern and molecular 
ion were the same as those observed for ery- 
throdiol diacetate, but the relative intensities 
for the ions of role 189 and 203 were different. 
The peak at m/e 276 might be furnished by 
retro Diels-Alder fragmentation of ring C (11). 
These observations suggested that unknowri C is 
an isomer of erythrodiol diacetate with a 
12,13-double bond. To our knowledge, only 
one other mass spectrum has been published for 
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TABLE III 

Composi t ion of Carduus nigrescens Seed Oil after Methanolysis and Acetyla t ion  

Rf of GLC b 
Component  RRT a acetate area, % 

Methyl esters of  fa t ty  acids 0.15-0.67 50 
Unknowns 0.68-0.90 10 
Unknown A 0.96 1 
3-Amyrin acetate 1.00 0.70 15 
c~-Amyrin acetate 1.01 0.70 6 

-Taraxasterol acetate 1.04 0.60 
Lupeol acetate 1.04 0.45 1 3 
Acetyl  methyl  oleanolate 1.06 0.40 3 
Erythrodio l  diacetate 1.10 0.30 6 
Unknown B 1.12 2 
Unknown C 1.14 0.10 1 
Unknown D 1.17 2 
Unknown E 1.18 1 

aRelative re tent ion t ime: The rat io of the 
tha t  of 3-amyrin acetate. 

bGLC = gas l iquid chromatography.  

re tent ion t ime of an individual component  to 
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FIG. 4. Mass spectra of  acetates  of: (A) erythrodiol  and (B) unknown C from Carduus nigrescens seed oil. 
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an isomeric  Al2 -u r sene  or o leanenediol  diace- 
t a t e - t h a t  of  30-hydroxy-/3-amyrin diacetate  
(11). However ,  the relative intensit ies of  its 
peaks do no t  ma tch  those in the spec t rum of  
unknown  C. 

IR  and GLC showed that  free acids were 
present  in the  mixed  acetates and were concen-  
t ra ted  in TLC fract ion 1; evident ly ,  this acidic 
material  was carried along during ex t rac t ion  of 
"unsaponi f iab les"  with hexane.  Af ter  methyla-  
t ion of  the mixed  acetates and fract ion 1, 
analytical  TLC revealed a spot  at Rf  0.40 that  
was not  originally observed.  GLC showed a new 
c o m p o n e n t  in the  esterified mixed  acetates ,  
R R T  1.06, which cons t i tu ted  the  major  por t ion  
of  the  esterified f ract ion 1. The mass spec t rum 
of this material  closely resembled tha t  of  a 
known  sample of  acetyl  methy l  oleanolate .  The  
mass spec t rum of  the corresponding acety l  
derivative of  me thy l  ursolate,  an isomeric  tr i ter-  
pene,  did no t  ma tch  the  spec t rum of  any com-  
ponen t  in this mixture .  

Hydrocarbons and Sterols 

Hydrocarbons  may have been present  in 
small amount s  in the  unsaponif iable  f rac t ion of  
the oil, but  they  were no t  investigated.  Nei ther  
were sterols found in many  plant  seed oils 
(13-16) ident if ied.  

DISCUSSION 

Pentacycl ic  t r i terpenoids  have been found  as 
minor  componen t s  in many c o m m o n  plant  seed 
oils (13-16) and of ten  represent  the  greater  part  
of  the  unsaponif iable  por t ion  of  these oils. 
T h e y  were usually associated with  hydro-  
carbons,  sterols, and o ther  te rpene  alcohols,  
especially wi th  cycloar tenol  and 24-methylene-  
cycloar tanol .  

Jacini,  et al., (13) as well as Fedel i  and Jacini  
(14)  repor ted  the compos i t ion  of  the nonglyc-  
eride componen t s  of  18 c o m m o n  vegetable oils 
and found 2 that  conta ined ~-amyrin and 10 
wi th /Lamyr in .  I toh,  et at., in 1973 (15)  s tudied 
the unsaponfiables  of  19 c o m m o n  vegetable oils 
and repor ted  ~-amyrin in 6 and ~-amyrin in 17 
of  these.  In 1974, the  same group (16) repor ted  
a-amyr in ,  ~-amyrin,  and lupeol  in eight o ther  
seed oils. In all these cases, the pentacycl ic  tri- 

terpenes  were minor  const i tuents  (less than I% 
of  the  oil). In 1961, Vioque  and Morris (17) 
repor ted  that  oleanol ic  acid occurs  in olive oil. 
Our results show that  this t r i te rpene  acid occurs 
in C. nigrescens seed oil as an acetate ,  but  wi th  
the carboxyl  groups free. 

At  t he  50% level, C. nigrenscens seed oil  has 
the highest concen t ra t ion  o f  pentacycl ic  tr i ter-  
penoids  of  any known seed lipid. The highest 
r epor ted  previously was 40% in J. anatolica and 
J. consanguinea (6). C. nigrescens seed oil is 
also one  of  the  rare examples  of  a seed oil  in 
which nonglycer ide  componen t s  p redomina te .  
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Mass Spectrometric Determination of Positions of Double 
Bonds in Polyunsaturated Fatty Acid Pyrrolidides 
BENGT ~,. ANDERSSON 1 , W I L L I A M  W. CHRISTIE 2, and RALPH T. H O L M A N ,  
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Low resolution mass spectra of pyrrol- 
idides of isomeric octadecadienoic acids 
and other polyunsaturated straight chain 
fatty acids are presented and discussed. 
The spectra of the pyrrolidides contain 
mainly ions from the polar part of the 
molecule and give spectra that are specific 
for each isomer. The interpretation fol- 
lows, in most cases, the rule developed 
for monounsaturated fatty acid pyrrol- 
idides. 

I N T R O D U C T I O N  

The location of double bonds in fatty acids 
by mass spectrometry has been approached in 
many ways which have been reviewed by 
Zeman, et al., (1,2). Pyrrolidides recently were 
suggested as suitable derivatives for mass spec- 
trometry of unsaturated fatty acids (3), and the 
mass spectra of a series of pyrrolidides of 
monoenoic fatty acids recently was investigated 
(4). Later work showed that several tertiary 
amides (5,6) give easily interpretable mass spec- 
tra from which the double bond position could 
be deduced easily by the rule developed for 
pyrrolidides of monoenoic fatty acids (4). Of 
the amides studied, pyrrolidides were most suit- 
able (6) for further investigation of fatty acids. 
This paper discusses the mass spectra of pyrrol- 
idides of some polyenoic fatty acids with 
special reference to the isomeric series of 
methylene interrupted octadecadienoic fatty 
acids. 

E X P E R I M E N T A L  PROCEDURES 

Methyl esters of methylene interrupted 18:2 
fatty acids were obtained from the preparations 
of Christie and Holman (7); the cis, cis-9,15- 
18:2 and trans, trans-9,11-18:2 were submitted 
by H.J. Dutton; and the remaining polyenoic 
fatty acids were prepared by the Lipids Prepara- 
tion Laboratory, The Hormel Institute, Austin, 
Minn. The pyrrolidides were prepared in quanti- 

I Hormel Fellow 1972-73. Present address: Univer- 
sity of Gothenburg, Institute of Medical Biochemistry, 
S-400 33 Gothenberg 33, Sweden. 

21-1ormel Fellow 1964-67. Present address: Hannah 
Research Institute, Ayr, Scotland. 

tative yield on a microscale by a procedure de- 
scribed previously (4). Mass spectra were ob- 
tained on ttitachi Perkin-Elmer RMU-6D and 
LKB 9000 single focusing instruments opera- 
ting at an ionization potential of 70 eV. 

The samples were introduced through an all 
glass h e a t e d  i n l e t  system at 170-190C 
(RMU-6D) or via a gas liquid chromatography- 
mass spectrometry (GC-MS) combination (LKB 
9000) at 240 C. The GLC was performed on a 
F & M model 810 instrument furnished with an 
8 ft x 1/8 in. aluminum column packed with 
10% Silar 10C on 100/120 Gas Chrom Q (Ap- 
plied Science Laboratories, State College, Pa.). 
Column temperatures were kept isothermal be- 
tween 230 and 250 C, and the flow rate was 15 
ml argon/min. The GLC conditions on the LKB 
9000 instrument were: a 6 ft x 1/8 in. glass 
column filled with 3% OV-1 on Chromosorb W 
(HP) 80/100 (Applied Science Laboratories) at 
230 C and helium as carrier gas. 

RESULTS A N D  DISCUSSION 

All mass spectra showed simple cleavage pat- 
terns, as was the case with monoenoic acids 
(3,4), with the base peak m/e 113 obtained 
through a McLafferty rearrangement (3). Each 
fragment in the high mass region was derived 
through a direct cleavage from the molecular 
ion which was indicated by mestastable ions 
(4). The molecular ions varied in intensity from 
7% (5,8-14:2) to 47% (9,12-18:2) of the base 
peak. When the 18:1 series was compared with 
the methylene interrupted 18:2 series, it was 
obvious that the patterns of intensities of the 
molecular ions were similar and were governed 
by the positions of the double bonds. Thus, the 
lowest intensities for the molecular ions of the 
two series occurred for 5-18:1 (5.3%) and 
5,8-18:2 (8.8%). In the 18:2 series, each isomer 
gave a fragmentation pattern which distin- 
guished it from other isomers. Key fragments 
for all compounds investigated are given in 
Table I. In Figure 1, the spectra of cis,cis-6,9- 
18:2 and cis, cis-9,12-18:2 are shown. Here, the 
double bonds were indicated by the intervals of 
12 atomic mass units (amu) within the regular 
series of 14 amu intervals according to the rule, 
which was formulated in a previous paper (4), 
for pyrrolidides of monoenoic fatty acids: "If  
an interval o f  12 atomic mass units, instead o f  
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FIG. 1. Mass spectra of N-octadec-6,9-dienoylpyrrolidine and N-octadec-9,12-dienoylpyrrolidine. 

the regular 14, is observed between the most 
intense peaks of clusters of  fragments containing 
n and n-1 carbon atoms of the acid moiety, a 
double bond occurs between carbon n and n+l 
in the molecule. '" This rule could be applied to 
most of the compounds listed in Table I, the 
exceptions being the dienoic pyrrolidides which 
have a double bond in positions 4,15,16 or 17 
in a methylene interrupted system. 

The spectrum of the 4,7-18:2 isomer had 
characteristic peaks at m/e 124 and m/e 126 
together with m/e 139 and m/e 152 indicating 
the double bond in position 4. This was like- 
wise true for the pyrrolidides of 4-18:1 and 
4-10:1 (4). The double bond in position 7 was 
shown by the interval of 12 amu between car- 
bons 6 and 7 (m/e 166 and m/e 178)according 
to the rule. The 12,15-18:2, 13,16-18:2 and 
14,17-18:2 isomers had spectra which distin- 
guished them from each other. The 12,15-18:2 
isomer followed the rule, but the key frag- 
ments, representing 12 carbons of the chain, 
role 250 and m/e 252, were of almost the same 
intensity. Other details that distingmshed the 
two isomers from each other were: the cluster 
of peaks that contained 13 carbons of the fatty 
acid chain of 12,15-18:2 was stronger than the 
corresponding peaks, e.g. m/e 265, for the 

13,16-18:2 isomer. In the spectrum of the 
13,16-18:2 isomer, the cluster of peaks that 
contained 15 carbons of the chain, e.g. m/e 
291, was stronger than the corresponding clus- 
ter for the 12,15-18:2 isomer. Finally, for the 
spectrum of the 14,17-18:2 isomer, the interval 
of 12 amu, typical for the 12,15-18:2 and 
13,16-18:2 isomers, was moved one carbon 
closer to the methyl end, e.g. m/e 278 and m/e 
290 to m/e 292 and m/e 304. 

The spectra of lower homologues of methyl- 
ene interrupted dienoic acids represented by 
5,8-14:2 and 7,10-16:2 followed the rule com- 
pletely as can be seen in Table I. Also, a fatty 
acid with the two double bonds separated by 
four methylene groups, 9,15-18:2, gave a mass 
spectrum (Fig. 2) from which the double bonds 
could be located via the rule. 

The mass spectra of pyrrolidides of three tri- 
enoic acids, 6,9,12-18:3, 9,12,15-18:3, and 
8,11,14-20:3, were also interpretable according 
to the rule developed for monoenoic acids. This 
is shown for the 9,12,15-18:3 isomer in 
Figure 2. However, some of the key fragments, 
e.g. m/e 248 and m/e 250, in the spectrum of 
6,9,12-18:3 were of intensities almost equal to 
those of the spectrum of the 12,15-18:2 iso- 
mer. 
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A tetraenoic fatty acid, 5,8,11,14-20:4, also 
was investigated, and its pyrrolidide derivative 
gave a mass spectrum which could be inter- 
preted partially according to the rule. In this 
case, key diagnostic fragments, e.g. m/e 152 vs 
role 154 and role 192 vs role 194, were of al- 
most equal intensities. 

In the spectra of pyrrolidides which have 
methylene interrupted double bonds in the 
middle of the chain, the peak cluster lying be- 
tween the intervals of 12 amu was observed to 
be more intense than its surrounding peaks. For 
example, role 180 in the spectrum of the pyr- 
rolidide of 6,9-18:2; m/e 222 in the spectrum 
of the pyrrolidide of 9,12-18:2; and m/e 222 
and 262 in the spectrum of the pyrrolidide of 
9,12,15-18:3 were high peaks in the general 
profile of the mass spectrum range involving the 
double bonds. This phenomenon facilitates the 
location of methylene interrupted polyunsatu- 
ration when it is difficult to distinguish whether 
intervals are 12 or 14 amu. In the mass spec- 
t rum of the pyrrolidides of a polyunsaturated 
fatty acid, the presence o f  a peak relatively 
more intense than the peak clusters which flank 
it and which are involved in probable intervals 
o f  12 ainu indicates the presence o f  a methyl- 

ene interrupted system. I f  the prominent peak 
contains m carbons o f  the fatty acid residue, 
the methylene carbon in the molecule was at 
position m + 1. 

Three fatty acids with conjugated unsatu- 
ration in the middle of the chain, i.e. 8,10-18: 2, 

9,11-18:2, and 10,12-18:2, also were investi- 
gated. In Table I, the key fragments in their 
spectra are listed. In each case, the double bond 
closer to the carbonyl was indicated by the 
interval of 12 ainu according to the rule, but 
the remote double bond was, however, not in 
agreement with the rule. The conjugated system 
was indicated by another interval of 12 amu im- 
mediately following the first interval of 12 
a i n u ,  

To test the use of pyrrolidides in the inter- 
pretation of unknown fatty acids with GLC and 
MS, corn oil triglycerides were investigated in a 
previous paper (6), and the double bonds were 
located without difficulties by using the  rule 
developed for the monoenoic fatty acids. An 18 
carbon fatty acid with one actylenic bond and 
three double bonds also was investigated (8), 
and, by applying our rule, the double bonds 
were found at positions 9,12 and 15, which 
l a t e r  was conf i rmed by other analytical 
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m e t h o d s .  I n t e r p r e t a t i o n  of  the  mass s p e c t r u m  
of  a t r ig lycer ide  of  th is  f a t t y  acid revealed t he  
same doub le  b o n d  pos i t i ons  w h e n  t he  same 
logic as used  w i t h  pyr ro l id ides  was appl ied .  
Recen t ly ,  the  mass s p e c t r u m  of  t he  pyr ro l id ide  
o f  an  u n k n o w n  p o l y u n s a t u r a t e d  acid was 
s tud ied  b y  J o s e p h  (9).  I n t e r p r e t a t i o n  of  t he  
s p e c t r u m  s u g g e s t e d  the  s t ruc tu r e  to  be 
3 ,6 ,9 ,12 ,15 -18 :5 ,  and  th is  s t r uc tu r e  was con-  
f i rmed  by  o t h e r  ana ly t ica l  m e t h o d s .  

This work  shows t h a t  py r ro l id ides  o f fe r  ad-  
van tages  for  the  mass s p e c t r o m e t r i c  analysis  of  
po lyeno ic  f a t t y  acids. The  der ivat ives  are easy 
to prepare ,  and  n o  chemica l  m o d i f i c a t i o n  of  t he  
u n s a t u r a t i o n  in the  f a t t y  acid cha in  is neces-  
sary,  as is t he  case w i th  mos t  of  the  o t h e r  
m e t h o d s  deve loped  for  th i s  pu rpose  (1 ,2) .  Al- 
t h o u g h  spec t ra  of  all t h e  p o l y u n s a t u r a t e d  f a t t y  
acid pyr ro l id ides  are n o t  i n t e r p r e t a b l e  accord-  
ing to  t he  rule deve loped  for  the  m o n o e n o i c  
acids, it i s ' n o t e w o r t h y  t h a t  all spec t ra  d i f fe r  
f rom each  o the r .  With  e n o u g h  re fe rence  com-  
pounds ,  t he re  shou ld  be  no  p r o b l e m  in iden t i fy-  
ing each  pos i t iona l  i somer  by  mass s p e c t r o m e -  
t ry .  
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Effect of Inhibitors and Phenobarbital Pretreatment upon 
Hepatic Lipid Peroxidation during Protein and Riboflavin 
Dietary Stress in Male Rats 
J.M. P A T E L  1 , N.R.  G A L D H A R ,  S.Y.  J A V A L G E K A R ,  and S.S. P A W A R  2, Division of Biochemistry, 
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A B S T R A C T  

Male y o u n g  a lb ino  rats  d ivided i n to  
th ree  groups  were m a i n t a i n e d  o n  t he  
fo l lowing  diets.  The n o r m a l  g roup  was 
m a i n t a i n e d  o n  13% casein, 45% corn  
s tarch ,  31% sucrose,  6% salt m ix tu re ,  4% 
p e a n u t  oil,  a n d  1% v i t amin  mix tu re .  The  
low p ro t e in  g roup  an imals  rec ieved on ly  
5% casein, a n d  the  r ibof lav in -def ic ien t  
group was fed  n o r m a l  die t ,  excep t  t h a t  
the  r ibof lav in  was a b s e n t  f r o m  the  vita-  
m in  m i x t u r e  a n d  o rd ina ry  "casein was 
rep laced  by  13% vi tamin- f ree  casein.  The  
effects  o f  var ious  i n h i b i t o r s  u p o n  t r iphos -  
p h o p y r i d i n e  nuc l eo t i de ,  r e d u c e d  fo rm-  
l inked  l ip id  pe rox ide  f o r m a t i o n  by  t he  
s u p e r n a t a n t  f r ac t ion  of  l iver at  9000  x g 
f r o m  ra t s  f ed  a n o r m a l  diet ,  a low p r o t e i n  
diet ,  or a r ibof lav in -def ic ien t  diet  for  2,4,  
and  7 weeks were inves t iga ted .  A signifi- 
cant  decrease  in t r i p h o s p h o r y r i d i n e  nu-  
c leot ide ,  r educed  fo rm- l inked  and  ascor- 
b a t e - i n d u c e d  l ipid p e r o x i d a t i o n  was no-  
t i ced  in ra ts  f ed  on  low p r o t e i n  and  
r ibof lav in-def ic ien t  diet .  G l u t a t h i o n e  in- 
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h ib i t ed  the  t r i p h o s p h o p y r i d i n e  nuc leo-  
t ide ,  r e d u c e d  fo rm- l i nked  l ipid pe rox ida-  
t i on  in ra ts  f r o m  all t h r ee  groups.  How-  
ever, t he  obse rved  response  was var iable  
due to the  n a t u r e  of t he  diet .  The  
magn i tude  of  i n h i b i t i o n  was greater  in  
low p ro te in - f ed  animals  t h a n  in an imals  
f r o m  the  r ibof lav in -def ic ien t  and  con t ro l  
groups.  C y t o c h r o m e  C i n h i b i t e d  pe rox ide  
f o r m a t i o n ,  bu t  the  i n h i b i t i o n  was grea ter  
in  ra ts  f r o m  the  low p r o t e i n  and  r ibo-  
f lav in-def ic ient  groups  t h a n  in an imals  
f r o m  the  n o r m a l  group.  T o c o p h e r o l  ex-  
h ib i t ed  the  a n t i o x i d a n t  p r o p e r t y  in  all 
t h ree  groups of  rats .  D e o x y c h o l a t e  in- 
h ib i t ed  l ip id  pe rox ide  f o r m a t i o n  in all t h e  
th ree  groups.  

I N T R O D U C T I O N  

The mic rosoma l  m e m b r a n e  has  been  used  in 
m a n y  labora to r ies  as a mode l  in  the  s tudies  of  
l ip id  pe rox ida t i on ,  a n d  the  a n t i o x i d a n t s  have 
been  used  to  p ro t ec t  t he  m e m b r a n e  sys tem 
f r o m  perox ida t ive  damage (1-3).  The  biological  
m e m b r a n e  sys tem,  especial ly  subce l lu la r  orga- 
nel les ,  are labile to  l ipid p e r o x i d a t i o n  (4) .  The 
process  may  be par t  of  universa l  diseases, such  
as some phases  of  a therosc leros is ,  neura l  ceroid  
l ipofuscinosis ,  or  B a t t e n ' s  s y n d r o m e .  The chem-  
ical de ter iora t ive  e f fec t  o f  any  of  these  diseases 
might  be s lowed by the  use of  increased  

TABLE I 

C o m p o s i t i o n  o f  D ie t  

Ingredients Normal (%) Low protein (%) Ribof lav in  de f i c i en t  (%) 

Casein 13 5 --- 
Vitamin free casein . . . . .  13 
Corn starch 45 53 45 
Sucrose  31 31 31 
Ground nut  oil  6 6 6 
Salt m i x t u r e  a 4 4 4 
V i t a m i n  m i x t u r e  b 1 1 I c 

aSalt mixture of Hegsted, et al. (19), with the following modifications: CuSO4.SH2 O, 
3.266 g, COC12-6H20 , 2.16 g, and NaF, 0.432 g. 

bVitamin m i x t u r e  o f  Schuitze, (20). 100 International unit (IU) vitamin A, 20 IU vita- 
min D, and 0.5 mg vitamin E/day/rat also were added  to  the  diet  along with peanut oil. 
Vitamin-free casein was obtained trom C a l b i o c h e m ,  Lucerne ,  Switzerland, containing 0.5 ttg 
ribof lavin g casein.  

CRiboflavin v i tamin- f ree  m i x t u r e .  
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amounts of dietary antioxidants (5,6). 
Lipid peroxidation also can be produced 

intracellularly under a variety of conditions 
(7,8). Accumulated lipid peroxides which can 
not be decomposed by catalysis lead to a 
number of harmful effects to the cells (9). In 
vitro peroxidation is markedly stimulated in the 
presence of Fe ++, Cu ++, or ascorbate (10-13) 
but inhibited in the presence of Zn ++ (14). 
Antioxidants like c~-tocopherol, vitamin k l ,  k3, 
and k s and metal chelators, such as c~-dipyridyl 
and 8-hydroxy quinoline, abolish lipid peroxi- 
dation (15-17). Earlier, we reported (18) about 
lipid peroxidation and drug hydroxylation dur- 
ing riboflavin deficiency. 

To our knowledge, there has been no report 
regarding the effect of various inhibitors upon 
lipid peroxidation during riboflavin and protein 
deficiency. Therefore, the present studies re- 
port the in vitro effect of glutathione (GSH), 
cytochrome C, o~-tocopherol, and sodium de- 
oxycholate upon the lipid peroxidation during 
various stages of protein and riboflavin defi- 
ciency in male rats. The effect of phenobarbital 
pretreatment upon lipid peroxidation also was 
studied. 

__-a § 

~ ':)i 
c 

?g 
WEEKS 0 2, 4 7 

A 

M A T E R I A L S  A N D  M E T H O D S  

Haffkine strain young albino rats initially 
weighing 40-50 g were obtained from Haffkine 
Institute in Bombay, India. They were placed 
individually in wire bot tom cages at room 
temperature and kept away from exposure to 
pharmacologically active compounds. The rats 
were fed a synthetic diet ad libitum for 1 week 
prior to the initiation of the experiments. After 
screening their growth response to the synthetic 
diet, they were divided into three groups: 
normal, low protein, and riboflavin-deficient 
and pair-fed for 7 weeks. The composition of 
the diet was as shown in Table I. 

Phenobarbital pretreatment: At the end of 
2,4, and 7 weeks of the feeding period, 5 rats 
from each group were injected intraperitonially 
with phenobarbital sodium (50 mg/kg body wt) 
for 5 successive days. 

Tissue preparation: The animals were fasted 
overnight and sacrificed by decapitation 24 hr 
after the last injection. The livers immediately 
were excised, weighed, washed with 0.9% ice- 
cold saline, minced, and homogenized (1:10 
w/v) in 0.25 M ice-cold sucrose in a Teflon 
pestle glass homogenizer. All further tissue 
preparations were performed at -2 C unless 
otherwise mentioned. The homogenates were 
centrifuged at 9000 x g for 20 min in a 
refrigerated centrifuge (Remi K-24) at -2 C. The 
9000 x g supernatant fraction protein was used 
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FIG. 1. Effect of diet and phenobarbital treatment 
upon triphosphopyridine nucleotide, reduced form 
(TPNH)-linked and ascorbate-induced lipid peroxida- 
tion in young male rats. A = normal, B = low protein, 
C = riboflavin deficient, 1::::1 = normal, and ~,--~a= 
phenobarbital treated. 

as enzyme protein in all assays and was mea- 
sured according to the biuret method (21). 

Lipid peroxidation : The triphosphopyridine 
nucleotide, reduced form (TPNH)-linked lipid 
peroxidation was assayed in a medium contain- 
ing 50 mM Tris-HC1 buffer, pH 7.4; 1 mM 
MnC12; 50 mM nicotinamide; 0.2 mM triphos- 
phopyridine nucleotide, oxidized form (TPN+); 
0.5 mM sodium DL-isocitrate; 50 /aliter isoci- 
trate dehydrogenase; 0.2 mM adenosine 5'- 
phosphate (ADP); 30 /aM Fe++; and 2 mg/ml 
protein (9000 x g) in a final volume of 15 ml. 
Ascorbate-induced lipid peroxidation was car- 
ded out in a same medium, but nicotinamide 
was omitted, and the TPNH generating system 
was replaced by 1 mM ascorbate. The incuba- 
tions were carried out in a Dubnoff metabolic 
shaker under air at 37 C for 15 min. Aliquots (2 
ml) were removed at 0, 2, 5, 7, 10, 12, and 15 
min. intervals, and the reaction was terminated 
by addition to tubes containing 2 ml 10% 
ice-cold trichloroacetic acid. The precipitated 
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protein was removed at 2000 x g for 10 min. 
The malonaldehyde formation was estimated 
from the protein-free supernatant by the thio- 
barbituric acid reaction (22). The TPNH-linked 
lipid peroxidation was estimated in the pres- 
ence of various concentrations of  GSH, cyto- 
chrome C, tocopherol, and deoxycholate during 
the various stages of deficiency. 

Oxygen consumption : This was measured by 
Warburg's method (23) in a medium containing 
50 mM Tris-HC1 buffer, pH 7.4; 0.5 mM TPNH; 
and 5 mg protein in a final volume of 3.0 ml. 
The reaction was carried out at 37 C up to 30 
n ' f i n .  

R ESU LTS 

The liver wt of  animals fed on low protein 
diet were decreased significantly, whereas, in 
riboflavin-deficient animals, a slight decrease in 
liver wts was noted at the end of 2 and 4 weeks 
feeding period and a significant decrease in liver 
wt was noted during the chronic deficiency of 
riboflavin. 

Phenobarbital pretreatment stimulated the 
liver growth in aU animals, irrespective of 
deficiency levels. The magnitude of stimulation 
was higher in both low protein and riboflavin- 
deficient animals, as compared to their control 
animals. The protein content of the supernatant 
fraction gradually was lowered due to the low 
protein diet, and the decrease was maximal at 
the end of 7 weeks. A slight increase in liver 
protein content was noted in the riboflavin- 
deficient animals. The percent increase in super- 
natant fraction protein was 7.0 at the end of 7 
weeks of riboflavin deficiency. 

The phenobarbital-induced effect upon 
supernatant fraction protein was noticed even 
in deficient animals. 

TPNH-linked and ascorbate-induced lipid 
peroxidation : TPNH-linked and ascorbate-in- 
duced lipid peroxidations were markedly low- 
ered in animals fed on low protein and ribo- 
flavin-deficient diets (Fig. 1). The percentage 
decreases in TPNHqinked and ascorbate-in- 
duced lipid peroxidations were 72.5, 18.7, 
68.6, and 22.4, respectively, in low protein and 
riboflavin-deficient animals at the end of 
chronic deficiency (7 weeks) (Table II). The 
decrease in TPNH-linked and ascorbate-induced 
lipid peroxidation was more pronounded in low 
protein animals at the end of  2, 4, and 7 weeks 
feeding period than in riboflavin-deficient ani- 
mals. 

Effect of  GSH upon TPNH-linked lipid 
peroxidation: Addition of  GSH to the incuba- 
tion medium inhibited lipid peroxidation in all 
animals (Fig. 2). A complete inhibition was 
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FIG.  3. Ef fect  o f  cytochrome C upon tr iphos- 
phoryridine nucleotide, reduced form-linked lipid per- 
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FIG. 2. Effect of glutathione (GSH) on triphospho- 
pyridine nucleotide, reduced form-linked lipid peroxi- 
dation in normal, protein, and riboflavin-deficient 
young male rats. o - - o  = 7 weeks feeding, e - - e  = 4 
weeks feeding, and o - - o  = 2 weeks feeding. 

observed in the presence of 1 mM GSH in 
animals fed on low protein diet for 7 weeks. 
However, the percent inhibition was only 63.0 
in riboflavin-deficient animals. In the presence 
of 2.0 mM GSH, the percentage inhibition was 
85.0 and 94.0, respectively, in riboflavin-defi- 
cient animals and control animals at the end of 
7 weeks feeding period. 

Cytochrome C and TPNH-linked lipid perox- 
idation: The TPNH-linked lipid peroxidation 
was inhibited by cytochrome C in all animals 
irrespective of their dietary status (Fig. 3). A 
drastic inhibition was noted in the presence of 
10 /aM cytochrome C in animals from the low 
protein and riboflavin-deficient groups, whereas 

young male rats. o - - o  = 7 weeks feeding, e---e = 4 
weeks feeding, and o - - o  = 2 weeks feeding. 

25 /aM cytochrome C was required to have 
similar inhibition in control animals. The per- 
cent inhibition due to 25/aM cytochrome C was 
75.0, 54.0, and 40.0 in animals from low 
p r o t e i n ,  riboflavin-deficient, and control 
groups, respectively. In the presence of 75/aM 
cytochrome C, an almost complete inhibition 
of TPNH-linked lipid peroxidation was noticed 
in the deficient group, whereas only 60.0% 
inhibition was noticed in control animals. 

ot-Tocopherol and TPNH-linked lipid peroxi- 
dation: TPNH-linked lipid peroxidation was 
blocked due to the presence of tocopherol in all 
animals (Fig. 4). Complete protection was 
noticed in the presence of 100 mM a-tocoph- 
erol in animals fed the low protein diet for 2 
and 4 weeks. However, the same protection was 
obtained in the presence of 50 mM a-tocoph- 
erol at the end of the 7 weeks feeding period. 
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FIG. 4. Effect of tocopherol upon triphosphopyri- 
dine nucleotide, reduced formqinked lipid peroxida- 
tion in normal, protein, and riboflavin-deficient young 
male rats. Q - - =  = 7 weeks feeding, e---e = 4 weeks 
feeding, and o - - o  = 2 weeks feeding. 

Animals  f r o m  r ibof lav in  and  con t ro l  groups  
s h o w e d  similar  r esponses  in  t he  presence  of  
a - t o c o p h e r o l .  The  r e q u i r e m e n t  o f  a n t i o x i d a n t  
for  p r o t e c t i o n  against  l ip id  p e r o x i d a t i o n  was 
h igher  at t he  end  o f  the  7 weeks  feeding pe r iod  
t han  a f te r  2 or  4 weeks.  The  i n h i b i t i o n  in 
presence  of  100 mM a - t o c o p h e r o l  was 70 .0  and  
74% in r ibof lav in-def ic ien t  and  con t r o l  animals ,  
respect ively ,  at  t he  e nd  of  7 weeks feeding 
period.  

Deoxycholate and TPNH-linked lipid peroxi- 
dation: D e o x y c h o l a t e  i n h i b i t e d  the  l ipid per- 
oxide  f o r m a t i o n  in all t h e  t h r ee  groups  of  
an imals  i r respect ive  o f  the  n a t u r e  of  the  diet  
(Fig. 5). The  i n h i b i t i o n  due to  d e o x y c h o l a t e  

i Ii~-k NORMAl_ 

4 ~ ~ ~ ~ ~--qk~ 

c l  

% 

E 
2 I ~  

ENT . . . . .  

RIBOFLAVIN DEFICIENT 

121 
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FIG. 5. Effect of sodium dcoxycholate upon 
triphosphopyridine nucleotide, reduced form-linked 
lipid peroxidation in normal, protein, and riboflavin- 
deficient young male rats. o - - o  = 7 weeks feeding, 
e - - e  = 4 weeks feeding, and o - - o  = 2 weeks feeding. 

increased  as the  p ro t e in  def ic iency  increased,  
bu t  the  magn i tude  of  i n h i b i t i o n  in  b o t h  r ibo-  
f lavin-def ic ient  and  con t ro l  an imals  was lower  
t han  the  low p ro t e in  fed  animals .  The  percen t -  
age i n h i b i t i o n  due to 2 mM d e o x y c h o l a t e  was 
67, 75, and  66 in r ibof lav in -def ic ien t  an imals  
dur ing  2, 4 and  7 weeks def ic iency  levels, 
respect ively .  

In con t ro l  an imals ,  t he  decrease was less 
t h a n  in r ibof lav in-def ic ien t  an imals  at  the  end  
of  4 and  7 weeks feed ing  per iod.  The  pe rcen t -  
age i n h i b i t i o n  was 67 a n d  60 at  the  end  of  4 
and  7 weeks,  respect ively .  

Phenobarbital pretreatment and oxygen con- 
sumption: Oxygen  c o n s u m p t i o n  was decreased 
s ignif icant ly  in  an imal s  f ed  on  low p ro t e in  diet  
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(Table III). In riboflavin-deficient animals, a 
slight increase in oxygen consumption was 
observed up to the end of 4 weeks, and a slight 
decline was observed at the end of 7 weeks of 
riboflavin deficiency. In all animals, a marked 
stimulation in oxygen uptake was observed due 
to the phenobarbital pretreatment. The magni- 
tude of stimulation at the end of 7 weeks was 
more in animals from the protein-deficient 
group than in animals from the riboflavin-defi- 
cient and control groups. 

t" 
O 
r 

E 

O 
DISCUSSION 

Previous studies (18) from this laboratory 
have indicated that the peroxidation of subcel- 
lular lipids was influenced due to the dietary 
status of the animals. The present results 
indicate that TPNHqinked lipid peroxidation 
was inhibited by GSH, cytochrome C, vitamin 
E, and deoxycholate and that the magnitude of 
inhibition due to all compounds was affected "~ 
due to the dietary status of the animals. Wills ~. 
(24) indicated that the liver microsomal frac- 
tion clearly contains an iron compound essen- :~ 
tial for the formation of lipid peroxide in the ~ 
presence of ascorbate or TPNH. The observed -- ~-~ 

;;0 
different pattern of inhibition due to cyto- ~ 
chrome C may be due to the different levels of ~, = = 
flavins caused by the deficient diet (25). The ~ ~ = 
deoxycholate causes membrane disintegration 
and inhibits lipid peroxide formation. The *~.- 
observed inhibition pattern in different dietary ~= 
groups could be due to different levels of ~ 
polyunsaturated fatty acids and the levels of .~. 
electron transport components.  The lowering of ~ ~ 
polyunsaturated fatty acids during riboflavin 
deficiency in rats has been reported (26). The 'r 
decrease in microsomal electron transport com- =" 
ponents during protein (27) and riboflavin (25) "~ 
deficiencies also has been noticed. Vitamin E 
could protect against the lipid peroxide forma- 
tion by acting as an antioxidant and also may .a 
act by preventing the initial loss of hydroperox- 
idation or peroxide bond or by scavenging the ~. 
free radicals formed (28). ~a 
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Fatty Acid Synthetase of Bovine Mammary" 
Properties and Products 
J.E. KINSELLA,  D. BRUNS, and J.P. INFANTE,  College of Agriculture and Life Sciences, 
Cornell University, Ithaca, New York 14850 

ABSTRACT 

Fat ty  acid synthetase purified (20 
times) from lactating bovine mammary 
tissue had an approximate tool wt of 
485,000. The enzyme had a high content  
of acidic and hydrophobic  amino acid 
residues; 62 + 4 sulhydryl groups and one 
4 'phosphopantetheine residue/mole of 
enzyme. The enzyme was relatively stable 
when stored (3 mg/ml) in potassium 
phosphate buffer (250 raM), containing 
di thiothrei tol  (5 mM) at -5 C or at -30 C 
or as a lyophil ized powder at -30 C. 
Preincubation at 37 C in presence of 
dithioltreitol  (5 mM) was necessary for 
obtaining maximum activity at the opti- 
mum pH of 6.8. Maximum specific activ- 
i ty of the isolated enzyme was 55 nmoles 
acetyl-coenzyme A rain - lmg -1 incorpo- 
rated into fat ty acids. Butyryl-coenzyme 
A or acetyl-coenzyme A (30/aM), malo- 
nyl-coenzyme A (65 /aM), and nicotin- 
amide adenine dinucleotide phosphate,  
reduced form (300/aM) were required for 
opt imum fat ty acid synthesis. Malonyl- 
coenzyme A decarboxylase activity (5 
nmoles min-lmg-1) associated with the 
enzyme permit ted fat ty acid synthesis in 
the presence of nicotinamide adenine 
dinucleotide phosphate,  reduced form 
and malonyl-coenzyme A. The enzyme 
utilized acetyl-coenzyme A, butyryl-  
coenzyme A, and hexanoyl-coenzyme A 
as primers, with butyryl-coenzyme A 
giving the maximum rate of fat ty  acid 
synthesis. Apparent  Km values of 22, 6.7, 
3, 22, and 20 /aM were obtained for 
malonyl-coenzyme A, acetyl-coenzyme 
A, butyryl-coenzyme A, hexanoyl-co- 
enzyme A, and nicotinamide adenine 
dinucleotide phosphate,  reduced form, 
The fat ty acid synthetase was inhibited 
by N-ethylmaleimide, iodoacetamide,  and 
progressively inhibited by increasing con- 
centrations of long chain acyl-coenzyme 
A, i.e. palmityl-coenzyme A and my- 
ristyl-coenzyme A. This inhibition was 
relieved by bovine serum albumin or 
/3-1actoglobulin (3 mg/ml). Palmitic acid 
was the major product  of bovine mam- 
mary fat ty acid synthetase. However, 

small amounts of  fatty acids, 4:0-14:0 
inclusive, also were synthesized. The pat- 
tern of  fat ty acids was altered by varying 
malonyl-coenzyme A to acetyl-coenzyme 
A ratios and by increasing the enzyme 
levels in the assays. At high concentra- 
tions of enzyme (0.5 mg/ml), greater 
amounts of short and medium chain fat ty  
acids were generated. 

I N T R O D U C T I O N  

Ca. 40% of the fat ty acids of  cows' milk is 
synthesized de novo by mammary fat ty acid 
synthetase (1,2). These consist of butyric  22, 
hexanoic 12, octanoic 6.5, decanoic 8, dodeca- 
noic 10, tetradecanoic 21, and hexadecanoic 
19, mole percent,  respectively. Most of the 4:0,  
6:0, and 8:0 acids are acylated in sn-3, and the 
remainder occur in posit ion sn-2 and sn-3 of 
milk triglycerides (3-5). 

The specific mechanisms controlling their 
orderly synthesis and the physiological-bio- 
chemical significance of these fa t ty  acids in 
relation to the synthesis of triglycerides for 
secretion have not  been elucidated. During 
lactogenesis, the fat ty acid products of bovine 
mammary fat ty acid synthetase (FAS) change 
from mostly long chain (16:0,  18:0) to short 
and medium chain lengths, typical  of those 
found in milk (6,7). Thus, studies of the 
changes in properties of isolated FAS may 
reveal whether intrinsic properties of the FAS 
change during this period or if other factors are 
responsible for modulating product  composi- 
tion. Carey and Dils (8) have reported the 
presence of a specific protein in rabbit  mam- 
mary which modified the chain length  of the 
fatty acids synthesized by rabbit  mammary 
FAS. 

While establishing standardized procedures 
for monitoring changes in mammary FAS dur- 
ing lactogenesis, we studied the properties of 
FAS isolated from lactating cow mammary 
tissue. The results of  these studies are reported 
herein and compared with data obtained for 
this enzyme from cow, rat, rabbit  and goat 
mammary (9-12). 

MATERIALS A N D  METHODS 

Materials: 1-14C-acetyl-coenzyme A (CoA), 
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TABLE I 

Purification of Fatty Acid Synthetase from Bovine Mammary Gland 

Protein Specific activity a Total enzyme Recovery Purification 
Fraction ( m g )  (nmoles/mg) activity (%) factor 

Particle-free supernatant 1,300 1.8 2,340 100 -- 
20-40% Ammonium sulfate 520 3.0 1,560 66 1.7 fraction 
Calcium phosphate 360 4.0 1,440 60 2.2 

gel fraction 
Diethylaminoethyl cellulose 30 20.0 600 26 11.1 peak 
Ammonium sulfate fraction 10.5 25.0 260 11 14.0 
Sephadex 6.0 35.0 210 9 19.5 

anmoles Acetyl-coenzyme A, incorporated into fatty acids/min/mg protein. The supernatant was obtained 
from mammary homogenate corresponding to ca. 35 g original mammary tissue which contained roughly 
1 1 0 - 1 2 0  mg fatty acid synthetase, of which ca. 50% was lost during preparative centrifugation. Thus, mammary 
tissue, from a cow yielding 20 kg/g milk/day, contained ca. 7.3/~moles fatty acid synthetase per kg. 

2 -14 C-malonyl-CoA, 1,3 -14 C-malonyl-CoA, and 
1-14C-butyryl-CoA were purchased (New En- 

gland Nuclear, Boston, Mass.). Acyl-CoA spe- 
cies of different chain lengths were obtained 
from P-L Biochemicals (Milwaukee, Wis.). Nico- 
tinamide adenine dinucleotide phosphate, re- 
duced form (NADPH), nicotinamide adenine 
dinucleotide, reduced form (NADH), and bo- 
vine serum albumin (BSA) were obtained from 
Sigma Chemical Co. (St. Louis, Mo.). Calcium 
phosphate gel, prepared by the method of 
Keilin and Hartree (13), and ammonium sulfate 
were obtained from Nutritional Biochemicals 
(Cleveland, Ohio). Bis-acrylamide, acrylamide, 
and riboflavin were products of Eastman Kodak 
(Rochester, N.Y.). Sephadex and Sepharose 
were purchased from Pharmacia (Piscataway, 
N.J.), diethylaminoethyl (DEAE) cellulose 
from Schwarz/Mann Research Lab (Orange- 
burg, N.Y.); dithiothreitol (DTT) from Calbio- 
chem (La Jolla, Calif.); 5,5'-dithiobis (2-nitro- 
benzoic) acid (DTNB), N-ethyl-maleimide 
(NEMI), and iodoacemaide were obtained from 
Aldrich Chemicals (Milwaukee, Wis.). An auto- 
mated fraction collector (ISCO, Omaha, Neb.) 
was used to monitor column effluents for 
protein. 

Purificatton o f  bovine mammary FAS: All 
potassium phosphate buffers (pH 6.8) con- 
tained ethylenediaminetetraacetic acid (EDTA) 
(3 raM) and dithiothreitol (5 mM). Preparative 
procedures were carried out at 5 C. DEAE, 
Sepharose, and Sephadex column chromatogra- 
phies were done at 25 C. 

Mammary tissue was obtained from lactating 
cows immediately after slaughter and chilled to 
5 C. Connective and lymph tissues were re- 
moved, and the epithelial tissue was ground in a 
meat grinder, diluted twofold with potassium 
phosphate buffer (100 mM, pH 6.8), and 

homogenized in a Waring blender for 30 sec at 
5 C. This preparation was rehomogenized in a 
Waring blender with a polytron assembly. This 
homogenate was centrifuged in a refrigerated 
Sorvall centrifuge using an GSA rotor (r = 5.75 
in.) at 15,000 x g for 20 rain at 4 C. The 
supernatant was decanted and strained through 
2 layers of cheese cloth to remove the fat layer 
and centrifuged in a Beckman model L2-65 
preparative ultracentrifuge using a type-21 
fixed angle rotor at 44,000 x g for 75 min. The 
final supernatant was used as such, stored at -30 
C, or  quickly frozen in a round bot tom flask by 
means of a dry ice-acetone bath and was 
lyophilized in a Virtis freeze-drier (at 0.03 mm 
Hg pressure at 24 C for 24 hr). The resulting 
powder was ground to a fine consistency and 
stored in sealed vials at -30 C. 

The protocol of Hsu, et al., (14)was used in 
the purification of FAS from the high speed 
supernatant. Most of the FAS activity was 
obtained in a protein fraction precipitated from 
the 100,000 g supernatant using ammonium 
sulfate at 25-40% saturation. This protein was 
dissolved in 80 ml potassium phosphate buffer 

(5 mM, pH 6.8) containing DTT (5 mM) and 
EDTA (3 mM). This solution was purified 
further by adding calcium phosphate gel (0.5 
mg/mg protein), gently stirring for 2 rain, and 
then centrifuging (5000 g for 4 rain) to remove 
the calcium phosphate gel and adsorbed pro- 
rein. The resultant supernatant solution was 
applied toa column of DEAE cellulose (20 c m x  
3.0 cm) prepared and washed as described (14). 
Following elution of inactive protein with 50 
mM buffer, the FAS was eluted with concen- 
trated buffer (250 raM). After pooling the 
eluate (60-90 ml fractions), the enzyme was 
precipitated with ammonium sulfate at 35% 
saturation and recovered by centrifugation 
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(18,000 g for 10 min), and the precipitate was 
dissolved in 1 ml potassium phosphate buffer 
(250 mM, pH 6.8). This solution was applied to 
a column (22 x 2 cm) of Sephadex G-200 
previously equilibrated with 250 mM potassium 
phosphate buffer. The FAS activity was eluted 
with the same buffer in a volume of 2 ml at a 
relative retention volume of 1.3. 

For estimation of mol wt, the FAS from the 
Sephadex column was passed through a column 
(60 x 1.5 cm) of Sepharose 6B that previously 
was calibrated with apoferritin, BSA, and a- 
lactalbumin. 

The isolated enzyme was very unstable and 
denatured extremely easily precipitating as long 
strands of protein in dilute buffer following 
agitation or stirring. Because of its instability, 
the enzyme was assayed immediately; frozen to 
-30 C for short term storage, or freeze-dried and 
stored at -30 C. 

Assay for FAS activity : Enzyme activity was 
measured using radiochemical assays. Assay 
tubes contained potassium phosphate buffer, 
100 mM (pH 6.8); DTT, 5 mM; EDTA, 3 mM; 
1-14C-acetyl-CoA, 30 /JM (15 x 104 cpm); 
malonyl-CoA, 65/~M; NADPH, 300/IM; and 50 
/ag enzyme in a total volume of 1 ml. Reaction 
mixtures, without malonyl-CoA, were prein- 
cubated at 35 C for 7 min to obtain maximum 
activity. 

Reactions were started with malonyl-CoA 
and terminated, after 5 mill, by adding 0.05 ml 
perchloric acid (60%) and 0.5 ml ethanol. We 
added 5 /~moles mixture of carrier fatty acids 
(4:0-16:0 inclusive) to the assay tubes and 
extracted products 3 times with 1.5 ml aliquots 
of hexane. Extracts were pooled, and hexane 
was evaporated at 4 C under nitrogen to a final 
volume of 2 ml to minimize loss of volatile 
short chain fatty acids. Radioactivity in dupli- 
cate aliquots (100 bditer each) was determined 
using a Packard TriCarb (model 3385) liquid 
scintillation spectrophotometer. 

A unit of enzyme activity is the amount of 
enzyme required to incorporate 1 nmole of 
acetyl-CoA into fatty acids/min at 35 C. 

Products of the enzyme were analyzed by 
thin layer chromatography (TLC) as described 
(15). Radioactivity in individual fatty acids was 
quantified by radio-gas chromatography using 
conditions previously established (3,16). The 
response of the radioactive monitor was cali- 
brated using standard solutions of 1-14C-bu - 
tyric, 1-14 C-hexanoic, and 1-14 C-myristic acid. 

Protein was determined by the method of 
Lowry, et al., (17) using the system outlined by 
Smith and Abraham (10) where necessary. 

Sucrose density eentrifugation : Sucrose den- 
sity gradient centrifugation of the enzyme using 
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FIG. 1. Sucrose density gradient profile of bovine 
mammary fatty acid synthetase carried out as de- 
scribed in "Materials and Methods." 

linear sucrose gradients of 5-20% sucrose in 
potassium phosphate buffer (250 mM, pH 6.8) 
was carried out in a Beckman SW39 swinging 
bucket rotor at 35,000 rpm for 16 hr at 5 C, as 
described by Smith and Abraham (10). After 
centrifugation, aliquots (0.2 ml) were collected 
from the bottom of the centrifuge tube with a 
22 gauge needle. These were diluted to 0.8 ml 
and assayed for enzyme activity and protein 
content. 

Amino acids: The amino acid composition 
of bovine mammary FAS was determined using 
a Beckman model 120 amino acid analyzer. 
Samples of the isolated enzyme were dialyzed 
against water, freeze-dried, hydrolyzed with 6N 
HC1 for 22 hr, and analyzed by the conven- 
tional procedure as outlined in the Beckman 
manual (18). For quantification of cystlne and 
estimation of 4'phosphopantetheine (from the 
taurine and/3-alanine residues), the enzyme first 
was oxidized with performic acid, the hydro- 
iyzed and analyzed as described (19). Trypto- 
phan was determined by the procedure of Spies 
and Chambers (20). 

The number of sulhydryl groups/mole puri- 
fied enzyme was determined by the procedure 
of Ellman (21) using 5,5'dithJobis (2-nitro- 
benzoic acid) DTNB and conditions as de- 
scribed by Kumar, et al. (22). 

Polyacrylamide disc gel electrophoresis was 
used to examine homogeneity of the enzyme. 
Discs, varying in gel concentration, were made 
by the method of Hedrick and Smith (23), and 
conditions used by Carey and Dils (11) were 
followed for electrophoresis of the enzyme. 
Fixing and staining of protein band(s) were 
achieved using Coomassie blue and diffusion 
destaining with trichloroacetic acid (12%). 

Malonyl-CoA deearboxylase: Malonyl-CoA 
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FIG. 2. Stability of bovine mammary fatty acid 
synthetase duling storage. Purified fatty acid syn- 
thetase (3 g/ml) in 0.25 M potassium phosphate 
containing dithiothreitol (5 mM), ethylenediamine- 
tetraacetic acid (3 mM) stored at -5 C (A), 21 C (B), 
and C same as B but protein at 0.5 mg/rnl. Samples D 
and E represent freeze-dried enzyme (A) stored at -30 
C and 21 C, respectively. Assays were as described in 
"Materials and Methods." 

decarboxylase (EC 4.1.1.9) activity associated 
with the isolated FAS was measured by the 
release of 14CO2 from 1,3-14C-malonyl-CoA 
(60 ~M, 5 x l0  s cpm) using the standard FAS 
assay system minus NADPH. Incubations were 
carried out (10 min at 35 C) in small, sealed 
Warburg flasks containing 0.5 ml 1N ethanolic 
KOH in the center well. The reaction was 
started by the addition of enzyme and stopped 
by injecting 0.2 ml perchloric acid (60%). The 
contents of the center well containing evolved 
14CO 2 were transferred quantitatively to a 
scintillation vial; 10 ml Aquasol (New England 
Nuclear) was added and the radioactivity deter- 
mined in a Packard (model 3385) liquid scintil- 
lation spectrometer. 

R ESU LTS 

Purification: The FAS mostly was located in 
the 100,000 g supernatant, i.e. 1-3 units/mg 
protein, though activity was associated with the 
microsomal fraction (0.1-0.2 units/mg protein). 
A 20-fold purification and a 9% yield of FAS 
was obtained using mammary tissue from a cow 
producing 700 g milk fat/day (Table I). The 
activity in the supernatant fractions was quite 
variable, and supernatants from cows yielding 
300, 700, and 900 g milk fat/day showed 
activities of 0.8, 1.8, and 2.3 nmoles acetate 
incorporated into fatty acids/mg protein/min. 

The specific activity of the isolated FAS also 
varied with stage of lactation, and an average 
value of 39 (range 25-55) was obtained for 5 
animals yielding from 300-1200 g fat/day. This 
was within the range obtained by other workers 
for FAS from mammary tissue of rat (10), 
rabbit (11), cow (9,24,25) and guinea pig (26). 

Purity: The isolated FAS was eluted as a 
single protein peak of constant specific activity 
from 5ephadex G200 in 1.3 ml potassium 
phosphate buffer (250 mM)immediate ly  after 

ve  1.2). Both protein and the void volume (V-o- 
FAS activity emerged from the calibrated 
Sepharose 6-B column as a single symmetrical 
peak. From plots of the logs of the mol wt of 
marker proteins (a-lactalbumin BSA and apo- 
ferritin) against their respective elution volumes 
from the Sepharose column, a mol wt of 485 x 
103 daltons was estimated for FAS. 

Enzyme activity and protein were coincident 
in the sucrose gradient following centrifugation 
(Fig. 1). The FAS was recovered in a volume of 
1 ml with its peak at 1.6 ml, while the peak of 
the marker protein (pyruvate kinase) occurred 
at 2.3 ml gradient as it was tapped from the 
centrifuge tube. A sedimentation value of 13.3 
S for the FAS corresponding to an approximate 
mol wt of 483 x 103 daltons was calculated. 
The isolated enzyme appeared as 2 protein 
bands with Rf values of 0.3 and 0.5 following 
gel electrophoresis using a gel concentration of 
5.5%. The mobility of the major protein band 
was affected inversely by gel concentration. 

Stability : Enzyme activity was stable for ca. 
3 months when the supernatant solution was 
stored at -30 C. The purified enzyme was 
unstable, and its stability was affected by 
concentration of both protein and buffer, 
storage temperatures, and the presence or ab- 
sence of thiol reducing agents (DTT). Storage 
of FAS (3 mg/ml) at -5 C in phosphate buffer 
(250 mM) containing EDTA (3 mM) and DTT 
(5 mM) ensured stability for 12 days (Fig. 2). 
Saturation of this solution with nitrogen pro- 
longed stability slightly, i.e. up to 15 days, after 
which activity diminished but storage at -30 C 
markedly prolonged retention of activity, e.g. 
80% after 2 months. The omission of DTT, low 
concentrations of enzyme ( 0 . 3 - I  mg/ml), or 
use of dilute buffers (<100 raM) accentuated 
instability of FAS at all temperatures. Lyophili- 
zation resulted ha an initial loss of 10% of 
activity, but, during subsequent storage at -30 
C, the enzyme was more stable than frozen 
solutions of FAS stored at -30 C. 

Amino acid composition: The enzyme had a 
high content of hydrophobic residues and acidic 
amino acids, especially glutamic acid (Table II). 
Glutamic acid and proline were noticeably 
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TABLE II 

Amino Acid Composition of Mammary Fatty Acid 
Synthetases from Cow, Rat, and Rabbit 

Moles/105 g enzyme 

A m i n o  acid Bovine Rat a Rabbit b 

Lysine 37.9 32.0 25.5 
Histidine 19.8 23.0 14.0 
Arginine 31.5 39.0 34.0 
Aspartic acid 63.3 62.0 47.0 
Threonine 37.3 41.0 26.5 
Serine 51.7 59.6 35.5 
Glutamic acid 104.3 84.7 71.0 
Proline 55.0 47.5 42.6 
Glycine 59.1 63.0 49.0 
Alanine 57.1 68.0 62.0 
Half-cystine 12.8 11. 7 --- 
Valine 49.6 55.8 45.0 
Methionine 13.0 14.4 --- 
Isoleucine 30.5 28.2 19.0 
Leucine 90.7 95.6 70.4 
Tyrosine 18.5 18.2 10.0 
Phenylalanine 24.1 26.3 18.7 
Tryptophan 16.9 16.3 --- 

aData of Smith and Abraham (10). 
bData of Carey and Dils (11). 

higher in the bovine compared to FAS from the 
rat and rabbit mammary gland (10,11), whereas 
the content of  hydrophobic amino acids were 
quite similar in bovine and rat mammary FAS. 

The number of cysteic acid residues ob- 
tained following performic acid oxidation was 
64 + 6 (n=4), whereas, titration, using DTNB 
(22), indicated 62 + 4 (n=4) thiol groups/mole 
enzyme. From the amino acid composition, a 
minimum mol wt of 484 x 103 was calculated. 

Enzymatic properties of FAS: The rate of 
incorporation of 1-I4C-acetyl-CoA into fatty 
acids was directly proportional to protein con- 
centration up to 150 /.tg (Fig. 3). Using 50 pg 
FAS and standard assay concentrations (acetyl- 
CoA, 30 pM; NADPH, 300 pM; and malonyl- 
CoA, 65 #M), the rate of fatty acid synthesis 
was linear for 12 rnin. Malonyl-CoA, acetyl- 
CoA, and NADPH were required substrates for 
opt imum synthesis of fatty acids. NADH was 
not a good replacement for NADPH. Dithio- 
threitol (DTT) markedly stimulated (2 times) 
the FAS activity. Significant quantities of fatty 
acids were synthesized in the absence of added 
acetyl-CoA, indicating the presence of malo- 
nyl-CoA decarboxylase activity associated with 
the FAS. This was confirmed by appropriate 
experiments (Table III). Thus, bovine mam- 
mary FAS, like the enzyme from rabbit 
mammary (27,28), pigeon liver (29), and yeast 
(30), possesses malonyl-CoA decarboxylase 
activity. 

Bovine FAS had a pH optimum of 6.8, and 
its activity remained above 90% in the pH range 
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FIG. 3. Relationship between rate of incorporation 
of acetyl-coenzyme A into fatty acids and the concen- 
tration of fatty acid synthetase (FAS). Complete assay 
had malonyl-coenzyme A, 65 #M; acetyl-coenzyme A, 
30 #M; nicotinamide adenine dinucleotide phosphate, 
reduced form, 0.3 mM; ethylenediaminetetraacetic 
acid, 3 mM; 1,1,1-trichloro-2,2-bis (p-chlorophenyl) 
ethane, 5 mM; potassium phosphate buffer (0.1 M, pH 
6.8) 100 raM, and varying levels of FAS protein in 1 
ml. Each was incubated for 5 rain at 35 C and 
analyzed as described in "Materials and Methods." 

6.2-7.3. This is similar to the pH optima of FAS 
from mammary and liver tissues of other 
species studied (10-12, 29). 

NADPH was the only effective hydrogen 
donor. NADH (300 #M) supported only 10% 
activity compared to NADPH. The apparent 
Km for NADPH was 20 #M which is compara- 
ble to the Km values of 14 and 34 pM obtained 
for other mammary FAS (10,24). 

The effect of increasing malonyl-CoA con- 
centration (Fig. 4) revealed a slight depression 
of activity above 80 #M. This was eliminated at 
higher concentrations of acetyl-CoA (30 /2M). 
Maximum rates of incorporation were observed 
at malonyl-CoA concentrations of  65 pM. The 
absence of marked inhibition by malonyl-CoA' 
is consistent with behavior of rat and rabbit 
mammary FAS but in contrast to the behavior 
of pigeon liver FAS which was somewhat 
inhibited by malonyl-CoA at 75 #M (29). 

Because of  the ability of lactating bovine 
mammary tissue to elongate several short chain 
fatty acids (31,32), we studied the ability of 
purified FAS to utilize several primers (Fig. 5). 
Butyryl-CoA was the preferred primer, being 
twice as effective as acetyl-CoA at equimolar 
concentrations. Hexanoyl- and octanoyl-CoA 
were effective primers, though some inhibition 
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TABLE III 

Evidence of Non-NADPH a Dependent Malonyl Coenzyme A Decarboxylation by 
Bovine Mammary Fatty Acid Synthetase b 

14CO 2 Malonyl-CoA incorporated 
Released into fatty acids 

Treatment (nmoles/min/100/ag protein) 

Flask A + malonyl eoenzyme A 
--NADPH 8.4 1.0 

Flask B + malonyl-coenzyme A 
+ NADPH 13.1 5.8 

Flask C + malonyl-coenzyme A 
+ Acetyl-coenzyme A 
+ NADPH 40.2 36.0 

aNADPH = nicotinamide adenine dinucleotide phosphate, reduced form. 
bal l  assay flasks contained 1,3-14C-malonyl-coenzyme A (100 /aM, 50 x 103 cpm) 

and fatty acid synthetase (100 /ag). Flask B contained NADPH (300 /aM), and Flask C 
contained O(3 NADPH O0 /aM) and aeetyl-coenzyme A (30 /aM). Incubations were for 5 rain 
at 35 C. The 14C was trapped in ethanolic KOH (1N). The radioactivity in the 14CO 2 
and in the extracted fatty acids was determined as described in "Materials and Methods." 
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FIG. 4. The effect of varying malonyl-coenzyme A 
levels upon the rate of fatty acid synthesis by bovine 
mammary fatty acid synthetase at two concentrations 
of acetyl-coenzyme A. Assay as in "Materials and 
Methods." 

occur red  above  4 0 / a M .  The FAS f rom ra t  and  
goat  m a m m a r y  also used these  p r imers  for  f a t t y  
acid syn thes i s  (10 ,12) .  Lin  and  K u m a r  (33)  
r epo r t ed  t h a t  a c rude  FAS f r o m  several t issues 
(rat ,  bov ine ,  and  r a b b i t  m a m m a r y  and  l iver)  
syn thes ized  f a t t y  acids t w o  to th ree  t imes  as 
rap id ly  when  b u t y r y l - C o A  was p rov ided  as 
pr imer .  

Kinetic characteristics: Lineweaver -Burk  
p lo ts  y ie lded  Km values o f  22 /aM, 6 .7 / aM,  3 
/aM, and  2 2 / a M  for  malonyl - ,  acetyl- ,  bu ty ry l - ,  
and  h e x a n o y l - C o A ,  respec t ive ly  (Fig. 6A,B and  
C). The  a f f in i ty  o f  m a l o n y l - C o A  for  FAS was 
i n t e r m e d i a t e  b e t w e e n  t h a t  r e p o r t e d  for  the  
m a m m a r y  F A S  f r o m  ra t  (13  /aM), r a b b i t  (29  
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FIG. 5. The effect of different acyl-coenzyme A 
primer molecules upon the activity of bovine mam- 
mary fatty acid synthetase as measured by incorpora- 
tion of 1 14C �9 - -malonyl-coenzyme A into fatty acids. 
Assays as described in "Materials and Methods." 

pM) ,  and  guinea  pig (27 pM)  bu t  qui te  s imilar  
to  t h a t  f r o m  a n o t h e r  cow (18.5 pM)  ( 9 - 1 1 , 2 6 ) ,  

The  Krn o f  bov ine  FAS for  ace ty l -CoA was 
lower  t h a n  those  of  ra t ,  r abb i t ,  gu inea  pig and  
goa t  m a m m a r y  FAS  w h i c h  were 22,  9, 24 and  9 
/aM, respect ive ly  (10-12,  26).  

Bovine  m a m m a r y  FAS  s h o w e d  a m a r k e d  
a f f in i ty  fo r  b u t y r y l - C o A  cons i s t an t  w i th  i ts 
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superiority as a primer, and the observed Km 
was comparable to that for rat (3/aM) and goat 
(5 /aM) mammary FAS (10,12). The Km values 
obtained for acetyl-CoA and butyryl-CoA with 
our enzyme were ca. half those reported by 
Maitra and Kumar (25), but, in both studies, 
the Km for acetyl-CoA was twice that for 
butyryl-CoA. 

The observed maximum velocities (Vmax) 
revealed that butyryl-CoA gave ca. twice the 
rates as acetyl-CoA and that malonyl-CoA was 
utilized at ca. seven times the rate of acetyl- 
CoA. 

Inhibition: The involvement of sulfhydryl 
groups in the activity of bovine mammary FAS 
was indicated by the inhibitory effects of 
N-ethylmaleimide (1 mM) and iodoacetamide 
(1 mM) which reduced activity by 85 and 50%, 
respectively, and by the marked stimulation by 
DTT. This is consistent with the behavior of 
FAS from other sources (34). 

Acyl-CoA species exerted progressively 
greater inhibitory effects with increasing wt and 
concentration. The 90% inhibition by 50 /~M 
palmityl-CoA or myristyl-CoA was relieved by 
BSA or bovine/3-1actoglobulin at 3 mg/ml. The 
latter protein occurs abundantly in milk but has 
no apparent biochemical function. 

Products: The purified FAS from lactating 
bovine mammary tissue produced free fatty 
acids, and neither radioactive acyl thioesters 
(acyl-CoA) nor ester lipids were detected in the 
lipid extracts by paper or TLC. Palmitic acid 
was the principal product of bovine mammary 
FAS. The level of protein in the assays influ- 
enced the chain length of products (Table IV). 
At low enzyme (protein) levels, palmitic acid 
was the major product though significant quan- 
tities of myristic and butyric acid also were 
synthesized. When protein was increased, the 
production of palmitic acid decreased with a 
concomitant increase in levels of short and 
medium chain fatty acids. This observation is 
important,  because, to date, isolated mammary 
FAS at low concentrations (10-20/ag/ml) have 
failed to synthesize products similar to those 
produced by the enzyme in vivo. 

By using varying amounts of malonyl-CoA in 
the presence of fixed quantities of acetyl-CoA 
(30/aM), the chain length of fatty acid products 
was varied in a manner similar to that observed 
by other researchers (25,27,35-38). At low 
malonyl-CoA levels (10-20 /aM), short chain 
(4:0,6:0, and 8:0) fatty acids were generated, 
and, as malonyl-CoA levels were increased up to 
100 /aM, the chain length of the products 
increased progressively. At no malonly-CoA to 
acetyl-CoA ratio was a typical pattern of milk 
fatty acids obtained. However, when larger 
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FIG. 6. Lineweaver-Burk plots for malonyl-coen- 
zyme A (A), acetyl-coenzyme A (B), and butyryl- 
coenzyme A and hexanoyl-coenzyme A (C). Varying 
quantities of each substrate were incubated with 
isolated bovine mammary fatty acid synthetase using 
the standard assay as in "Materials and Methods." 

quantities (>0.5 mg) of crude enzyme were 

used with acetyl-CoA (50 /aM) and possibly 
limiting amounts of malonyl-CoA (50 /aM), a 
series of short and medium chain fatty acids 
were produced which were more typical of 
those produced in vivo. 
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TABLE IV 

Distribution of Radioactivity in Fatty Acids 
Synthesized by Different Concentrations of Isolated 

Mammary Fatty Acid Synthetase a 

Fatty acid synthetase level (/zg) 

Fatty acid 50 100 250 500 

Butyric (C4) 5.1 7.5 8.0 11.2 
Hexanoic (C6) 2.0 5.7 4.7 5.8 
Octanoic ( C 8 )  1 .9  4 . 9  5 . 0  5. I 
Decanoic (C10) 1.8 4.2 4.8 5.2 
Dodecanoic (C12) 1.6 5.6 6.8 8.5 
Tetradecanoic (C14) 8.1 15.8 19.7 23.9 
Hexadecanoic (C16) 79.4 56.3 51.0 40.3 
Octadecanoic (C18) T b T T T 

aAssays contained 1-14C-acetyl-coenzyme A (30 
/aM); malonyl-coenzyme A (65 /zM); nicotinamide 
adenine dinucleotide phosphate, reduced form (300 
w M ) .  d i t h i o t h r e i t o l  ( 3  m M ) ;  ethylenediaminetetra- 
acetic acid (1 mM); and fatty acid synthetase in 1 ml 
potassium phosphate buffer (100 mM, pH 6.8) were 
incubated at 35 C for 5 min. 

bT = trace. 

DI SCUSSI ON 

The FAS f rom various mammary  tissues are 
quite  similar (Table V). All are appa ren t ly  
mu l t i enzyme  complexes  with comparable  tool 
wt ,  excep t  the  FAS f rom rabbi t  mammary .  

The purif icat ion achieved was higher,  where-  
as the recovery was lower  than  that  r epor ted  
f o r  o t h e r  c o w  m a m m a r y  prepara t ions  
(9 ,24,25) ,  but ,  in general,  was of  the  same 
order  as r epo r t ed  for o the r  species (10-12,26) .  
The m a x i m u m  specific activity ob ta ined  (55 
nmoles  ace ty l -CoA incorpora ted  m g - l m i n ' l )  
was comparab le  to that  o f  FAS isolated f rom 
lactat ing m a m m a r y  tissue of  o the r  species.  

Because of  the act ivi ty of  malonyl -CoA decar- 
boxylase ,  the  observed specific activity cited 
above may be low by 10-15%. 

The es t imated  mol  wt ,  485 x 103, was lower  
than tha t  (530 x 103) r epo r t ed  by Maitra and 
Kumar  (9) and greater  than tha t  (450 x 103) 
found  by Knudsen  (24)  for FAS f rom lactat ing 
bovine mammary  gland. The cor respond ing  
values for  m a m m a r y  FAS f rom rat,  rabbi t ,  and 
guinea pig were 478, 900,  and 400 x 103 
dal tons ,  respect ively (10,11,26) .  

The stabil i ty of  bovine FAS when s tored  at 
-30 C was cons i s ten t  wi th  the  r epor t s  o f  Maitra 
and Kumar  (9) and Knudsen  (24). Knudsen  
(24)  s ta ted that  pur i f ied  cow m a m m a r y  FAS in 
phospha te  buf fe r  (250 raM) conta in ing  DTT 
and EDTA was unstable  at 4 C but  stable for  2 
m o n t h s  only  when s to red  at -90 C. Our data 
indica ted  that  cow FAS was qui te  stable for  12 

days when  s to red  at -5 C at 3 mg/ml ,  but  
storage at 5 C or 21 C resul ted in gradual loss of  
activity.  Like the FAS f rom rat ( 3 9 , 4 0 ) a n d  
rabbi t  (11),  mammary  cow FAS prepara t ions  
were more  unstable  when s tored  at low pro te in  
concen t ra t ions  in buffers  of  low ionic  s t rength ,  
and instabi l i ty  was more  p r o n o u n c e d  in the  
absence of  DTT. In cont ras t  to  mos t  f indings,  
Maitra and Kumar (9) observed that  loss of  cow 
FAS activity was more  rapid at r o o m  tempera -  
ture than  at 4 C and that  stabil i ty was not  
af fec ted  by pro te in  co n cen t r a t i o n  nor  by the  
inclusion of  DTT above 1 mM. 

Pre incubat ion  of  the en zy me  was necessary 
for m a x i m u m  activity.  Smith  and Abraham 
(10,39)  a t t r ibu ted  this to  reassocia t ion of  en- 
zyme subuni ts  during pre incuba t ion .  However ,  
Maitra and Kumar  (9) found  no evidence of  

TABLE V 

Comparison of Properties of Fatty Acid Synthetase from Mammary Tissue of Lactating Animals 

Properties Cow Goat Rat Rabbit Guinea pig 

Molecular wl 103) 485 503 - 478 910 400 
S20wx 10-13s (x 13.3 13.5 12.4 13 16.5 12.3 
Dissociation + - + + + 
Sulfhydryl groups/mole 62 78 - 56 58 57 
Phosphopantetheine/mole + - - 1 - - 
p H  optimum 6.8 6.8 6.8 6.7 6.6 6.0 

Km (/~M) 

Acetyl-coenzyme A 6.7 12.5 9.2 22 9.0 24 
Butyryl-coenzyme A 3.0 6.6 5.2 3 - 25 
Hexanoyl-coenzyme A 22.0 - - 50 - - 
Malonyl-coenzyme A 22.0 18.5 - 13 29 27 
NADPH a 20.0 6.8 - 34 - - 

Primer specificity C4>C2>C6 - C4>C2 C4>C2>C6 - 
Product(s) C4-C16 C16 C16 C16 C16 
Reference present study (25) (12) (10) (1 l) (26) 

aNADPH = nieotinamide adenine dinucleotide phosphate, reduced form. 
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dissociation of FAS from cow mammary.  
Strong and Dils (26) reported that  loss in 
activity of FAS from guinea pig was not  
because of dissociation, and they reported that 
thiol groups (DTT) aided restoration of  activ- 
i ty.  

The st imulatory effect of DTT, the protec- 
tive effect of nitrogen during storage, and 
inhibition by NEMI and DTNB all indicated 
that thiol groups are required for activity by 
bovine FAS. Presumably, the thiol moieties of 
phosphopantetheine and cysteine are involved 
according to the mechanisms proposed for the 
FAS from other tissues (34,41,42). 

Bovine FAS had substrate requirements simi- 
lar to FAS from other tissues. The specificity 
for NADPH is typical  of FAS from animal 
tissues (34), and the apparent Km (22 /aM) is 
much lower than the estimated intramammary 
concentration of NADPH (100/aM). 

The FAS showed broad specificity with 
respect to "primers" for fat ty  acid synthesis, 
and its abili ty to use acetyl-, butyryl-,  and 
hexanoyl-CoA is consistent with observations 
of its behavior in intact mammary tissue 
(31,32). The util ization of different acyl-CoA 
species as primers by bovine FAS indicates that  
the initial acyltransferase (loading e n z y m e ) i s  
not very specific. This observation is particu- 
larly interesting in the case of bovine mammary 
FAS, because these same acyl groups dissociate 
or are transferred from the enzyme during the 
normal biosynthet ic  se0uerlce in vivo. 

The preference for butyryl-CoA by bovine 
FAS is significant and consistent, because in 
vivo ruminant mammary tissue may absorb up 
to 3 moles of/~-hydroxybutyric acid/day during 
lactation. This mostly is utilized for fat ty  acid 
synthesis predominant ly  as the initial (methyl  
end) four carbons of those fat tyacids  synthe- 
sized in the mammary gland (2,43,44). Lin and 
Kumar (33) described an active /3-reductive 
enzyme system in mammary tissue supernatant 
which was capable of converting both acetyl- 
CoA and f l -hydroxybutyryl-CoA to butyryl-  
CoA. In vivo, the supply of /3-hydroxybutyra te  
to mammary tissue affects the rate of milk fat 
synthesis (2), and, conceivably, this may occur 
by directly governing the supply of primer 
(butyryl-CoA) to the FAS. Furthermore,  
though the concentrat ion of butyryl-CoA is 
much lower than acetyl-CoA in lactating bovine 
mammary tissue (5 vs 15 /aM), the apparent  
Kms for the FAS also are lower, i.e. 3 vs 6.7/aM 
for the butyryl-  and acetyl-CoA, respectively, 
thereby ensuring efficient binding of the pre- 
ferred primer. 

Negligible inhibition of bovine FAS by 
malonyl-CoA occurred at concentrations up to 

150 /aM in contrast to pigeon liver FAS which 
was more sensitive to inhibition by malonyl- 
CoA (41). Conceivably, the malonyl-CoA decar- 
boxylase associated with the mammary FAS of 
bovine and other species renders it less suscepti- 
ble to inhibition by excess malonyl-CoA. The 
Km for malonyl-CoA was above the estimated 
malonyl-CoA level in mammary tissue, ie. 22 
and 15-20 /aM, respectively. Malonyl-CoA con- 
centration may be limiting for mammary fat ty 
acid synthesis in vivo, and significantly Mellen- 
berger, et al., (7) showed a close correlation 
between the enzyme producing malonyl-CoA, 
i.e. acetyl-CoA:CO2 ligase, and fa t ty  acid 
synthesis in bovine mammary tissue. Further-  
more, the activity of  the acetyl-CoA ligase, 
whose Km is 50/aM for acetyl-CoA (45), may 
be l imited by the intracellular concentration of  
acetyl-CoA which is 15-20 /aM (46). These 
conditions, together with the malonyl-CoA 
decarboxylase, are significant, because they 
may not  only limit the rate of fat ty acid 
synthesis in mammary tissue but,  important ly ,  
they may maintain a low malonyl-CoA to 
acetyl-CoA ratio in the vicinity of the FAs and 
thereby influence chain lengths of the fat ty  
acid products.  

It has been well demonstrated in vitro that  
both  the rate of fat ty  acid synthesis and the 
patterns of fat ty  acids made depend upon the 
concentration of malonyl-CoA and the mal- 
onyl-CoA to acetyl-CoA ratio (24,27,35-37). 
The malonyl-CoA concentration affects the rate 
of acyl chain elongation (condensation step) 
and, hence, overall rate of synthesis (34). In 
bovine mammary tissue, the concentration of  
primers (acetyl-CoA, butyryl-CoA, 20 and 10 
laM, respectively) and the relatively low level of  
malonyl-CoA (15-20 /aM) conceivably may re- 
tard the condensation step and allow the 
transfer of the growing acyl chains to the 
"leaving" site on the FAS, i.e. facilitate trans- 
acylase activity according to the mechanism 
proposed by Sumper, et al., (37), Plate, et al., 
(41) and Phillips, et al. (42). In studies with the 
i s o l a t e d  F A S ,  w e ,  l i k e  o t h e r s  
(8,10,11,25,27,36,38),  found that  the average 
chain length of the fat ty acids synthesized was 
shortened by reducing the malonyl-CoA to 
primer ratio, whereas, at high malonyl-CoA 
levels, chain elongation occurred. However, we 
never simulated the pattern of products synthe- 
sized in intact tissue. In general, research has 
eliminated substrate ratios as the sole factors 
causing the product ion of the fat ty acids 
pecuhar to mammary tissue (8.27,35,36). 

Several factors may be involved in deter- 
mining the unique yet  constant pat tern of  fa t ty  
acids synthesized by bovine mammary FAS. 
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The possibil i ty of  acyl th~oesterase governing 
the specific chain lengths of  m a m m a r y  fa t ty  
acids was e l iminated  by the studies of  Smith  
and Abraham (35). Transacylat ion of  growing 
fa t ty  acids conceivably may facil i tate their  
con t inued  p roduc t ion  of  FAS in vivo, and the 
concurrent  acytat ion of  decanoic  and dodeca-  
noic acids enhanced  their  biosynthesis  by rabbit  
mammary  supernatant  (8). In bovine mammary  
tissue, the synthesis of  short  chain fa t ty  acids 
occurs only in lactat ing tissue, and these acids 
most ly  are acyla ted  in posi t ion sn-3 of the  
secretory tr iglycerides (5,6,16),  suggesting a 
relat ionship be tween  the te rmina t ion  o f  acyl 
chain growth  on the FAS of  lactat ing tissue and 
the transacylases specific for posi t ion sn-3 of 
diacylglycerides.  

Evidence for the  exis tence of  a discrete 
specifier prote in ,  which modu la t ed  the  synthe-  
sis of  typical  milk fa t ty  acids by rabbit  mam- 
mary FAS,  has been repor ted  (8). This ef fec t  
was observed at high prote in  concent ra t ions  in 
vitro (20-30 mg/ml) ,  which were ca. half  the  
concent ra t ion  found  in vivo. This observat ion 
was significant and may help explain some of  
the discrepancies be tween  products  of  FAS 
produced  in vi tro and in intact  tissue or whole 
homogenates .  

Under  condi t ions  cont r ived  for classical 
kinet ic  behavior ,  i.e. l ow  enzyme  levels and 
saturating amounts  of  substrates,  palmit ic  acid 
is the principal  product  of  isolated mammary  
FAS.  This contrasts  wi th  products  obta ined  in 
vivo, where,  in each species, a characteris t ic  
pat tern of  short  and med ium chain fa t ty  acids 
is made (1, 10-12). One possible source of  
disparity be tween  products  synthesized in vi t ro  
and in vivo is the  t r emendous  difference in 
enzyme  to substrate ratios. In our  assays, we 
used concent ra t ions  of  0.1, 30, and 65 /IM 
enzyme,  acetyl -CoA,  and malonyl -CoA,  respec- 
t ively,  whereas, in vivo, their  es t imated tissue 
concent ra t ions  are 10, 15, and 20/~M, respec- 
tively. While metabol ic  f luc tuat ions  and com- 
par tmenta l iza t ion  in tissue may alter these 
ratios be tween  enzyme  and substrates,  the 
dissimilarity be tween  the two  si tuat ions is 
drastic. In vivo, the substrate to enzyme  ratios 
are ca. one to two,  whereas, in assays (in vitro),  
substrates, i.e. ace ty l -CoA and malonyl -CoA,  
may be 300 and 600-fold greater  than the  
enzyme concent ra t ion .  This may be a signifi- 
cant fac tor  inf luencing the  nature  of  products  
ob ta ined  in vi tro.  Increasing the level of  FAS in 
our  assays markedly  al tered the  products ,  i.e. 
increasing quant i t ies  of  short  and m e d i u m  chain 
fa t ty  acids were synthesized.  These data indi- 
cated that  F A S  per se at high concent ra t ions  
may inf luence chain length  o f  products ,  t hough  

previous work with relat ively l o w  levels of  FAS 
precluded an inherent  mechanism in FAS for 
specifying chain te rminat ion .  Carey and Dils (8) 
obta ined  evidence for  a specific pro te in  in 
rabbit  mammary .  Presumably,  this fac tor  is 
associated closely wi th  m a m m a r y  FAS,  and, 
possibly, quant i t ies  o f  it  remained  associated 
with  our  FAS prepara t ion and modif ied  chain 
te rminat ion ,  part icularly when we increased the  
enzyme  concen t ra t ion  in our  assays. If this 
specifier factor  is a discrete prote in ,  then  it 
funct ions  only  in lactat ing m a m m a r y  tissue, 
and its characteristics must  differ among  rat ,  
rabbit ,  and ruminant ,  because it  specifies termi- 
nat ion at different  chain lengths in each species 
and in ruminants ,  but  the fac tor  in the goat 
must be different  f rom that  of  the bovine,  be- 
cause it specifies a higher concen t ra t ion  of  deca- 
noic  acid in the goat. 
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Metabolism of Linolenic Acid in Developing Brain: I. 
Incorporation of Radioactivity from 1-14 C Linolenic Acid into 
Brain Fatty Acids 
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ABSTRACT 

Twelve-thirteen day old rats were 
given 1-14C linolenic acid by intraperi- 
toneal injection. Fa t ty  acids were isolated 
from the brains of animals sacrificed at 
the end of 8 and 48 hr and 15 and 45 
days. Eight hr after the tracer, radioactiv- 
i ty was found neither in 18:3 nor its end- 
product ,  22:6,  and palmitate  was the 
most highly radioactive component .  At  
longer intervals, 22:6 seemed to ~etain 
much of the radioactivity,  whereas palmi- 
tate showed a precipitous decline in 
radioactivity.  Initial oxidat ion of lino- 
lenate and sparing of the linolenate com- 
plexed with polar lipids are discussed. 

INTRODUCTION 

Brain lipids contain a significant amount  of 
polyunsaturated fat ty  acids (1-5), and, although 
both 18:26o6 and 18:36o3 fat ty acids are 
f o u n d  in negligibly small amounts,  their 
metabolic products ,  20:46o6 and 22:66o3,  
occur in rather large amounts.  Working with 
chick embryo,  Miyamoto,  et al., (6) showed 
that radioactive 18:3 6o3 was taken up by the 
brain and readily converted to 22:6 6o3. Earlier 
work from this laboratory (7) showed that 
18:3 6o3 was taken up directly into the brain 
even by adult rats and that there seemed to be 
no restriction to this uptake by the blood brain 
b a r r i e r  s y s t e m .  However, data regarding 
metabolic turnover of linolenic acid (after 
initial uptake)  covering an extended period that  
includes the critical period of growth and de- 
velopment is scanty. Therefore, questions, such 
as half-life, oxidat ion to acetate followed by 
synthesis, elongation, and desaturation to form 
other fatty acids, remain unanswered. The 
present study was undertaken to obtain this in- 
formation,  which may be useful ul t imately to 
assess the importance of the 6o3 fat ty  acids in 
the physiological function of the brain. 

MATERIALS AND METHODS 

Animals 

Thirty-four albino Wistar rats, 12-13 days 

old, were used in this study.  Twenty-one suck- 
ling rats were given 5 gc each of  1-14C linolenic 
acid (all cis 9,12,15-octadecatrienoic acid, 52.5 
mc/mM; DHOM Products,  Hollywood,  Calif.) as 
the albumin complex by intraperitoneal injec- 
tion, and 11 of these rats were sacrificed 8 hr 
after the tracer; the remaining 10 were sacri- 
ficed 48 hr after the tracer. Seven other baby 
rats were given 10/2c and sacrificed 15 day s 
later. Finally, 6 rats were given 25/1c each and 
allowed to survive for 45 days before sacrifice. 
All results were corrected for variation in dose. 

Extraction, Isolation of Lipids, and 
Fatty Acid Fractionation 

At the end of each period, the animals were 
sacrificed by decapitation; brain tissue was ex- 
cised; and Iipids were extracted by the methods 
of Folch,  et al. (8). Cholesterol was separated 
from the pooled brain total  lipids by use of 
SiO2 (silica gel powder,  60-200 mesh, Baker, 
Phillipsburg, N.J.) colunm chromatography;  
10% ether in pentane eluted the cholesteryl 
esters and triglycerides that occur in trace 
amounts in the brain and 40% ether in pentane 
eluted free cholesterol. The cholesterol was 
purified further by recrystallizing once and 
tested for puri ty by thin layer chromatography 
(TLC) using 16% ether in pentane with 1% 
acetic acid as solvent. The polar lipids were 
methylated to obtain total  fa t ty  acid methyl  
esters, which first were separated into classes, 
according to degree of unsaturation (9), and 
then into pure individual fa t ty  acid methyl  
esters by preparative gas liquid chromatog- 
raphy (GLC) (4). The purified fat ty acids were 
decarboxylated to determine the relative car- 
boxyl  activity (% RCA), as described previously 
(4). 

RESULTS 

The specific radioactivity (cpm/mg) of  in- 
dividual fa t ty  acids over an extended period of  
45 days after administration of 1-14C linolenic 
acid is shown in Table I. Although the starting 
tracer material was radioactive linolenic acid, 
just 8 hr after the tracer, it was palmitate (not 
22:6) that had the highest specific activity. 
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However, this activity decreased sharply over 
the extended period of 45 days. The maximum 
decrease was between 48 hr-15 days after injec- 
tion. The metabolic end-product of 18:3 is 
22:6, and Table I shows that 22:6 is the most 
highly active component throughout the experi- 
mental period, with the exception of the initial 
8 hr period. In fact, at the end of 45 days, the 
specific activity of 22:6 is over 3 times that of 
most other fatty acids. 

Specific activity of 18:0 does not rise 
as dramatically as does that of either 16:0 
or 22:6, but, at the same time, radioactivity 
is retained over a longer period. It is sur- 
prising to find that the specific activity of 
oleic acid (18: 1) shows a steady increase up to 
48 hr after tracer administration with a very 
minor increase in the next 13 days in contrast 
to all other fatty acids, which show consider- 
able decreases during this same period. In the 
later period, between 15-45 days, there is a de- 
crease in radioactivity of 18:1 similar to that of 
other fatty acids. Arachidonic acid (20 :4)has  
very low specific activity throughout the ex- 
perimental period. 

The values for % RCA, shown in Table I, 
reveal that the patmitate carboxyl carbon has 
ca. 13% of the total radioactivity, which is very 
close to the theoretical value (12.5%) for de 
novo synthesis of palmitate from acetate, which 
is a breakdown product of the injected radio- 
active linolenate (4,10). Stearic and oleic acids 
both show decreasing values of % RCA, as the 
period between injection and sacrifice increases. 
The reason for this fall in % RCA has been dis- 
cussed in detail by Kishimoto and Radin (10). 
A r a c h i d o n a t e  (20:4606) has a very high 
% RCA, in distinction to tile low % RCA of 
22:6. 

The percent composition of fatty acids by 
gas liquid chromatography (GLC) showed that 
there was almost equal percent of arachidonate 
and of docosahexaenoate in the suckling rat 
brain, but, gradually, the ratio reversed as the 
rats aged to 28 days, with very little change at 
the end of 58 days. 

Figure 1 shows the relative specific radio- 
activity of fatty acids expressed as a product of 
the percent composition (GLC) and the specific 
activity (cpm/mg). This takes into considera- 
tion the changes in fatty acid composition 
during aging. The relative specific activity of 
palmitate is 3 times that of 22:6 or 18:0 and 
very much highe r than that of 18:1, 8 hr after 
injection. However, there is a considerable drop 
in radioactivity of palmitate in the next 48 hr, 
in contrast to the increase in the activity of 
22:6. At the end of 45 days, 22:6 has retained 
a considerable amount of radioactivity. The 
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FIG. 1. Relative specific activity (cpm/mgx % 
composition by gas liquid chromatography) of brain 
fatty acids at different intervals following intraperito- 
neal injection of 1-14 C linolenic acid. 

half-life of  palmitate in terms of  radioactivity (a 
result of the breakdown of linolenate to acetate 
followed by resynthesis) is ca. 5-6 days. In the 
case of 22:6, the maximum activity was ob- 
served at 48 hr after injection (but it could be 
anytime between 8-48 hr), and, in ca. 13 days, 
this activity was reduced by 50%. However, the 
decay curve flattens out  between the fifteenth 
and forty-fifth days. The stearate and oleate 
curves are very close to each other throughout  
the period, except during the initial 8 hr. As 
expected, the radioactivity of  20:4 606 was low 
during the entire period of 45 days, since 18:3 
is not  a precursor of the 606 family. The low 
activity comes from radioactive acetate units in- 
volved in chain elongation of  endogenous non- 
radioactive 18:2. 

DISCUSSION 

The distribution of radioactivity (% RCA) in 
palmitate isolated from the brain is close to the 
theoretical value for de novo synthesis. Un- 
doubtedly,  the injected linolenic acid was 
degraded to provide radioactive acetate for this 
synthesis�9 This raises the question of  the extent  
of /3-oxidation in the brain. The in vitro work 
by Vignais, et al., (11) some time ago showed 
that /3-oxidation of  palmitate by brain mito- 
chondria was slow and ca. one-sixth of  that 
occurring in the liver. Later work by Beattie 
and Basford (12) showed that this low oxida- 
tion rate could be enhanced by higher concen- 
trations of certain cofactors but  still concluded 
that the brain was capable of only a limited 
amount of /3-oxidation. Since this is not  a 
source of energy for the brain, it  appeared to be 
of little importance.  Another  cause of the low 

/3-oxidation was at t r ibuted to a low concentra- 
tion of  carnitine, which acts as a carrier in the 
transport  of long chain fat ty  acids into the 
mitochondria (13). Against this in vitro experi- 
mental background, the results of  the in  vivo 
experiments should have indicated very poor  de 
novo synthesis of  palmitate or cholesterol from 
an injected fat ty acid, such  as linolenic acid. 
However, the present results, as well as those 
observed when oleate (14) and linoleate (15) 
were the tracer fat ty  acids, show that  palmitate 
always had considerable radioactivity.  Hajra 
and Radin (16) also not iced some/3-oxidation 
of long chain fat ty  acids following intracerebral 
injection. Palmitate administered to suckling 
rats results in considerable radioactivity in brain 
cholesterol (17). Thus,/3-oxidation must occur 
in the brain itself, rather than reflect reactions 
occurring elsewhere in the body.  However, it 
must be pointed out  that/3-oxidation occurring 
in the liver and elsewhere in the body could 
provide some acetate for synthetic reactions in 
the brain; also newly formed fat ty acids could 
enter the brain via circulating blood,  as shown 
earlier (7,14,15). High specific activities of  pal- 
mitate and cholesterol then could result from a 
direct transport  of  preformed components  via 
the circulating blood, but the relative propor-  
tions of  these reactions occurring in vivo remain 
unknown. In general, Goransson (18) was un- 
able to notice any differences in the oxidat ion 
of essential and nonessential fa t ty  acids; Coots 
(19) found a sparing of 20:4, but  Brown and 
Tappel (20) found that,  for some unexplained 
reasons, linolenate was oxidized at a very much 
higher rate by carp liver mitochondria.  In the 
present study,  8 hr after injection of linolenate, 
high radioactivities appeared bo th  in palmitate 
and  cholesterol ,  indicating considerable /3- 
oxidation to acetate. The molecules that escape 
this rapid oxidation,  probably those that are 
esterified to polar lipids, retain quite a sizeable 
amount  of  radioactivity.  When 18:3 603 is con- 
verted to 22:6 603 (21), the C 1 carbon atom of  
18:3 becomes C s of 22:6. Thus, in 22:6 603, 
most of the activity is not  in the carboxyl car- 
bon resulting in low % RCA. This low % RCA 
persists even up to 45 days, indicating that  the 
original 18:3 has retained considerable radio- 
activity. This may be interpreted as sparing the 
supply of  18:3 (built up by preferential uptake 
and accumulation of 18:3 in the immediate 
postnatal  period of the rat [22 ,23] )dur ing  the 
rapid growth associated with the critical period 
of brain development,  lipid deposition, and 
myelination. 
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Metabolism of 1-14C Linolenic Acid in Developing Brain: II. 
Incorporation of Radioactivity from 1-14C Linolenate into 
Brain Lipids 
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UCLA School of Public Health, Los Angeles, California 90024, and CAROLE SUBRAMANIAN, 
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ABSTRACT 

Metabolism of 1-14C linolenic acid 
was studied in growing animals by inject- 
ing the tracer intraperitoneally into 12-13 
day old suckling rats and following up the 
results by sacrificing groups of animals at 
8 hr, 48 hr, 15 day, and 45 day intervals. 
In the first 15 days, there was a greater 
decrease in radioactivity of brain total 
lipids compared to the later period, al- 
though the earlier age period is charac- 
terized by lipid deposition rather than 
breakdown. Since the 18:3 603 family of 
fatty acids occurs largely in the brain 
total phosphatidyl ethanolamine fraction, 
we expected that, in the initial period, 
total phosphatidyl ethanolamine would 
be the most highly radioactive compo- 
nent. However, results showed that 8 hr 
after the tracer phosphatidyl choline had 
the highest specific radioactivity. When 
the total phosphatidyl ethanolamine frac- 
tion was resolved into diacyl and alk-1- 
enyl species, it was found that radioactiv- 
ity was not distributed evenly between 
the two species. There was a progressive 
increase in radioactivity of the alkenyl 
and a decrease in the diacyl species. 
Forty-eight hr after the tracer, however, 
the radioactivity of phosphatidyl ethanol- 
amine increased and at 45 days remained 
slightly higher than phosphatidyl choline. 
Radioactivity of cholesterol, a result of 
synthesis from acetate undoubtedly de- 
rived from the breakdown of tracer lino- 
lenate, was also high 48 hr after tracer 
and remained high until  45 days. 

INTRODUCTION 

Both linoleic (18:2 606) and linolenic acids 
(18:3 6o3) have been considered as essential 
fatty acids, because most mammalian systems 
cannot synthesize these fatty acids from com- 
monly available precursors. The effects arising 
from lack of linoleate in the diet have been 
documented extensively (1). However, this is 
not the case with linolenate. The absolute need 

of linolenic acid for normal physiological 
growth and development has been shown only 
in the case of insects (2) and trout (3,4). In the 
case of rats, Tinoco, et al., (5) found that 
linolenic acid was not essential for normal 
growth and whole tissue lipid analysis did not 
show any differences between controls and 
those fed an 18:3-deficient diet. However, 
Crawford and Sinclair (6) have criticized this 
conclusion and have questioned that analysis of 
total head fatty acids, for example, can be used 
as evidence of a deficiency of linolenate metab- 
olites in brain ethanolamine phosphoglycerides. 
Certain organs, such as adrenals (7,8), testis 
(9,10), and brain (11), are rich in polyunsatu- 
rated fatty acids. Further, Bernsohn and 
Stephanides (12) have postulated a relationship 
between lack of 603 polyunsaturated fatty acids 
and multiple sclerosis. Thus, essentiality of 
18:3 may not be general but could be specific 
to certain aspects in some organs. That the 
fatty acids of the linolenate family have some 
as yet unclear role in brain development is 
inferred from the fact that animals that have 
low 22:6 6o3 in the brain at birth exhibit a 
marked tendency to accumulate this fatty acid 
during early development even when the level 
of 18:3 6o3 family fatty acids in the milk is 
quite low (13), suggesting a preferential accu- 
mulation of the 18:3 p3 family fatty acids in the 
immediate postnatal period of the rat (14). 
Recent work from our laboratory showed this 
to be true even in older animals (15). Rapid 
conversion of 18:3 to 22:6 6o3 has been 
demonstrated in the chick embryo (16), as well 
as in adult rats (17). However, the metabolic 
fate of 603 polyunsaturated fatty acids over an 
extended period, including the period of critical 
growth and development, has not been studied 
thoroughly. This work was undertaken to ex- 
amine the fate of the injected linolenic acid and 
to follow the distribution of its radioactivity 
over an extended period from 12-60 days in 
rats. 

MATERIALS AND METHODS 

The number, dose administered, and the 
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experimental  treatment of the animals was 
exactly the same as previously described (18). 

Lipid Extraction and Fractionation 

Blood was collected from decapitated ani- 
mals; the brain and liver were excised, washed 
in distilled water, blot ted to remove excess 
water, and weighed. Tissue from each group of 
animals was pooled and lipids extracted accord- 
ing to the method of Folch,  et al., (19), as 
described previously (18,20). The total  polar 
lipids were fract ionated according to the meth- 
ods described by Rouser, et al. (21). Thin layer 
chromatography (TLC) of  polar lipids, for 
radioactivity distribution studies and for check- 
ing purity of samples, was carried out using 
c h l o r o f o r m : m e t h a n o l : a c e t i c  a c i d : w a t e r  
(100: 50:16:8 v/v) as developing solvent. Visu- 
alization was affected by brief exposure to 
iodine fumes. The areas were scraped directly 
into scintillation vials containing aquasol for 
radioactivity determination (22). The crude 
giycolipid fraction obtained by acetone and 
10% methanol-in-chloroform elution from a 
silicic acid column was purified further by mild 
alkaline hydrolysis at 37 C for 30 rain, essen- 
tially as described by Hoshi, et al. (23). The 
resulting cerebroside fraction was subjected to 
methanolysis by refluxing for 20 hr in 0.5 N 
H2SO4 in 90% methanol.  The methyl  esters 
first were extracted with ether:pentane (1:1 
v/v) and the hydrolysate carefully neutralized 
to pH 8. The sphingosine then was extracted 
with ether. The fat ty acid methyl  esters further 
were fract ionated on a SiO 2 column using 3-5% 
ether in pentane to elute unsubsti tuted fat ty  
acid esters and 15-20% ether in pentane to 
obtain the hydroxy  fat ty  acid methyl  esters. 

various polar lipids of the brain as determined by thin 
layer chromatography. 

The ethanolamine phosphoglyceride fraction 
was separated into the diacyl and 1-alk-enyl, 
2-acyl component  (plasmalogen) by taking ad- 
vantage of the instabili ty of the ether linkage to 
acid fumes (24,25). The ethanolamine phospho- 
glyceride fraction was spot ted on a 5 x 20 cm 
TLC plate and the spot ted area exposed to 12 
N HC1 fumes (from a small beaker) for 5 rain. 
The plate was evacuated in a vacuum desiccator 
for ca. 4 ttr to remove all acid fumes. The 
standards were spot ted alongside the original 
spot and the plate developed in chloroform: 
methanol:acetic acid:water (100:50:16:8  v/v). 
This gave clear separation between unreacted 
diacyl plkosphatidyl ethanolamine (PE) lyso PE, 
and aldehydes (split from plasmalogens). The 
lyso and aldehyde area counts together gave the 
radioactivity of the original plasmalogen com- 
ponent. 

R E S U L T S  

The radioactivity of brain total  lipids is 
expressed as a product  of specific activity 
(cpm/mg) and concentration (mg total  lipidyg 
brain wet wt). The percent uptake was calcu- 
lated as cpm/g brain x 100, divided by the cpm 
of injected dose/g body wt (Fig. 1). It was 
observed that,  during the early period, between 
8-48 hr, there was only ca. 8% decrease in brain 
total  radioactivity.  However, by 15 days, the 
radioactivity had decreased to 60% of the 
original. The decrease of  the original radioac- 
tivity in the next 2 successive 15 day periods 
was much less, to 49 and 43%, respectively. 

The polar lipid fraction was examined for 
radioactivi ty distribution by TLC (Fig. 2). 
There was an increase in the radioactivity of  PE 
up to 15 days after administration of radio- 
active linolenie acid and only a slight decrease 
afterwards. In contrast,  the radioactivity of 
phosphatidyl  choline (PC), initially much 
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higher than that of PE, decreased continuously 
over a period of 45 days. In the case of 
phosphatidyl serine (PS), there was an initial 
decrease in radioactivity followed by a slight 
increase after 15 days. Cerebrosides showed 
almost no change in radioactivity up to 15 
days, but, at 45 days, there was a substantial 
increase in radioactivity. Sphingomyelin was 
associated with the lowest amount of radioac- 
tivity which seemed to increase marginally 
during the entire period. Table I gives the 
specific activities (cpm/mg) of various compo- 
nents isolated by column chromatography and 
of a purity determined by TLC. PC was the 
most highly radioactive component,  but, sur- 
prisingiy, PE and cerebrosides had almost equal 
specific activities 8 hr after the injection. 
Except for an increase in specific activity of PE 
and possibly PS, between 8-48 hr after the 
tracer injection, the other components show a 
gradual decrease in specific activities. The de- 
crease is maximal for PC and minimal for 
sphingomyelin. The specific activity of PE is ca. 
equal to that of PS at the end of 15 and 45 
days, and, at the end of 45 days, it is almost 
double that of PC or cerebrosides. The specific 
activity of cholesterol was higher than that of 
PC 8 hr after injection and remained consider- 
ably higher than other components even after 
45 days. 

The cerebrosides isolated from a SiO2 col- 
umn, although they gave a spot corresponding 
exactly to that of a known standard on TLC, 
lost some of the activity after mild alkaline 
hydrolysis. After complete degradation, it was 
found that the early samples (8 and 48 hr after 
hydrolysis from 12-13 day old rats) contained 
more radioactivity in the unsubstituted fatty 
acids than in hydroxy fatty acids, whereas, in 
later samples, the hydroxy fatty acids con- 
tained more radioactivity. At the end of 45 
days, the unsubstituted and hydroxy fatty acids 
and sphingosine contained ca. equal amounts of 
radioactivity (Table II). The ethanolamine 
phosphoglyceride fraction is composed of both 
the diacyl form and the 1-alk-enyl 2 acyl 
(plasmalogen) form. After separation of these 
two components,  it was observed that, initially, 
the diacyl form had almost two-thirds of the 
total radioactivity. However, as the interval 
between dose and sacrifice increased, the radio- 
activity of the plasmalogen component in- 
creased, and, at the end of 45 days, it had ca. 
15% more activity than the diacyl form. 

The relative specific activity of the various 
polar lipids can be expressed as a product of 
cpm/pM and the concentration in pM/g brain 
wet wt. This would take into account the fact 
that relative amounts of various polar lipids of 

42 

36 

30 

24 

?o18 
X 

6 

\ 
--~ ~ PC 

. . . . . . . . .  ~ ~ Cer 

| i ~ *, ~Sph 
S HR 48HR 15 DAYS 45 DAYS 

FIG. 3. Relative specific activity of brain lipids 
cpm/#M/g brain fresh wt. 

the developing brain change considerably as 
shown by Wells and Dittmer (26). For calcula- 
tions, the values reported by Wells and Dittmer 
were used (Fig. 3). The steep rise in relative 
radioactivity of PE and cholesterol is seen 
clearly from this curve. Cholesterol again has 
retained a considerable amount of radioactivity 
even after 45 days. There is a slow steady 
increase in the radioactivities of sphingolipids, 
sphingomyelin, and cerebroside, whereas PS 
shows only marginal differences. The half-life 
(in terms of 14C activity) of cholesterol is 
estimated as 25.5 days, for PC, 11.3 days, 
whereas those of sphingomyelin and PS would 
be very much longer. 

D I S C U S S I O N  

The retention of radioactivity in the brain 
long after its disappearance from other organs, 
such as the liver, has been observed by many, 
including ourselves (27,28). However, the 
amount of radioactivity retained in the brain 
seems to depend upon the fatty acid tracer. For 
example, in our earlier studies (28), when 
radioactive palmitate was used as the tracer, the 
brain total lipid radioactivity showed a marginal 
increase between 24 hr-1 month after dose, 
whereas the present study with radioactive 
linolenate shows a considerable drop between 
48 hr-15 days. It is interesting to note that the 
drop in radioactivity during the first 15 days 
after 1-14C linolenate is considerably greater 
than for the later periods and that this is 
despite the rapid build up of lipids in the brain 
known to occur in the early period of growth 
(26,29). This drop in activity agrees with 
similar findings by Kishimoto and Radin (29) 
after radioactive acetate administration. Thus, 
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a portion of brain lipids undergoes turnover 
even during the period of rapid deposition (29). 

The percent distribution of radioactivity 
shown in Figure 2 indicates that, in the initial 
period, PC has a much larger proportion of the 
total radioactivity than any other polar lipid 
component.  Since a polyunsaturated fatty acid 
(18:3) was used as a tracer, one normally would 
have expected PE to be the most active 
component,  because it has been shown that 
brain PE (also the acyl component  of plasmalo- 
gen) contains the highest polyunsaturated meta- 
bolic products (30,31). It was found that 
injected linolenic acid and its product 22:6 ~ 3  
were oxidized rapidly to acetate, providing 
substrates for synthesis of highly active palmi- 
tate (18) in the brain, and, since brain PC has 
relatively larger amounts of palmitate (29), this 
might explain the initial higher radioactivity of 
PC. 

The specific activities (cpm/mg) of  various 
components (Table I) could be misleading in 
certain cases. For example, the specific activity 
of cerebroside is relatively high in the initial 
period, but it is known that 10-12 day old rat 
brain contains very small amounts of cerebro- 
side (26,32) and so the total radioactivity 
contributed by cerebrosides in the whole brain 
is not significant. The high amount of radioac- 
tivity of  cerebroside in the initial period may 
again be due to the fact that cerebrosides in the 
early period of development are richer in 
palmitate, rather than the characteristic longer 
chain (24:0) fatty acids of the mature brain 
cerebroside (23), and 8 and 48 hr after injec- 
tion of palmitate was, indeed, highly labeled 
(18). 

The distribution of radioactivity in the 
different components of the cerebrosides and 
ethanolamine phosphoglycerides (Table II) 
shows a gradual increase with age in radioactiv- 
ity of  the alkenyl acyl and a decrease in the 
diacyl form. This increase in radioactivity can 
be explained on the basis of earlier observations 
of Wells and Dittmer (26) that plasmalogen 
content of the brain increases with age and that 
their acyl compoents are rich in polyunsatu- 
rated fatty acids (29). It was observed that, as 
the interval between dose and sacrifice in- 
creased, 22:6 w3 increased in radioactivity 
(18); this, in turn, increased radioactivity of the 
plasmalogen directly in the acyl and indirectly 
in the alkenyl side chains. The cerebroside 
hydroxy acids increase with age (23), as does 
their radioactivity (Table II), and, at the end of  
45 days, the radioactivity seems to be ca. 
equally distributed in all three components.  

A much better perspective to 14C uptake 
and retention by various lipid components is 

gained from Figure 3 in which the radioactivity 
is expressed in terms of /aM/g brain wt. The 
rapid oxidative degradation of  the radioactive 
linolenic acid and its product 22:6 6o3 to 
acetate would lgad to synthesis of highly 
radioactive cholesterol, as well as palmitate. In 
turn, the palmitate would impart  increased 
radioactivity to PC. However, after this initial 
metabolic degradation, the linolenic acid (now 
converted to 22:6 6o3) is incorporated into PE 
and retains appreciable activity even after 45 
days. This suggests that 22:6, once incorpo- 
rated into phospholipids, is less susceptible to 
catabolic changes at all times. One has to 
appreciate the complexity of  the turnover rates 
from the heterogeneous nature of the brain 
tissue, mult icomponent  structure of  the com- 
plex lipids, and profound changes that occur 
during a relatively short critical period of 
growth (33-35). Another peculiarity of the 
brain lies in the fact that there is a considerable 
amount of recycling of  labeled precursors and 
products (36). For example, the observation 
that exogenous palmitic acid was handled dif- 
ferently from that synthesized de novo (28) Can 
be explained as stemming from some, as yet 
unclear, compartmentalization. 
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Isolation of a Pure Isomer of Linoleic Acid Hydroperoxide 
H.W. GARDNER, Northern Regional Research Laboratory 1, 
Peoria, Illinois 61604 

ABSTRACT 

A mixture of positional isomers of 
linoleic acid hydroperoxide was produced 
from the oxidation of linoleic acid by 
lipoxygenase from corn or soybean. Chro- 
matography on a column of silicic acid 
separated 13-hydroperoxy-11,9-octadeca- 
dienoic acid in 99+% purity from the 
mixture obtained by soybean lipoxy- 
genase oxidation of linoleic acid. At- 
tempts at isolation of pure 9-hydroper- 
oxy-10,12-octadecadienoic acid from 
hydroperoxides obtained by corn lipoxy- 
genase oxygenation of linoteic acid were 
partially successful with isolation of the 
9-hydroperoxide in 97% purity. 

I NTRODUCTION 

Pure positional isomers of linoleic acid 
hydroperoxides (LOOH) are difficult to obtain. 
Autoxidation of linoleic acid results in a 1:1 ratio 
of 9-hydroperoxy-10,12-octadecadienoic acid 
(9-LOOH) to 13-hydroperoxy-9,11-octadeca- 
dienoic acid (13-LOOH), which are stereochem- 
ically racemic as well (1). On the other hand, 

1ARS, USDA. 
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FIG. 1. Thin layer char densities from chromatog- 
raphy of standard mixtures of methyl 9-hydroxy- and 
methyl 13-hydroxystearates. "Calculated" values are 
taken from areas of the densitog~ams, and "actual" 
values are the standard mixtures prepared. 

the enzyme, lipoxygenase, often selectively 
forms one specific positional and optical isomer 
of hydroperoxy-cis, trans-octadecadienoic acid. 
The specificity of most lipoxygenases usually 
does not totally select for production of one 
positional isomer, but one nearly always pre- 
dominates. Although Dolev, et al., (2)reported 
production of 100% 13-LOOH by soybean 
lipoxygenase, most other investigators report an 
isomeric mixture. With soybean lipoxygenase, 
the ratio of the 13-LOOH to 9-LOOH usually 
varies from 92:8 (3) to 70:30 (4), and even 
pure isoenzymes do not yield pure isomeric 
hydroperoxides (5). Selective formation of the 
9-LOOH over the 13-LOOH resulted from corn 
germ (6), potato (7), and a number of cereal 
(8,9) lipoxygenase studies. This author has 
never observed the exclusive formation of 
either 9-LOOH or 13-LOOH, except for the 
formation of 13-L-hydroperoxy-cis-9,trans-11- 
octadecadienoic acid by Dimorphotheca sinuata 
lipoxygenase at pH 6.9 (10). 

Because lipoxygenases from exotic sources, 
like D. sinuata, are not readily available, it 
would be more convenient to use lipoxygenases 
from either corn germ or soybeans to prepare 
hydroperoxides from g samples of linoleic acid 
and then to isolate the positional isomers of 
LOOH by a chromatographic method. Previ- 
ously, a silicic acid column was used routinely 
to isolate half g quantities of mixed LOOH 
isomers from unreacted linoleic acid and other 
oxidation products (6,11). In the present study, 
it was found that, by fractionating the hydro- 
peroxide peak, 13-LOOH and 9-LOOH are 
separated partially. A technique has been devel- 
oped whereby one isomeric hydroperoxide is 
enriched by using lipoxygenases specific for 
either the 9- or 13-carbon and then by using the 
chromatographic method reported previously 
(6,11), except that elution is extended with a 
different solvent series, 13-LOOH and 9-LOOH 
are isolated in 99+% and 97% purity, respec- 
tively. 

METHODS 

Oxidation of Linoleic Acid 

The oxidation of linoleic acid by soybean 
lipoxygenase (lipoxygenase type 1, Sigma 
Chemical Co., St. Louis, Mo., 134,000 units/ 
mg) resulted in an isomeric ratio of 89% 
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TABLE I 

Chromatographic Separation of Isomeric Linoleic Acid Hydroperoxides 
Derived from Oxidation of Linoleic Acid a by Soybean Lipoxygenasc 

249 

Total wt, Wt of 9-isomer, b Wt of 13-isomer, b 
Pooled fractions mg mg Percent 9-isomer mg Percent 13-isomer 

55-65 171 Trace Trace 171 99+ 
66-76 191 8 4 183 96 
77-87 131 16 12 115 88 
88-100 67 33 49 34 51 

Totalpeak 560 62 II 498 89 

aThe total oxidation mixture derived from 
bCalculatcd from percentage values. 

13-LOOII and 11% 9-LOOH. The react ion 
mixture  (480 ml total  vo lume)  was 5.4 mM 
Linoleic acid (99+% pure f rom The l lormel  
Ins t i tu te ,  Austin,  Minn.),  0.09% Tween 20, 5.0 
mM borate ,  and 0.04 mg l ipoxygenase /ml .  
Before l ipoxygenase was added ,  the react ion 
solut ion was adjusted to pl!  10 with KOH. Tb 
minimize by-produc t  fo rma t ion ,  care was taken 
to ensure good oxygena t ion  by using a vessel 
with a s intered glass b o t t o m  through which 
pure oxygen was bubbled .  The ox ida t ion  pro- 
ceeded at 21 C for 40 rain at which t ime the 
react ion was adjusted to pfl  4 with tlCI and 
immedia te ly  ex t r ac ted  with C11C13-(7113011 
2:1. The CIIC13 layer was washed several t imes 
with water. 

The ox ida t ion  of  linolcic acid by corn germ 
l ipoxygenase y ie lded an isomeric ratio of  91% 
9-LOOH and 9% 13-LOOII. Lipoxygenase f rom 
corn germ was purified essentially as out l ined 
by Kalbrcner ,  et al., (12) with the excep t ion  
that  corn germ flour was ex t rac ted  with water  
instead of phospha te  buffer .  The react ion mix- 
ture (total  volume 200 ml) was 8.0 mM linoleic 
acid, 0 . 2 7 ~  Tween 20, 0.05 M phospha te  (pl l  
6.9), and a concen t r a t ion  of l ipoxygenasc  
equivalent  to 60 mg corn germ flour (before  
pur i f ica t ion) /ml .  Other  react ion cond i t ions  and 
the m e thod  of  product  ex t rac t ion  were the 
same as those for the soybean  l ipoxygenasc 
react ion.  

Column Chromatography 

The column (inside d iameter ,  2.5 cm) was 
packed with a slurry of  50 g Mall inckrodt  silicic 
acid (100 mesh,  analytical  reagent)  in iso- 
octane.  The sample was slurried with 2 g silicic 
acid in hexane and layered on top  of  the 
column.  The e la t ion  series were as fol lows:  70 
ml 10% anhydrous  e ther ,  200 ml 15% ether ,  
500 ml 20% ether ,  and 700 ml 25% e ther  in 
hexane.  The co lumn was pressurized wi th  N 2 at 
3 psi: 10 ml f ract ions  were col lected,  and the 
fract ions were mon i to r ed  for LOOH by absorp-  

7 2 0  mg linoleic acid was applied to the column. 

A __ 

B-  
C -  

O __ 

E -  

55 .... 66, ' 
76 8 100 

 iJFractions Pooled 
FIG. 2. Thin layer chromatography of methyl 

hydroxystearates and other hydrogenolysis products 
derived from linoleic acid hydroperoxides eluting fr()m 
a column of silicic acid. Products are methyl esters of: 
stearate (A), 13-oxostearate (B), 9-oxostearate (C), 
13-hydroxystearate (D), and 9-hydroxystearate IE). 
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TABLE lI 

Chromatographic Separation of Isomeric Linoleic Acid Hydroperoxides Composed of 
Equal Quantities of 9- and 13-Hydroperoxyoctadecadienoic Acids a 

Total wt, Wt of 9-isomer, b Wt of 13-isomer, b 
Pooled fractions mg mg Percent 9-isomer mg Percent 13-isomer 

83-87 3.7 0.1 2 3.6 98 
88-92 8.9 0.7 8 8.2 92 
93-97 10.4 7.0 67 3.4 33 
98-102 8.7 7.5 86 1.2 14 

103-107 3.8 3.3 86 0.5 14 
108-115 2.2 2.0 89 0.2 11 

Total peak 38 19 49 19 51 

aA portion of fractions 88-100 (Table I) was used for the separation. 
bCalculated from percentage values. 

tion of the diene at 232 nm. 

Isomeric Composition 

The isomeric ratios of 13-LOOH to 9-LOOH 
were determined by thin layer chromatographic 
(TLC) char-densitometry of their methyl 
hydroxystearate derivatives. Methyl hydroxy- 
stearates and other hydrogenolysis by-products, 
methyl oxostearates and methyl stearate, were 
synthesized from LOOH by reduction with 
H2-Pd (10% Pd on charcoal) in methanol fol- 
lowed by esterification by diazomethane. This 
derivative was applied to a 250/~ Silica Gel G 
TLC plate, and the plate was developed twice 
with hexane-ether (70:30) (Rf 0.38, 13-isomer; 
Rf 0.30, 9-isomer). The isomeric identity of 
each methyl  hydroxystearate was checked by 
mass spectrometry (13) after scraping from 
TLC plates. Char-densitometry was done by the 
procedure of Downing (14). Relative percent- 
ages of the isomers were calculated from the 
measured areas of the peaks taken from the 
densitograms, and, from this calculated per- 
centage, the actual percentage was obtained 
from a standard curve (Fig. I). The standard 
curve was constructed from densitograms of 
various mixtures of methyl 9- and methyl 
13-hydroxystearates prepared from pure sam- 
ples of the isomers. The calculated percentages 
of the isomeric methyl hydroxystearates from 
replicate densitograms had a standard deviation 
of 1.1. 

RESULTS AND DISCUSSION 

Isolation of 13-LOOH 

To improve the separation of 9- and 13- 
LOOH, a different solvent series was used in a 
chromatographic method previously investi- 
gated for the isolation of mixed LOOH isomers 
(6,11). The probability of obtaining pure 
13-LOOH was increased further by an LOOH 

mixture enriched in 13-LOOH. Any overlap in 
chromatography of 9- and 13-LOOH would 
tend to be decreased by prior enrichment. A 
13-LOOH to 9-LOOH ratio of 89:11 was 
achieved with soybean lipoxygenase oxidation 
of linoleic acid, this mixture being the sample 
applied to the column. The LOOH peak was 
split into four parts and analyzed for its 
isomeric distribution (Table I). Essentially pure 
13-LOOH was obtained in fractions 55-65. 
Although evidence for 9-LOOH in these frac- 
tions could not be detected in TLC densito- 
grams or by mass spectroscopy, presence of 
traces was discerned visually on charred TLC 
plates (Fig. 2). Figure 2 shows the separation of 
the products after hydrogenation and methyl  
esterification of the LOOH samples. Hydroxy- 
stearic, oxostearic, and stearic acids commonly 
are observed as the hydrogenolysis products of 
LOOH. 

To determine if the method would apply to 
isomeric mixtures less enriched with 13-LOOH, 
a 1:1 mixture of 9- to 13-LOOH (pooled 
fractions 88-100, Table I) was chromato- 
graphed. The LOOH peak from chromatogra- 
phy of this sample was fractionated into 6 
parts, and analyses of these fractions showed a 
98% pure 13-LOOH (Table II). However, in 
later fractions, 13-LOOH eluted appreciably 
with 9-LOOH. This behavior seemed anoma- 
lous, because the percentage of 13-LOOH sta- 
bilized and did not decrease any further. The 
anomalous behavior may be due to the sample 
used for separation, pooled fractions 88-100 
(Table I) which were late eluting fractions from 
previous chromatography of LOOH. These 
pooled fractions may have contained an appre- 
ciable content of  the trans, trans diene isomer; 
the presence of this isomer probably would 
account for the observed trailing of 13-LOOH. 
Morris, et al., (15) reported that trans, trans 
isomers of methyl hydroxyoctadecadienoates 
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TABLE III 

Chromatographic Separation of Isomeric Linoleic Acid Hydroperoxides Derived from 
Oxidation of Linoleic Acid a by Corn Germ Lipoxygenase 

251 

Total wt, Wt of 9-isomer, b Wt of 13-isomer, b 
Pooled fractions mg mg Percent 9-isomer mg Percent 13-isomer 

69-75 24 12 50 12 50 
76-82 106 95 90 11 10 
83-89 94 89 95 S 5 
90-96 41 40 97 1 3 
97-103 16 16 97 0.5 3 

104-113 4.4 4.2 95 0.2 5 
Totalpeak 285 259 91 26 9 

aThe total oxidation mixture derived from 450 mg linoleic acid was applied to the column. 
bCalculated from percentage values. 

had a slightly lower  mobi l i ty  on TLC plates 
than  cis, trans isomers.  Thus,  the  sample used in 
this separat ion already may have been  enr iched  
in trans, trans 13-LOOH. Al though  soybean  
l ipoxygenase  usually does no t  p roduce  trans, 
trans diene,  this i somer iza t ion  may occur  to  a 
minor  ex ten t .  

Even t hough  it is possible to ob ta in  98% 
13-LOOH f rom an equal  mix ture  of  posi t ional  
isomers,  it is more  advantageous  to  s tar t  wi th  a 
mixture  enr iched  in 13-LOOH to achieve be t t e r  
yields and a purer  sample.  

Isolation of 97% 9-LOON 

Prel iminary to co lumn c h r o m a t o g r a p h y ,  an 
LOOH mixture  enr iched  wi th  9-LOOH (91%) 
was p repared  by corn germ l ipoxygenase  oxida-  
t ion of  l inoleic acid. Column c h r o m a t o g r a p h y  
partially separa ted  9- f r o m  13-LOOH (Table 
III). A sample wi th  97% pure 9-LOOH in 20% 
yield resul ted  f rom the  to ta l  LOOH. As can be 
seen f rom Table III, 13-LOOH was trailing in to  
the  9-LOOH fract ions  in a fashion similar to 
tha t  observed in Table II. Presumably ,  the  
trans, trans i somer  of  13-LOOH may have been  
in ter fer ing  wi th  a clean separat ion.  

Effect of Column Load 

Increased sample sizes resul ted  in smaller 
solvent volumes necessary to elute LOOH as 
expec ted .  As n o t e d  in Tables I-III, the  f rac t ion  
n u m b e r  in which  LOOH was first de t ec t ed  
depended  u p o n  the  a m o u n t  of  LOOH present .  
Nevertheless,  the  sample sizes used in this s tudy  
did no t  prevent  the  desired result ,  the  isola t ion 
of  pure 13-LOOH and 97% pure 9-LOOH. It is 
evident  that  silicic acid is a suitable suppor t  for  
separat ing isomeric  LOOH in quant i t ies  suffi- 
cient for research  wi th  these  c o m p o u n d s .  This 
work indicates  tha t  high pe r fo rmance  l iquid 
ch roma tog raphy  (HPLC),  using a silicic acid 
packing wi th  greater  ef f ic iency,  may result  in 
comple te  analyt ical  separat ions  of  these isomers  

and perhaps  even preparat ive separat ion.  Chan 
and Prescot t  (16) recent ly  have used HPLC to 
separate the  me t h y l  ester  o f  13-LOOH f rom the  
me thy l  ester  of  9-LOOH but  did no t  apply the  
t echn ique  to  the  free acids. 

Al though  geometr ica l  and opt ical  isomers 
were no t  de t e rmined ,  p resumably  the  isolated 
13-LOOH and 9-LOOH were p r ed o mi n an t l y  
1 3 - L - h y d r o p e r o x y - t r a n s -  1 1 ,cis-9-octadeca- 
dienoic and 9-D-hydroperoxy-trans-lO,cis-12- 
octadecadienoic  acids based u p o n  previous 
work (3,6,17)  wi th  corn and soybean  l ipoxy-  
genase. 
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Electron Spin Resonance Study of Serum Lipoproteins of 
Salmon (Oncorhynchus kisutch)" Structural Alterations Produced 
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ABSTRACT 

High denisty lipoproteins from the 
serum of salmon (Oncorhynchus kisutch), 
containing a maleimide spin label (4-male- 
i m i d o - 2 , 2 , 6 , 6 - t  e t r  ame thylpiperidino- 
oxyl), were exposed to HgC12, CdCI2, 
and CH3HgC1 under physiological condi- 
tions. Electron spin resonance spectrom- 
etry revealed that HgC12 and CdC12 pro- 
duce significant alterations at sites repre- 
senting weakly and strongly immobilized 
label. The observed changes appear to be 
taking place primarily in the surface ar- 
chitecture. No alterations were found in 
the normal spectra of high density lipo- 
proteins exposed to CH3HgC1 under simi- 
lar conditions. Each metal species binds 
strongly with the apo-high density lipo- 
proteins; however, marked differences 
exist in the effects produced upon high 
density lipoprotein structure by the in- 
organic ions and CH3HgC1. 

INTRODUCTION 

We showed recently that inorganic and 
organic mercurials are sequestered readily by 
the serum lipoproteins of salmon (Oncorhy- 
nchus nerka) (I) .  In studies with 203HgCI 2 and 
CH3203HgC1 , the radioactivity in the lipopro- 
teins was associated with protein and lipid 
components (I).  These findings raise the ques- 
tion whether the interactions with toxic metals 
result in significant alterations in the architec- 
tural properties of the lipoproteins. 

Recent studies employing electron spin reso- 
nance spectrometry (ESR) revealed that certain 
cations, e.g. Ca ++, Mg ++, and La +++, alter the 
surface structures of cytoplasmic membranes of 
Bacillus subtilis (2). In the present work using 
ESR, we found that significant alterations 
occur in the architectural properties of high 
density lipoproteins (HDL) labeled with 4-male- 
i m i d o - 2 , 2 , 6 , 6 - t  e t r a me t hy 1 pip  e r i d i n  ooxyl 
(MalSL) on exposure to HgC12 and CdC12. No 
evidence was found to suggest that CH3HgC1 
produced such alterations under similar condi- 
tions. Thus, distinct differences exist between 
the effects produced upon the architecture of 
the HDL by the inorganic and organic forms of 

the toxic metals. 

EXPERIMENTAL PROCEDURES 

Blood was obtained from the caudal vein of 
coho salmon (O. kisutch) 3-4 hr after feeding. 
The blood was allowed to clot, and serum was 
isolated by centrifugation (1). The HDL, ob- 
tained by ultracentrifugation as previously de- 
scribed (3), was labeled with MalSL according 
to the procedure of Gotto, et al. (4). The 
labeled HDL was passed through a Sephadex 
G-75 column containing 0.01 M Tris buffer (pH 
= 7.0), 0.15 M NaC1, and 0.005 M NaN 3 to 
remove free label. The labeled HDL solution 
was concentrated using an Amicon Minicon- 
A25 concentrator. The resulting HDL fraction, 
comprising 10.0 mg protein/ml (5) and 11.3 mg 
lipid/ml (6), was exposed to concentrations of 
HgC12, CdC12, and CH3HgC1 ranging from 
0.01-1.0 mole of metal/mg protein in the Tris 
buffer solution. ESR spectra were obtained 
immediately after exposure to the metal ions 
and at periods of up to 24 hr thereafter. 

Spectra were measured at 20 C using a 
Varian E-3 spectrometer. The samples were 
pipetted into Kimax 51 capillaries (1.6-1.8 mm 
diameter) and capped with parafilm. Accurate 
measurements were made of peaks D and E 
(strongly immobilized label) at high gain and 
slow sweep time (Fig. !). In addition to 
determination of 2Till, ratios of peaks C/B 

E 
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FIG. 1. Electron spin resonance spectrum of HDL 
from Oncorhynchus kisutch labeled with 4-male- 
imid o- 2,2,6,6-tetramethylpiperidinooxyl (MalSL). 
(lmT = 10 gauss). See text for details. 
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TABLE I 

Alterations Produced in Electron Spin Resonance Spectra by Toxic Metal Salts: 
Ratios of Peaks Representing Weakly Immobilized Sites a 

Peak ratios (C/B) b 

/~mole Metal/mg protein HgCI 2 CdCI 2 CH3HgC1 

0.01 0.87 0.86 0.98 
0.10 0.82 0.80 0.99 
1.00 0.61 

aSee Figure 1 and text. 
bThe ratio of C/B was normalized so that metal-free maleimide labeled high density 

lipoprotein values were 1.00. 
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FIG. 2 Variations in hyperfine splitting shift 
(2LxT I) of high density lipoproteins from Oncorhy- 
nchus kisutch labeled with 4-maleimido-2,2,6,6-tetra- 
methylpiperidinooxyl (MalSL) after 24 hr exposure to 
toxic metal salts. See text for details. 

(weakly immobilized label) were obtained. 
Duplicate experiments were performed with no 
significant differences in results. 

RESULTS 

In studying possible alterations in the archi- 
tectural properties of serum lipoproteins ex- 
posed to HgC12, CdC12, and CH3HgC1, the HDL 
was chosen because the MalSL, which reacts 
with -SH and -amine groups, was incorporated 
readily into this protein-rich density class (pro- 
tein: lipid = 47.53). 

The ESR spectra (Fig. 1) of labeled coho 
HDL exhibited characteristics of a covalently 
bound label. Two distinct binding sites were 
evident for the maleimide probe. One site 
(peaks A and C) showed partial immobilization 
(rotational correlation times <4.0 nsec) and the 
other site (D and E) almost complete immobili- 
zation (20 nsec < ro ta t iona l  correlation times 
<115 nsec) of label. Peak B represents a 
composite of partially and completely immobi- 
lized sites (Fig. 1). Such findings are in agree- 
ment with results obtained with maleimide- 

labeled HDL from human serum (7). 
The spin-labeled lipoproteins were allowed 

to react with ascorbic acid at varying concentra- 
tions. All peaks diminished in intensity at ca. 
equal rates implying that the accessibility of the 
labeled sites to metal ions was comparable. A 
strong ascorbic acid solution caused an immedi- 
ate disappearance of signal, suggesting that the 
labeled sites are essentially on the surface of the 
HDL. 

Perturbations in the spectra produced by the 
inorganic ions were readily apparent from the 
ratios of C/B (Table I). Both CdC12 and HgC12 
had an immediate effect upon rotational reori- 
entation, and the correlation times increased 
with increasing concentration of metal, as 
reflected by the decreasing ratios of C/B. The 
spectral changes were evident within the range 
of 0.01-1.0 pmole of metal/mg protein. Gener- 
ally, spectral alterations could not be measured 
with reliability at levels of less than 0.01 pmole 
of metal/mg protein. On the basis of the 
present data, a precise statement of rotational 
correlation times could not be made from the 
spectra of the HDL. In contrast to the above 
findings, CH3HgC1 showed a negligible effect. 

The outermost wings (D, E) of the spectra of 
HDL exposed to HgCI 2 and CdC12 showed a 
change in 2Tlt with time (Fig. 1). Initially there 
was no detectable change (2ATllf~0);however, 
after a 24 hr period, the inorganic ions (0.1 
pmole/mg protein) caused a significant increase 
in the rigidity of the HDL structure (Fig. 2). 
CH3HgC1 gave no such effect at concentrations 
approaching the limits of solubility of this 
mercurial in the buffer solution. Solubility 
limitations and other factors deterred higher 
concentrations of CdC12 and CH3HgC1 from 
being employed. 

HDL exposed to HgC12 and CdC12 were 
passed through a Sephadex G-75 column to 
remove free and loosely bound metal ions from 
the metaUolipoprotein solution. The ratios of 
C/B did not return to their initial values. Thus, 
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it appears that al terat ions in propert ies  of  HDL 
wrought  by inorganic metal  ions were not  
readily reversible. Previous work (1) has shown 
that a significant fract ion of  the metal  seques- 
tered by the serum HDL is bound  tightly.  

DISCUSSION 

The present studies demons t ra te  that  the 
interact ions  of  HgC12 and CdC12 with the 
serum HDL result in significant al terat ions in 
the archi tectural  propert ies  of  this l ipoprote in  
fract ion.  The changes in the corre la t ion t imes at 
the weakly immobi l i zed  sites are suggestive of  
disordering of  the protein matrices of  the HDL. 
The increase in the hyperf ine  splitt ing at the 
strongly immobi l i zed  sites suggests the occur-  
rence of  a more rigid surface protein archi tec-  
ture, and changes in l ipid-protein in teract ions  
are l ike ly . .The  observat ion that  the binding of  
the Hg and Cd is not  comple te ly  reversible is 
consistant with the fact that  Ca ++ and Mg ++ 
show similar behavior toward cytoplasmic  
membranes  (2). 

Al though CH3HgC1 binds strongly with the 
apo t tDL  of  Oncorhynchus serum (1), this 
mercurial  p roduced  no observable al terat ions in 
the archi tecture  of  the maleimide-labeled HDL. 
Accordingly ,  it appears that  substantial  differ- 
ences exist in the nature of  the interact ions  
taking place be tween the inorganic and organic 
forms of  Hg and the protein s t ructure.  A 
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possible explanat ion  for  this difference may be 
that  CH3HgC1 is strongly lipophill ic.  Such a 
proper ty  may well account  for the observed 
differences in interact ions  be tween  this mercu-  
rial and the inorganic fo rm of  mercury.  

Fur ther  studies are indicated to determine  
whether  the observed al terat ions in the HDL 
structure wrought  by inorganic Hg and Cd 
produce deleterious changes in the funct ional  
propert ies  of  the serum l ipoproteins ,  such as the  
t ransport  of  lipids and o ther  substances to key 
tissue sites. 
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Increase of Gangliosides in Atherosclerotic Human Aortas 1 
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Toronto, M6S 2J5, Ontario, Canada, K. KOVACS, Department of Pathology, 
St. Michael's Hospital and University of Toronto, Toronto, Ontario, Canada, and 
M.D. SILVER, Department of Pathology, Toronto General Hospital and University 
of Toronto, Toronto, Ontario, Canada 

A B S T R A C T  

Preparations of human thoracic aortas 
containing intima and media were ob- 
tained post-mortem, and gangliosides 
were isolated by standard techniques. The 
quantity of ganglioside sialic acid, as 
assayed by gas liquid chromatography, 
was lowest in normal aortas (33 + 9 
nmoles N-acetyl neuraniinic acid/g wet 
tissue) and progressively increased in aor- 
tas  containing predominantly fatty 
streaks (54 -+ 1 nmoles N-acetyl neu- 

1presented in part at the Canadian Federation of 
Biological Societies, MeMaster University, Hamilton, 
Ontario, Canada, June 1974. 

raminic acid/g wet tissue), raised yellow 
plaques (88 + 23 nmoles N-acetyl neu- 
raminic acid/g wet tissue), and ulcerated 
lesions (270 + 44 nmoles N-acetyl neu- 
raminic acid/h wet tissues). Both thin 
layer chromatography of the gangliosides 
and gas liquid chromatography of the 
constituent sugars demonstrated the pres- 
ence of a ganglioside with properties 
similar to a monosialyl lactosyl ceramide 
(GM3) as the major ganglioside. A gangli- 
oside with similar chemical characteristics 
was isolated from plasma and low density 
lipoproteins. 

I N T R O D U C T I O N  

The smooth muscle cell of the aorta wall is 
considered important in the development of 
atherosclerosis (1). With thickening of the 
intima, cells with characteristics similar to the 
media smooth muscle cell appear in the sub- 
endothelial region (1,2). This change prompted 
the suggestion that there is an inward migration 
and proliferation of medical smooth muscle 
cells. The reasons for the loss of normal control 
of smooth muscle cell proliferation and migra- 
tion are unknown, but there might be an 
analogy to the loss of contact inhibition by 
tumor cells, Contact inhibition is a phenome- 
non where normal cells growing in a monolayer 
cease to divide when they come in contact with 
each other (3). Among other alterations, trans- 
formed cells show changes in the cell surface 
gangliosides (4) and glycoproteins (5); and 
these components have been implicated in the 
processes of intercellular communication, such 
as contact inhibition. Since the migration and 
proliferation of the aortic smooth muscle cell is 
a distinct feature in atherosclerosis, an investi- 
gation has been undertaken to determine gangli- 
oside content of intima media preparations of 
normal and atherosclerotic aorta. 

FIG. 1. Thin layer chromatography of gangliosides. 
Conditions as given in the text. F1 and F2 refer to 
fractions analyzed in Table III. Fraction X has 
resorcinol negative components. A = GM 3 from dog 
erythrocytes, B = gangliosides from a normal human 
aorta, C = gangliosides from a very diseased aorta 
containing raised yellow plaques and fatty streaks, and 
D = reference brain gangliosides. 

E X P E R I M E N T A L  P R O C E D U R E S  

Sixteen human thoracic aortas f r om male 
subjects, who were 30-70 years of age and had 
died of various diseases or accidents, were 
obtained at autopsy and were frozen until 
analysis. Upon thawing, the adventitia along 
with the external parts of media were stripped 
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FIG. 2. Gas liquid chromatography of sugars from gangliosides. Conditions as given in text. l = inositol, 
GAL = galactose, MAN -- mannose, NANA = N-acetyl neuraminic acid, and SP = sphingosine bases. 

away. The aorta was washed and then graded as 
being essentially normal in appearance or con- 
raining varying quantities of fatty streaks, 
raised yellow fatty plaques, or extensive ulcer- 
ated lesions. The entire segment (5-10 g wet wt) 
was homogenized in saline with a Brinkman 
Polytron for 1 rain. The material was rinsed off 
the instrument with methanol, and then chloro- 
form was added progressively to give ratios of 
1:2, 1:1, and finally 2:1 chloroform methanol 
for a total of 20 volumes of the solvent 
mixture/volume of saline homogenate. The 
mixture was allowed to stand for 30-60 min 
after each addition. The insoluble material was 
filtered off, and the organic phase was parti- 
tioned with: (A) 0.1 M KC1 containing 0.005 M 
Na 2 ethylenediamine tetraacetic acid to prevent 
formation of calcium salt~ nf gangliosides (6); 
(B) 0.2 volume of chloroform:methanol:  0.1 M 
KCI (3:48:47, v/v/v); and (C) 0.2 volume 
chloroform:methanol:water  (3:48:47,  v/v/v). 
The lower phase was evaporated, and aliquots 
were taken for cholesterol determinations using 
the autoanalyzer AA-II (7). The upper phases 
vvere combined and evaporated. The residue 
was taken up in a minimum volume of water 
and dialyzed against water for 24 hr and then 
lyophilized. Analysis of the upper phase gangli- 
oside sialic acid was carried out by gas liquid 
chromatography (GLC) after methanolysis and 
trifluoroacetylation as described elsewhere (8). 
The fatty acid methyl esters were removed by 
extraction of the methanolic HCI with petro- 
leum ether. The gangliosides also were resolved 
by thin layer chromatography (TLC) on Silica 
Gel G using a developing solvent (9) of chloro- 
form:methanol:  2.5 N ammonia (60:35:9,  

v/v/v). They were detected with resorcinol for 
q u a l i t a t i v e  assessment and 2 '6 '  dichloro- 
fluorescein for preparative isolation. They were 
recovered from the silica gel using chloro- 
form :methanol:water ( 1 : 1:0.2, v/v/v). 

R E S U L T S  

Thin layer chromatograms (Fig. 1)indicated 
the presence of resorcinol positive components 
m crude ganglioside preparations from normal 
and atheroselerotic aortas. For comparative 
purposes, the pattern of gangliosides of bovine 
brain and GM3 isolated from dog erythrocytes 
also is shown. It can be seen that the major 
component is aorta is a rapidly migrating 
component with an Rf similar to the ganglio- 
side GM 3. It has a partially resolved double 
pattern which is probably a reflection of fatty 
acid or sphingosine base composition. In dis- 
eased tissue, there were minor components 
present in the region of mono and disialo 
gangliosides and some resorcinol positive mate- 
rial remaining at the origin. GLC analyses (Fig. 
2) of the sugars of the crude ganglioside 
fraction indicated the presence of four mono- 
saccharides. The major components were galac- 
tose, glucose, and N-acetyl neuraminic acid 
(NANA) in ca. equal molar quantities. In 
addition, there was a small quantity of N-acetyl 
giucosamine. Using GLC and inositol as an 
internal standard, the ganglioside NANA was 
quantitated. There was no endogenous inositol 
in the ganglioside preprarations. 

Aortas were classified as essentially normal 
in appearance or containing varying degrees of 
fatty streaks, raised yellow fatty plaques, or 
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TABLE I 

Selected Lipid Components of Thoracic Aorta 

Aorta description or source of material N a 

Tissue component 

Ganglioside NANA b 
nmoles/g tissue 

Cholesterol 
mg/g tissue 

Normal <10% fatty streaks (4) 33 :t 9 
( 2 0 -  42) 

20-70% Fatty streaks <10% (3) 54 -+ 1 
raised yellow plaques (53-  55) 

20-70% Raised yellow plaques (7) 88 + 23 
<10% ulceration ( 6 8 -  133) 

30-80% Ulceration (2) 320 -+ 156 
(226-- 315) 

Human plasma (1) 4.4 

3.7 -+ 0.4 
(3.2-- 4.8) 
8.5 + 3.0 

(6.4-- 11.9) 
16.2 +- 2.7 

(12.7-- 20.2) 
32.0 + 2.0 

(30.3-- 33.8) 
2.0 

aValues in parentheses indicate range of values. 
bNANA = N-acetyl neuraminic acid. 

TABLE !I 

Quantitation of Gangliosides in Thoracic Aorta of Type IV HLP a 

Description of isolated area 

Tissue component 

Ganglioside NANA b 
nmoles/g tissue 

Cholesterol 
mg/g tissue 

Smooth 
Largely normal with some/at ty streaks 

and small raised fatty plaque 
Isolated raised fatty plaque 
Extensive ulceration 

46 5.2 

65 --- 
72 7.1 

335 21.2 

aType IV hyperlipoproteinemic (HLP) patient (NL 45) who died of a myocardial in- 
farction. 

bNANA = N-acetyl neuraminic acid. 

ulcerated lesions. The descr ip t ion  is a general  
one,  indicat ing the p r edominan t  state of  the 
aorta,  since normal  aortas usually had occa- 
sional fa t ty  streaks, while those possessing 
extensive fa t ty  streaks also con ta ined  occa- 
sional ye l low plaques. A small ulcerated lesion 
also was found  some t imes  in aortas showing 
extensive involvement  in raised yel low plaques.  

The normal  appearing aortas con ta ined  the 
lowest quant i t ies  (Table I) o f  ganglioside 
NANA (20-42 nmole s /we t  wt) ,  while aor tas  
conta in ing  p r edom inan t l y  fa t ty  streaks had 
somewha t  higher concen t ra t ions .  Those con-  
taining extensive areas with raised yel low fat ty  

plaques had ca. three t imes that  lound  in the 
normal  aortas,  while aortas conta in ing  large 
areas of  u lcera ted lesions conta ined  much  
higher quant i t ies .  In all cases, the TLC indi- 
cated a progressive increase in the c o m p o n e n t  
resembling sialyl lactosyl  ceramide cons t i tuen t  
(Fig. I). The ganglioside con t en t  appeared  to 
increase essentially in parallel to choles tero l  but 
was not  a direct ref lec t ion of  the relative levels 

of  ganglioside and choles terol  in plasma (Table 
I). In ulcerated tissue, the relative increase in 
gangliosides was much  greater  than  choles terol .  
The results indicate that  there  is an accumula-  
tion of  ganglioside in the aorta  during a thero-  
genesis. 

To s tudy isolated plaques,  a thoracic  aorta 
was ob ta ined  f rom a deceased pat ient  wi th  Type  
IV hype r l ipopro te inemia  (male,  age 45). As 
shown in Table I1, areas were ob ta ined  which 
were normal  in appearance  or con ta ined  indi- 
vidual plaques. Again, the levels were lowest  in 

the normal  area with increasing values in more  
advanced lesions. However,  even the area con-  
taining no obvious  lesions had values consider-  
ably higher than those  found  in aortas whose  
overall appearance  was normal .  

The major ganglioside c o m p o n e n t  f rom plas- 
ma and aorta  was isolated by preparat ive TLC 
and analyzed for ca rbohydra t e s  (Table III). The 
molar  ratios are the average of  two- three  
de te rmina t ions .  It can be seen that  there  are ca. 
equal molar  ratios of  N-acetyl neuraminic  acid, 
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glucose,  and  galactose.  The  t h in  layer  mob i l i t y  
in compar i son  to  GM 3 of  dog e r y t h r o c y t e s  and  
c a r b o h y d r a t e  c o m p o s i t i o n  ind ica tes  a sialyl 
lac tosyl  ce ramide ,  bu t  f u r t h e r  s tudies  wou ld  be  
requ i red  to  d e t e r m i n e  the  comple t e  s t ruc tu re .  
The ganglioside i so la ted  f r o m  plasma was as- 
socia ted largely w i th  the  low dens i ty  l ipopro-  
teins.  

DISCUSSION 

The p re sen t  resul ts  are the  first  r epo r t ,  to  
our  knowledge ,  of  gangliosides in  t he  in t ima-  
media  layers of  t he  ao r t a  wall. T h e y  also 
ind ica te  that the re  is a progressive increase  in 
the  q u a n t i t y  of  gangliosides w i th  increas ing  
severi ty  of  a therosc leros is  in the  aor ta .  O t h e r  
s tudies  have f o u n d  t h a t  the  c o n c e n t r a t i o n  o f  
cerebros ides  increased  w i th  increas ing sever i ty  
of  a therosc le ros i s  (10) .  Since a s imilar  ganglio- 
side is f o u n d  in p lasma l ow  dens i ty  l i p0p r o t e i n ,  
it could  be suggested t h a t  t he  a c c u m u l a t i o n  is 
due to  the  in f i l t r a t ion  of  se rum l ipopro te ins ,  as 
has  been  p o s t u l a t e d  for  cho les te ro l  (1 1). How-  
ever, t he  ganglioside level in t he  n o r m a l  ao r t a  
wall is ca. e igh t fo ld  grea ter  t h a n  in p lasma on  a 
wet  wt basis (Table  I), and  the  increase  in 
ganglioside does n o t  parallel  t he  increases  based  
u p o n  a s imple in fus ion  and  b ind ing  of  p lasma 
l ipopro te ins .  The b ind ing  would  have to  be  
highly specific,  even more  so t h a n  for  choles-  
terol .  

A c o n t r i b u t i o n  to  aor t ic  ganglioside f r o m  
b l o o d  cells is also possible o n  the  basis of  the  
t h r o m b o g e n i c  t h e o r y  of  a therogenes i s  (12) .  
Gangl iosides  are present  in  e r y t h r o c y t e s  (13) ,  
bu t  the  ma jo r  c o m p o n e n t  is a sialyl t e t ra -  
hexose .  A l t h o u g h  this  c o m p o n e n t  m ay  be par t  
of  the  F2 group  (Table  III) ,  it would  be  p resen t  
in mino r  quan t i t i e s  in the  aor ta  p repa ra t ions .  
The  major  ganglioside c la imed to  be p resen t  in 
pla te le ts  (14)  was h e m a t o s i d e  (GM3)  and,  thus ,  
similar in c o m p o s i t i o n  to  t he  ma jo r  ganglioside 
i so la ted  in the  p resen t  s tudy .  Ini t ia l  analyses  in  
our  l abo ra to ry  ind ica te  very  low c o n c e n t r a t i o n s  
of  th is  ganglioside in pal te le ts .  F ina l ly ,  t he  
increased  a m o u n t s  of  the  ganglioside m ay  
s imply ref lect  increased  synthes i s  by  the  aor t ic  
s m o o t h  muscle cells. The q u a n t i t y  of  ganglio- 
sides is still small  in c o m p a r i s o n  to  the  t o t a l  
l ipids bu t  t he i r  levels in t issue o t h e r  t h a n  bra in  
are usually n o t  more  t han  1% of  the  l ipid.  

The  b iochemica l  e f fec ts  of  changes  in the  
a m o u n t  of  cellular gangliosides and  t he  phys io-  
chemical  aspects  of  ganglioside b ind ing  to  cells 
remain  largely u n e x p l o r e d  bu t  migh t  be impor -  
t an t  in early stages of  a therogenes i s .  Since 
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TABLE III 

Monosaccharide Composition of Isolated Gangliosides 

Molar ratio of monosaccharide c 

Fraction a Sourceb Gal Glc NANA GlcNAc 

F 1 A 1.00 0.85 0.90 
P 1.00 0.90 0.90 

F 2 A 1.00 0.87 0.98 0.40 

aFractions isolated from thin layer chromatography 
as defined in Figure 1. 

bA = Aorta and P = plasma. 
CGal = galactose, NANA = N-acetyl neuraminic 

acid, and GlcNAc = N-acetyi glucosamine. 

gangliosides may  be involved  in cell to  cell 
i n t e r a c t i o n s  w h i c h  may  con t ro l  p ro l i f e ra t ion  of  
ceils, t he  increased  ganglioside levels migh t  be 
involved  in mig ra t ion  and  p ro l i f e ra t ion  of  
s m o o t h  muscle  cells obse rved  in a the rosc le ro t i c  
lesions (1) .  
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SHORT COMMUNICATIONS 

Identification of Wax Esters in Tetrahymena pyriformis 
ABSTRACT 

Wax esters, isolated from Tetrahvmena 
pyriformis, have been found to contain 
45% branched chain alcohols and 76% 
branched chain fatty acids. No esters of 
tetrahymanol or of sterols were found. 

I NTRODUCTION 

In lipid extracts from Tetrahymena pyri- 
forrnis, many workers have noted the presence 
of a component  that resembled cholesteryl 
oleate by thin layer chromatography (TLC), 
However, no rigorous attempts have been made 
to characterize it. Shorb (1) reported that, 
when Tetrahymena was grown on a medium 
supplemented with acetate, 17% of the neutral 
lipids obtained were "cholesteryl esters." Holm- 
lund (2) noted that Tetrahymena incorporated 
[2-14C] sodium acetate into squalene and a 
component with TLC properties like choles- 
teryl oleate. Since T. pyriformis has not  been 
demonstrated to produce sterols, but does pro- 
duce one or more triterpenoid alchols, it was 
considered that the component might consist of 
one or a series of triterpenoid esters of fatty 
acids. 

Kapoulas and Thompson (3) have observed 
incorporation of label from hexadecanol-l-14C 
by a cell-free preparation from T. pyriformis 
i n t o  a fraction termed "triglycerides and 
waxes." Identification was based only by TLC 
of the fraction with one solvent system. More 
recently, Jonah and Erwin (4) tentatively iden- 
tified "tetrahymanol ester" and tetrahymanol 
as the major neutral lipids of both cilia and 
m i t o c h o n d r i a  derived from Tetrahymena. 
" T e t r a h y m a n o l  ester" was saponified to 
products that appeared to be tetrahymanol and 
free fatty acids by TLC. 

The present study has been directed to the 
characterization of the fraction with TLC 
properties of cholesteryl oleate. This fraction 
has been found not to consist of esters of tetra- 
hymanol or of sterols but of a mixture of wax 
esters. A preliminary report of these findings 
has been presented elsewhere (5). 

MATERIALS AND METHODS 

T. pyriformis, mating type II, variety l ,  was 
grown in 5 Fernbach flasks, each containing 
1 liter of chemically defined medium (6). The 
cultures were shaken (50rpm)  at 28 C for 
4 days in a Psychrotherm incubator (New 
Brunswick Scientific Co., New Brunswick. 
N.J.). Cells were collected by centrifugation for 
10 rain at 16,000 x G and were washed with 
600 ml 0.9% NaC1 solution. Cells were extracted 
first with three 200 ml portions of acetone- 
ether 1:1 to provide 1.08 g of lipid and then 
with 200 mI CHCI3-CH3OH to yield 0.212 g 
a d d i t i o n a l  lipid. Since TLC revealed the 
presence of wax esters only in the first extract, 
it was dried with anhydrous Na2SO4, concen- 

trated in vacuo, and applied as a solution in 
Skellysolve B to a 30 g Biosil A (100-200 mesh, 
Calbiochem, Los Angeles, Calif.) column. After 
elution of hydrocarbons with 200 ml Skelly- 
solve B, fractions containing wax esters and 
more polar products (8.7 rag) were eluted with 
Skellysolve B-diethyl ether, 99.5:0.5. Prepara- 
t ive TLC with Skellysolve B-diethyl ether- 
glacial acetic acid, 90:10:1, provided purified 
wax esters (<2 rag, estimated). 

TLC was conducted with 20 x 20 cm plates 
precoated with 0.25 mm Silica Gel F-254 on 
aluminum or glass (EM Reagent Division, Brink- 
man Instruments, Westbury, N.Y.). Wax esters 
comigrated with cholesteryl oleate. 

Gas hquid chromatography (GLC) was per- 
formed with a Hewlett-Packard model 5750B 
gas chromatograph equipped with a flame ioni- 
zation detector. Two columns were employed: 
a 10 f  t, 1 /4in.  inside diameter stainless steel 
column packed with Gas Chrom P (80-100) 
which was impregnated with 15% diethylene 
glycol succinate (DEGS), and a 6 ft, 1/4 in. in- 
side diameter stainless steel column packed 
with Anakrom ABS (90-100), impregnated with 
3% OV-1. The carrier gas (nitrogen) flow rate 
was 25 and 27 ml/min, respectively. One analy- 
sis was performed with a 6 ft, 1 /8in.  inside 
d i a m e t e r  glass column, packed with Gas 
Chrom Q 100-120 containing 3% SE 30. This 
column was mounted in a Perkin Elmer 900 gas 
liquid chromatograph, and the carrier gas was 
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TABLE I 

Composition of Wax Esters from Tetrahymena pyriformis a 
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Fatty acids 

Tentative Relative 
Carbon no. identity b amount (%) 

Alcohols 

Tentative Relative 
Carbon no. identity b amount (%) 

14.0 14:0 2.9 
14.5 15 Br 2.4 
15.0 15:0 Trace 
15.5  16  Br 1.0 
16:0 16:0 7.3 
16.5 17B r 10.3 
17.0 17:0 Trace 
17.5 18 Br 2.6 
18.0 18:0 9.1 
18.5 19 Br 43.6 
19.0 19:0 Trace 
19.5 20Br 2.4 
20.0 20:0 4.7 
20.5 21Br 13.6 

15.1 15:0 1.6 
15.6 16 Br 2.3 
16.0 16:0 28.0 
16.45 17 Br 19.0 
17.0 17:0 1.8 
17.5 18 Br 8.2 
18.0 18:0 23.2 
18.5 19 Br 15.8 

aGas liquid chromatography of the alcohol and fatty acid methyl ester fractions obtained by trans- 
esterification of the wax esters was conducted on a 15% diethylene glycol succinate column at 190 C. 

bFatty acyl and fatty alcohol moieties of the wax esters are designated by the number of carbon 
atoms in the molecule. Numerical superscripts refer to the number of double bonds, whereas the 
superscript "Br"  indicates that the molecule is branched rather than straight chain. 

n i t rogen  at 20 m l / m i n .  
H y d r o g e n a t i o n  of  the  a lcohol  and  f a t t y  acid 

m e t h y l  es ter  f r ac t ions  was accompl i shed  by  
mix ing  so lu t ions ,  CH2C12-CH3OH , 1:1,  of  the  
samples  in t he  presence  of  PtO 2 for  1-1/2 hr  
u n d e r  h y d r o g e n  at 200 psi. 

Refe rence  samples  of  a lcohols  and  f a t t y  acid 
m e t h y l  esters were o b t a i n e d  f rom Appl ied  
Science Labora to r i e s ,  Sta te  College, Pa. 

RESULTS A N D  DISCUSSION 

The i so la ted  wax es ter  p r e p a r a t i o n  was t rans-  
e s t e r i f i e d  in 0 . 2 N  sod ium m e t h o x i d e  in 
m e t h a n o l .  P roduc t s  were resolved by  TLC in 
sys tem I, and  the  resu l t ing  m e t h y l  esters  and  
free a lcohols  were e lu ted  f r o m  the  pla te  wi th  
d ie thy l  e the r  and,  a f te r  c o n c e n t r a t i o n  u n d e r  
n i t rogen ,  were ana lyzed  by GLC. An  a l iquo t  of  
the  a lcohol  f r ac t ion  first was ana lyzed  by  GLC 
wi th  a 3% SE 30 c o l u m n  m a i n t a i n e d  at 250  C. 
Refe rence  cho les t e ro l  emerged  at 6.6 rain and  
t e t r a h y m a n o l  at  15.9 min.  The  a lcohol  p repara -  
t ion  was m o n i t o r e d  for  20 min ,  bu t  no  peak  
was n o t e d  a f te r  5 min.  It  is, t he re fo re ,  con-  
c luded  tha t  no  de t ec t ab le  esters  of  te t ra -  
h y m a n o l  or s terols  were p resen t  in the  wax 
ester  f r ac t ion  f r o m  T. pyriformis.  

C o m p o s i t i o n  of  the  a lcohol  and fa t ty  acid 
moie t ies  der ived f rom t he  wax esters  is s h o w n  
in Table  I. I den t i f i c a t i on  is based  u p o n  esti- 
m a t e d  c a r b o n  n u m b e r  o b t a i n e d  f r o m  plo ts  of  
log r e t e n t i o n  t ime  vs. c a r b o n  n u m b e r  of  refer-  
ence s t andards  w i th  tw o  d i f fe ren t  c o n d i t i o n s  of  

GLC;  15% DEGS at 190 C and  3% OV-1 at 150 
and  160 C for  the  a lcohols ,  and  at 160 and  
180 C for  the  f a t t y  acid m e t h y l  esters.  Sur- 
prisingly,  n o  u n s a t u r a t e d  a lcohols  or f a t t y  acids 
were observed .  F u r t h e r  ev idence  for  the  lack of  
u n s a t u r a t e d  c o m p o u n d s  is p rov ided  by  the  fac t  
t ha t  no  qual i ta t ive  or quan t i t a t ive  changes  were 
n o t e d  f rom c h r o m a t o g r a p h y  on  15% DEGS 
af ter  h y d r o g e n a t i o n  of  t he  a lcohol  and  m e t h y l  
ester  f rac t ions .  Moreover ,  w i th  one  excep t ion ,  
GLC on 3% OV-1 y ie lded  t he  same n u m b e r  of  
peaks  in ca. the  same relat ive p r o p o r t i o n s  as 
was observed  f r o m  the  15% DEG8 c o l u m n  wi th  
the  a lcohol  and  m e t h y l  es ter  p repara t ions .  The  
only  e x c e p t i o n  lies in  obse rva t ions  wi th  t he  al- 
coho l  p r epa ra t i on .  Analys is  on  15% DEGS 
(Table  I)  i n d i c a t e d  t h a t  ca. 31% of  the  a lcohol  
m i x tu r e  is r e p r e s e n t e d  by  18 :0  and  18 :Br  alco- 
hols.  On 3% OV-1,  ca. 34% of  the  t o t a l  a lcohol  
f r ac t ion  is compr i s ed  of  3 poor ly  resolved peaks  
wi th  c a r b o n  n u m b e r s  equa l  to  17.6,  17.8, and  
18.1. 

The  h igh  p r o p o r t i o n  of  b r a n c h e d  moie t ies  in 
the  wax esters  f r o m  T. pyri formis  (45 .3% 
b r a n c h e d  a lcohols  and  76% b r a n c h e d  f a t t y  
acids) appears  to  be rare  a m o n g  na tu ra l l y  occur-  
r ing wax esters.  Wax esters  f r o m  p lan t s  (7)  and  
mar ine  o rgan i sms  (8)  are low in the i r  c o n t e n t  of  
b r a n c h e d  chain  moie t ies ,  bu t  b r a n c h e d  f a t t y  
acids are a b u n d a n t  in t he  wax esters  of  v e r n e x  
caseosa,  the  g reasy  mate r ia l  on  the  skin of  t he  
n e w b o r n  (9) ,  f r o m  the  uropygia l  glands of  b i rds  
(10 ,11) ,  and  f r o m  the  acous t ic  t issues of  the  
propoise  (12) .  The l a t t e r  two  sources  (11 ,12 )  
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also con ta in  a high c o n t e n t  of  b r a n c h e d  fa t ty  
a lcohol  moiet ies .  

A l t h o u g h  a very low p r o p o r t i o n  of  the  to ta l  
fa t ty  acids f rom T. pyriforrnis mat ing  type  I1, 
variety I, are b r a n c h e d  chain  c o m p o u n d s  (13) ,  
it is clear t ha t  wax esters  which  rep resen t  
<0 .1  5% of  the  to ta l  l ipids could  con ta in  a high 
p r o p o r t i o n  of  b r a n c h e d  fa t ty  acids w i t h o u t  
marked ly  c o n t r i b u t i n g  to the  to ta l  cel lular  con-  
ten t .  The f u n c t i o n  of  these unusua l  wax esters  
in T. pyriformis r ema ins  to be d e t e r m i n e d .  
Since they  are present  in very low a m o u n t s ,  use 
as an energy reserve would  seem to be pre- 
c luded.  
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D e p a r t m e n t  of  C h e m i s t r y  
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In Vitro Studies on Interaction ot Rat Pancreatic Lipase and 
Colipase with Biliary Lipids 

A B S T R A C T  

Lipase and  colipase were p repared  
separa te ly  f rom rat pancrea t i c  ju ice ,  and  
the i r  respect ive  i n t e r ac t i on  wi th  bi l iary 
l ipids was inves t iga ted  by gel f i l t r a t ion  on  
agarose in the  presence of  a micellar  solu- 
t ion  of  sod ium t a u r o c h o l a t e .  It was f o u n d  
tha t  the  co fac to r  can associate  wi th  the  
biliary l ipids,  whereas  the  e n z y m e  fo rms  a 
high mol  wt c o m p l e x  on ly  in the  presence  
of colipase.  It is suggested tha t  bi l iary 
phospho l ip id s  might  par t i c ipa te  in the  in 
vivo f o r m a t i o n  of  the  e n z y m e - c o f a c t o r  
subs t ra t e  c o m p l e x  at the  t r ig lycer ide-  
wate r  in te r face  in the  presence  of  bile 
salts. 

I N T R O D U C T I O N  

Pancrea t ic  lipase ca ta lyzes  the  i n t r a l u m i n a r  
hydrolys is  of  water - inso luble  d ie ta ry  tr iglyc- 

er ides in the  presence of  high c o n c e n t r a t i o n s  of  
bile salts. E n z y m a t i c  hydro lys i s  of  t r ig lycer ides  
requi res  the  presence  o f  a p ro t e in  co fac to r  (co- 
l ipase) which  is p resent  in the  panc rea t i c  secre- 
t ion  (1-3).  

It is well d o c u m e n t e d  tfiat  lipase no t  on ly  
b inds  to the  l ip id-water  in te r face  of  inso luble  
subs t r a t e s  bu t  also fo rms  water-soluble  h igh 
tool wt aggregates wi th  polar  l ipids which  have 
been charac te r i zed  by exc lus ion  "from Sepha-  
dex G 200  upon  gel f i l t ra t ion  (4 ,5) .  Jr~'lanson 
and  Borgs t r6m (6)  have r epo r t ed  t ha t  h u m a n  
pancrea t i c  lipase occurs  in a m a c r o m o l e c u l a r  

fo rm in the  in tes t ina l  c o n t e n t ,  and  s tudies  by  
Kimura ,  e t  al., (7)  have s h o w n  tha t  h u m a n  pan-  
creat ic  lipase is modi f i ed  in the  d u o d e n u m  in 
the  presence of  bile and  is conve r t ed  to a h igh 
mol  wt fo rm.  Kimura ,  et  al., (7)  suggested t ha t  
the  high mol  wt lipase might  resul t  f rom its 
i n t e rac t ion  wi th  the  bi l iary p h o s p h o l i p i d s  in the  
presence  of  a co fac to r  of  pancrea t i c  juice t h a t  
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vivo f o r m a t i o n  of  the  e n z y m e - c o f a c t o r  
subs t ra t e  c o m p l e x  at the  t r ig lycer ide-  
wate r  in te r face  in the  presence  of  bile 
salts. 

I N T R O D U C T I O N  

Pancrea t ic  lipase ca ta lyzes  the  i n t r a l u m i n a r  
hydrolys is  of  water - inso luble  d ie ta ry  tr iglyc- 

er ides in the  presence of  high c o n c e n t r a t i o n s  of  
bile salts. E n z y m a t i c  hydro lys i s  of  t r ig lycer ides  
requi res  the  presence  o f  a p ro t e in  co fac to r  (co- 
l ipase) which  is p resent  in the  panc rea t i c  secre- 
t ion  (1-3).  

It is well d o c u m e n t e d  tfiat  lipase no t  on ly  
b inds  to the  l ip id-water  in te r face  of  inso luble  
subs t r a t e s  bu t  also fo rms  water-soluble  h igh 
tool wt aggregates wi th  polar  l ipids which  have 
been charac te r i zed  by exc lus ion  "from Sepha-  
dex G 200  upon  gel f i l t ra t ion  (4 ,5) .  Jr~'lanson 
and  Borgs t r6m (6)  have r epo r t ed  t ha t  h u m a n  
pancrea t i c  lipase occurs  in a m a c r o m o l e c u l a r  

fo rm in the  in tes t ina l  c o n t e n t ,  and  s tudies  by  
Kimura ,  e t  al., (7)  have s h o w n  tha t  h u m a n  pan-  
creat ic  lipase is modi f i ed  in the  d u o d e n u m  in 
the  presence of  bile and  is conve r t ed  to a h igh 
mol  wt fo rm.  Kimura ,  et  al., (7)  suggested t ha t  
the  high mol  wt lipase might  resul t  f rom its 
i n t e rac t ion  wi th  the  bi l iary p h o s p h o l i p i d s  in the  
presence  of  a co fac to r  of  pancrea t i c  juice t h a t  
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FIG. 1. Sephadex G 100 gel filtration of (A) rat pancreatic juice and (B) centrifuged rat pancreas homoge- 
nate. Volume of each fraction, 12 ml. (A) The column was loaded with a sample of juice (5 ml) containing 4400 
lipase and 2250 colipase units. Fractions with lipase and colipase activity were pooled separately as indicated by 
the bars. (B) The column was loaded with 3700 lipase and 2500 colipase units in 8 ml. = = = Lipase activity, 

. = e-  - �9 colipase activity, and o- - -o = absorbance at 280 nm. 

could be colipase. During recent  investigations 
(8) on the behavior  of  biliary phosphol ipids  
during in vivo fat digestion, we observed that  
these lipids part ly are associated with the emul-  
sified phase of  the  intest inal  con ten t  in which 
lipase and colipase were found.  In this com-  
munica t ion ,  we present the results of  in vi tro 
studies on the in terac t ion  of  lipase wi th  bil iary 
lipids in the absence and in the  presence of  co- 
lipase. The results conf i rm the idea that  co- 
lipase is required for  the a t t achment  and func- 
t ion of  lipase at interfaces and suggest that  
biliary phosphol ipids  might  par t ic ipate  in the  in 
vivo fo rmat ion  of  an active complex  of  the 
enzyme  at the water-substrate interface.  

E X P E R I M E N T A L  PROCEDURES 

Rat pancreat ic  juice and rat bile were col- 
lected separately by cannula t ion ,  as previously 
described (8). Pancreas ob ta ined  f rom two rats 
were homogen ized  for 2 rain in 10 t imes their  
wt of  ice-cold water  added wi th  1 mM benz- 
amidine.  The homogena te  was centr i fuged at 
20,000 x g for 20 min,  and the supernatant  was 

col lected.  Gel f i l t ra t ion of  rat pancreat ic  juice 
and centr i fuged pancreas homogena te  was car- 
ried ou t  on a co lumn of  Sephadex G 100 
(80 x 2.5 cm) equil ibrate  in 0.4 M NaC1 con- 
taining 2.5 mM CaC12 and 1 mM benzamidine .  
Elut ion was pe r fo rmed  at 4 C with  the same 
solvent at the cons tant  f low rate of  15 ml/hr .  
The lipase fract ions were pooled ,  dialyzed 
against water ,  and lyophi l ized.  The colipase 
fract ions were frozen.  

The fo l lowing mixtures  were prepared.  (A) 
Rat bile (1.0 ml, conta in ing 3 mg phospho-  
l ipids/ml)  was mixed  with  0.1 ml lipase f rac t ion 
(300 enzyme  units) .  (B) Rat bile (1.0 ml) was 
mixed  with  1.2 ml colipase fract ion (445 co- 
factor  units) .  (C) Rat bile (1.0 ml) was mixed  
wi th  0.1 ml lipase and 1.0 ml colipase. The mix-  
tures were kept  for 2 h r  under  gentle stirring. 
G e l  f i l t r a t i o n  on agarose (Bin-Gel A-5m,  
100-200 mesh) was carried out  at 4 C on a 
co lumn ( 8 . 0 x  1.5 cm, void volume,  5 9 m l )  
equi l ibra ted in 0.1 M NaC1 containing 6 mM 
sodium taurochola te  and e luted wi th  the same 
solvent at a constant  f low rate of  10 ml/hr .  In 
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FIG.  2. Gel F i l t r a t i on  on  agarose  of  ra t  b i le  added  w i t h  (A) rat  l ipase,  (B) ra t  co l ipase ,  and  (C) l ipase  a n d  
col ipase .  V o l u m e  of  each  f rac t ion ,  2.5 rift. -- - = Lipase  ac t iv i ty ,  *- - -* = col ipase  ac t iv i ty ,  and  A- - - ,  = phos-  
phol ip ids .  

these conditions, the biliary lipids were main- 
tained in a dispersed state. 

Lipase activity was determined at pH 9.0 
and 25 C with the previously described poten- 
tiometric technique (9). Since the colipase-free 
lipase is inhibited strongly by micellar solutions 
of conjugated bile salts (3), sufficient amount 
of colipase was added to the assay system to 
determine the actual amount of hpase (maxi- 
mum enzyme activity). One lipase unit corres- 
ponds to the liberation of one microequivalent 
fatty acid/min in standard conditions. Advan- 
tage was taken of the activating effect of the 
cofactor toward purified lipase to estimate the 
colipase activity in the same conditions. 

Bile phospholipis were extracted with 20 
volumes of chloroform-methanol (2:1, v/v), and 
the phosphorus content was estimated after 
mineralization (10). 

RESULTS AND DISCUSSION 

As presented in Figure l A, full separation of 
lipase from its cofactor was achieved by gel fil- 
t rat ion of rat pancreatic juice on Sepha- 
dex G I00. The removal of colipase was con- 
firmed by the fact that the enzyme activity of 
the lipase fractions was as low as 2% when 
measured in the absence of added cofactor. Ali- 
quots of the lipase and colipase fractions were 

mixed separately with rat bile, and both mix- 
tures were passed through a column of agarose. 
The elution profiles are shown in Figures 2A 
and 2B. When lipase was mixed with bile, the 
major part of the enzyme was eluted at 2.3 void 
volumes, as in the absence of bile, and very 
tittle activity was associated with the biliary 
phospholipids which emerged at ca. 2.0 void 
volumes. In the same conditions, it could be 
observed that a large proportion of colipase was 
associated with the phospholipids, indicating 
that the binding capacity of colipase to the 
biliary lipids is independent from the presence 
of lipase. It is noteworthy that the apparent 
tool wt of the colipase fraction not bound to 
phospholipids is ca. 20,000-25,000 daltons. 
This fraction most probably represents the 
dimer form of the cofactor found in gel filtra- 
tion (3) and in ultracentrifugational studies (2) 
both performed in the presence of 4 mM 
sodium taurodeoxycholate. 

Figure 2C shows the elution diagram of rat 
bile mixed with lipase and colipase. In contrast 
with the experiment of Figure 2A, the major 
part of the enzyme activity now is associated 
with the biliary phospholipids in the form of a 
high tool wt complex which includes colipase. 
Very similar results were obtained when rat bile 
was mixed with an aliquot of rat pancreatic 
juice. 
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The superna tan t  f rac t ion  of  an h o m o g e n a t e  
of  rat pancreas t hen  was f i l tered th rough  Sepha- 
dex G 100 in the  same cond i t ions  as pancrea t ic  
juice.  It can be observed f r o m  the  diagram of  
Figure 1 B that  the  major  part  of  the  lipase is in 
an active high mol  wt fo rm e lu ted  wi th  the void 
volume of  the  co lumn.  This fast moving fo rm 
of  lipase conta ins  a lmost  the  same a m o u n t  of  
colipase as the  sample placed on the co lumn.  
The general conclus ion  can be made  that  co- 
lipase is present  in the  water-soluble high mol  
wt comp lex  fo rm ed  by lipase e i ther  wi th  biliary 
lipids or wi th  lipids f rom pancreas  in the  ab- 
sence of  bile salts. It is then  likely that  colipase 
is essential for the  fo rma t ion  of  a high mol  wt 
fo rm of  the  enzyme .  It is suggested tha t  biliary 
phosphol ip ids ,  f o u n d  in the  in t ra luminar  emul-  
sified phase,  might  par t ic ipate  in vivo in the 
fo rma t ion  of  an active l ipase-col ipase-substrate  
complex  at the  t r ig lycer ide-water  in ter face .  
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Rate of Restoration of Cardiolipin and Other Major 
Phospholipids during Liver Regeneration in Rat 
GORAN FEX and KERSTIN THORZELL, Department of Chemistry, 
Section of Physiological Chemistry, S-901 87, Ume~, Sweden 

ABSTRACT 

The rate of restoration of liver phos- 
pholipids, especially cardiolipin, during 
liver regeneration after two-thirds partial 
hepatectomy, was studied. Preoperative 
content of cardiolipin was not restored 
during the first week of regeneration, 
while this was the case for the other 
major liver phospholipids. The observa- 
tions are discussed in relation to the mor- 
phogenesis of mitochondria during liver 
regeneration. 

I NTRODUCTION 

After partial hepatectomy in the rat, there is 
a rapid increase in wt of the residual liver, 
which, in the course of 1 week, increases about 
3 times (1). The amount of phospholipid in the 
fiver keeps pace with this rapid growth (2,3), 
and, since the phospholipids occur only in the 
membranes of the cells (4), this means that the 
total amount of subcellular membranes in the 
cells keeps pace with the increase in mass. How- 
ever, the different subcellular membranes do 
not increase in parallel during regeneration. 
Gear (5) has shown that liver mass increases 
more rapidly than the amount of mitochondrial 
protein and the total activity of a number of 
enzymes, and Allard, et al., (6) showed that the 
number of mitochondria/liver cell stays low 
long after the restoration of liver mass has been 
achieved. Another way to study the "regenera- 
t ion" of mitochondria or, more specifically, of 
mitochondrial membranes has been made possi- 
ble by the demonstration of the mitochondria 
as the only organelle which contains (7) (and 
synthesizes [8])  cardiolipin. As the cardiolipin 
concentration of purified mitochondria does 
not vary much with age in rats (9), changes in 
the content of cardiolipin during regeneration 
probably reflect the amount of mitochondrial 
membranes in the liver (9). In the present work, 
the amount of cardiolipin and, for the sake of 
comparison, the amounts of the other major 
phospholipids in the liver have been followed 
for the first 14 days of liver regeneration in 
adult rats. Laparotomized rats were used as 
controls. The data show that preoperative car- 
diolipin content is restored rapidly during re- 
generation, although the rate is slower than for 
the other major phospholipids. 

MATERIALS  A N D  METHODS 

Male Sprague-Dawley rats (AB Anticimex, 
Stockholm, Sweden) fed laboratory chow (AB 
EWOS, S6dertiilje, Sweden) and weighing ca. 
200 g (191-220 g) at the start of the experi- 
ment were used. They were kept in an artificial- 
ly l i g h t e d  r o o m  w i t h  l i gh t s  on from 
8 a.m.-8 p.m. Partial hepatectomy (10) or lapa- 
rotomy were performed under ether anaesthesia 
in the morning between 8-11 a.m. without prior 
fasting of the rats. In our hands, the former 
overation removed 70.0 + 0.3% (mean + stan- 
dard error, 20 rats) of the liver parenchyma. 
After the operation, the rats were fasted with 
free access to water for 48 hr and were then 
given food and water ad libitum. With this feed- 
ing procedure, differences in the nutrit ional 
state of the animals due to the high food con- 
sumption of the control rats (11) could be 
avoided. A number of rats was killed without 
operation at the start of the experiment. 
Their livers were used to assess preoperative 
values for liver wt and liver phospholipid con- 
tent. All rats were killed by exsanguination via 
the abdominal aorta. The livers were excised 
quickly, washed, blotted dry, weighed, and 
h o m o g e n i z e d  in 20 volumes chloroform: 
methanol, 2:1 (v/v). Lipid extracts then were 
prepared according to Folch, et al. (12). 

Liver phospholipids, except cardiolipin, were 
isolated by thin layer chromatography (TLC) 
according to Skipski, et al., (13). For the isola- 
tion of cardiolipin, a two stage TLC technique 
was used (14). The plates were sprayed with I% 
(w/v) iodine in methanol, the spots correspond- 
ing to the different phospholipids were outlined 
and scraped off, and the lipids eluted according 
to Arvidson (I 5). The recovery from the plates 
was always 90% or better as judged from deter- 
minations of lipid phosphorous (16). Student's 
t-test was used for statistical computations, and 
the level of significance was set at 5%. 

RESULTS 

In the regenerating liver, the content of the 
i n d i v i d u a l  phospholipids (Fig. 1) increased 
rapdily, and the preoperative content of all 
major phospholipids, except cardiolipin, was 
restored in 7 days. Preoperative cardiolipin con- 
tent was not restored in the first 7 days after 
the operation. Initially, cardiolipin and lecithin 
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FIG. 1. Content of individual liver phospholipids in the whole liver as a function of time after partial 
hepatectomy o - - - e  or laparotomy o - - - o  expressed as percent of preoperative content. Each plotted value is 
M • standard deviation of 6 partially hepatectomized rats. or 3 laparotomized rats or 6 unoperated zero-time 
(100%) control rats. The preoperative content for the different phospholipids were (expressed as/~moles -+ stan- 
dard deviation): cardiolipin, 9.45 +- 0.98; phosphatidyl ethanolamine, 83.84 -+ 10.34; phosphatidylinositol 
+ phosphatidylserine, 29.82 ~+ 3.82; lecithin, 175.32 -+ 20.18; and sphingomyelin, 14.08 _+ 2,34. The straight lines 
fitted to the data of the regenerating rats were Y = 26.9 + 8.45x (r = 0.99); Y = 29.9 + 10.72x (r = 0.99); Y = 
31.76 + 10.16x (r = 0.96); Y=22.63 +10.5x (r = 0.97); and Y = 30.10 + 10.7x (r-- 0.96) for the different 
phospholipids in the same order as above. 

c o n t e n t  increased s lower  t h a n  the  o t h e r  ma jo r  
phospho l ip ids  bu t ,  f r om the  t h i rd  day and  on,  
the  ra te  of  increase  in  lec i th in  was as rapid  as for  
t he  o t h e r  ma jo r  phospho l ip ids .  The  rate  of  in- 
crease in card io l ip in  c o n t e n t  t e n d e d  to be 
s lower t han  the  o t h e r  phospho l ip id s  at all 
t imes.  

In the  con t ro l s ,  t he  c o n t e n t  of  all p h o s p h o -  
l ipids decreased dur ing the  first  2 days and  t hen  
increased again. The  ra te  of  r e s to ra t ion  fol- 
lowed  the  same general  p a t t e r n  as in the  regen- 
era t ing  livers. Cardiol!pin c o n t e n t  did no t  re- 
t u rn  to the  preopera t ive  level un t i l  on  the  
f o u r t h  day while all o t h e r  p h o s p h o l i p i d s  re- 
s tored  the i r  p reopera t ive  c o n t e n t  on  the  th i rd  
day. 

In b o t h  groups,  the  p h o s p h o l i p i d  concen t r a -  
t ion  expressed  a s / s m o l e s / g  wet  l iver wt was ca. 
cons t an t  t h r o u g h o u t  the  e x p e r i m e n t .  

Stra ight  l ines were f i t t ed  to  the  data  f rom 
the  first 7 days of  r egene ra t ion  (Fig. 1) by  the  
m e t h o d  of  least  squares.  Cor re la t ion  coeffi-  
c ients  o f  0 .96-0 .99  were o b t a i n e d  ind ica t ing  a 
h igh  degree of xmeaI ~cta t lonship .  Fhe  regres- 

sion coeff ic ient  was 8.45 for  card io l ip in  and  
10 .16-10 .72  for  the  o t h e r  ma jo r  phospho l ip ids .  
The  i n t e r cep t s  were close to  30 for  all p h o s p h o -  
lipids, excep t  card io l ip in  and  lec i th in .  

DISCUSSION 

The c o n t e n t  of  all major  phospho l ip ids ,  ex-  
cept  cardiol ip in ,  was r e s to red  to  the  p reopera -  
tive level wi th in  7 days (Fig. 1). Cardio l ip in  is, 
however ,  d i f fe rent  f rom the  o t h e r  ma jo r  phos-  
phol ip ids  also in the  sense t h a t  its syn thes i s  
p r o b a b l y  occurs  on ly  in the  m i t o c h o n d r i a  (8 ,9) ,  
while the  synthes i s  of  the  o t h e r  p h o s p h o l i p i d s  
ma in ly  occurs  in the  endop la smic  r e t i cu lum 
(17) .  Thus,  it is possible  t h a t  the  t u r n o v e r  of  
cardiol ip in  is regula ted  in a d i f fe ren t  way t h a n  
the  t u r n o v e r  of  the  o t h e r  ma jo r  p h o s p h o l i p i d s  
and  t ha t  this  was why  card io l ip in  c o n t e n t  in- 
creased at a s lower  ra te .  Since card io l ip in  p rob -  
ably occurs  on ly  in the  m i t o c h o n d r i a l  m e m -  
b rane  (7) ,  changes  in the  card io l ip in  c o n t e n t  of  
the  l iver has been  t a k e n  as a measure  of  changes  
in the  a m o u n t  of  m i t o c h o n d r i a l  m e m b r a n e s  in 
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the  l iver (9).  I f  th is  were also t rue  for  the  regen-  
e ra t ing  liver, it is clear f r o m  Figure 1 t h a t  t he  
p reopera t ive  a m o u n t  of  m i t o c h o n d r i a l  mem-  
brane  was r e s to red  wi th in  14 days of  regenera-  
t ion ,  in fact ,  p r o b a b l y  a l ready af te r  8-9 days.  
This  is more  rapid  t h a n  has  been  s h o w n  for  t he  
r e s to ra t ion  of  p reopera t ive  a m o u n t  of  t o t a l  
m i t o c h o n d r i a l  p ro t e in  (5).  However ,  as s h o w n  
by Gear  (5) ,  the  i nne r  and  o u t e r  m i t o c h o n d r i a l  
m e m b r a n e s  may  be r e s to red  a s y n c h r o n o u s l y  
dur ing  liver r egene ra t ion  wh ich  may expla in  the  
d i f fe ren t  ra tes  of  r e s to ra t i on  of  card io l ip in  con-  
t e n t  and  to ta l  m i t o c h o n d r i a l  p ro te in .  

The  average daily ne t  syn thes i s  of  t he  differ-  
en t  l iver phospho l ip id s  dur ing  the  first week  of  
regeneration (ca lcu la ted  f r o m  the  slopes of  the  
s t ra ight  l ines) was, in relat ive t e rms ,  r e m a r k a b l y  
similar for  all major  phospho l ip id s ,  excep t  car- 
diol ipin.  Thus ,  o n  t he  average, the  ne t  increase  
in p h o s p h o l i p i d  c o n t e n t  of  the  liver r e m n a n t  
occu r red  wi th  ca. c o n s t a n t  p r o p o r t i o n s  b e t w e e n  
the  ma jo r  phospho l ip id s  in accord  w i th  pre-  
v ious  inves t iga t ions  (2 ,3 ,18) .  The  average ne t  
syn thes i s  of  card io l ip in  dur ing  the  first 7 days 
of r egene ra t i on  was 0 . 8 / J m o l e s  daily.  Using t he  
figures given by  Gear  (5)  on  t he  c o n t e n t  o f  
m i t o c h o n d r i a l  p ro t e in  in regenera t ing  and  con-  
t ro l  livers, ra tes  of  ne t  card io l ip in  syn thes i s  of  
0 .51-0 .29  n m o l e s  x rag-1 x h -1 and  0.1 1 n m o l e s  
x mg -1 x h -1 can be  ca lcu la ted  for  r egenera t ing  
and  con t ro l  livers ( second  and  s ix th  days a f te r  
ope ra t ion ) .  These  figures are,  a l t h o u g h  mini-  
m u m  vaiues (since t u r n o v e r  o f  ca rd io l ip in  p rob-  
ably occurs  u n d e r  the  cond i t i ons  of  the  exper i -  
m e n t  [G.  Fex ,  u n p u b l i s h e d  d a t a ] ) ,  10-60-fold 
grea ter  t h a n  t he  ra te  of  card io l ip in  syn thes i s  in 
in v i t ro  sys tems (8).  
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Effects of Diet and Type I la Hyperlipoproteinemia upon 
Structure of Triacylglycerols and Phosphatidyl Cholines from 
Human Plasma Lipoproteins 1 
DENNIS T, GORDON 2, ROBERT E. PITAS, and ROBERT G. JENSEN, Department of Nutritional 
Sciences, University of Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

Four normal and two individuals with 
Type IIa hyperlipoproteinemia were 
placed on the National Heart and Lung 
Institute Type lIa diet (low cholesterol, 
<300 mg/day, high polyunsaturated, low 
saturated fat diet) for 1 week and on a 
normal diet the following week. Plasma 
samples were obtained and the triacyl- 
glycerols, phospholipids, and cholesterol 
contents of plasma and of very low 
density lipoproteins, low density lipopro- 
teins, and high density lipoproteins deter- 
mined. Triacylglycerol fatty acid compo- 
sition was determined and stereospecific 
analyses of triaclglycerols and phospha- 
tidyl cholines performed. Structural de- 
terminations were limited to one normal 
and one Type IIa individual. In normal 
and Type IIa individuals, chylomicrons 
contained twice the amount of 18:0 as 
did the very low density lipoproteins, low 
density lipoproteins, or high density lipo- 
proteins. The structure of the triacylglyc- 
erols from the very low density lipopro- 
reins and low density lipoproteins was 
asymmetric with at least 50M% 16:0 in 
the sn-1 position and mostly 18:1 in 
positions sn-2 and 3. There was a marked 
difference in the distribution of 18:2 in 
low density lipoproteins of the normal 
and Type IIa individuals. The control 
contained equal amounts of 18:2 in the 
sn-1 and sn-3 positions, whereas IIa low 
density lipoprotein was asymmetric with 
26% of the 18:2 in position sn-1 and 3% 
in the sn-3 position. Very low density 
lipoprotein was asymmetric with regard 
to 18:2 in control and IIa samples with 
an average of 5% of the 18:2 in position 
sn-1 and 40% in position sn-3. The 
phosphatidyl cholines contained predomi- 
nantly 16:0 and 18:0 in position sn-1, 
whereas the acids in position ,in-2 were 

1Scientific contribution 597, Agricultural Experi - 
ment Station, University of Connecticut, Storrs, Con- 
necticut 06268. 

2present address: Oregon State University Seafoods 
Laboratory, 250-36th Street, Astoria, Oregon 97103. 

unsaturated with very little difference 
between lipoprotein classes. Neither the 
short dietary periods nor source of 
plasma affected the structure of the 
phosphatidyl cholines. 

I N T R O D U C T I O N  

Only recently has the fatty acid composition 
of plasma triacylglycerols (TGs), phospholipids 
(PLs), and cholesterol esters (CEs) from pa- 
tients with the different types of primary 
hyperlipoproteinemia and coronary patients 
been compared to those from healthy subjects 
(1,2). 

The fatty acid compositions of these same 
lipids within the several plasma lipoproteins 
(LPs) from hyperlipoproteinemic patients as 
compared to healthy individuals apparently has 
not been reported, nor has the structure of the 
TGs and phosphatidyl cholines (PCs). Structure 
is defined here as the identity of the fatty acids 
in positions sn-1, 2, and 3 of the TGs and sn-1 
and 2 of the PCs. 

We hypothesized that the increased half-life 
of low density lipoproteins (LDLs) from Type 
II patients as compared to LDL from normal 
individuals, noted by Langer, et al., (3) might 
be due to differences in structure of the TGs 
and PCs in the LDLs from the two groups. We 
further postulated that the reduction of plasma 
cholesterol (C), often caused by consumption 
of fats containing 18:2, also would alter the 
structure of PC and TG. 

In this paper, we present the fatty acid 
compositions of the TG and PC from plasma 
LPs obtained from healthy subjects and from 
patients with Type IIa hyperlipoproteinemia, 
both as affected by normal and therapeutic 
diets. Also given are structural data for the TGs 
and PCs. 

MATERIALS A N D  METHODS 

Volunteer Selection 

In a preliminary screening, 69 male volun- 
teers from the University of Connecticut fac- 
ulty and staff were checked for hyperlipopro- 
teinemia by determination of plasma C and TG 
contents. The plasma samples were analyzed 

270 
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TABLE II 

Protocol for Blood Samples Drawn for Lipoprotein and Lipid Analysis 

Approximate 
blood volume 

Day Time (ml) Purpose b 

0 a After overnight fast 5 Initial screening, lipo- 
protein pattern 

1 7:30 a.m., after 14 hr overnight fast 20 Secondary screening, 
Lipoprotein profile 

7 5:30 p.m., 45 rain after start of meal consumption 75 Isolate chylomicrons 
and exogenous VLDL 

8 7:30 a.m., after 14 hr overnight fast 250 Lipoprotein profile, 
isolate endogenous 
VLDL, LDL, and HDL 

14 5:30 p.m., 45 rain after start of meal consumption 75 Isolate chylomicrons 
and exogenous VLDL 

15 7:30 a.m., after 14 hr overnight fast 250 Lipoprotein profile, 
isolate endogenous 
VLDL, LDL, and HDL 

aInitial screening, 5 weeks prior to dietary period I (Day 1). 
bVLDL = very low density lipoproteins, LDL = low density lipoproteins, and HDL = high density lipo- 

proteins. 

TABLE III 

Average Daily Calculated Nutritive Composition 
and Cholesterol Levels in Diets 

Calories Protein Carbohydrate Fat Cholesterol 
Dietary period Keal (%) (%) (%) mg 

Dietary period I a 1952 22 45 31 271 
day 1-day 7 

Dietary period II b 2770 17 42 39 591 
day 8-day 14 

aTherapeutic National Heart and Lung Institute diet, see "Material and Methods." 
bNormal diet; see "Material and Methods." 

au toma t i ca l l y  (4)  in t he  l a b o r a t o r y  of  R o b e r t  P. 
Noble ,  The Sha ron  Resea rch  Ins t i tu t e ,  Sha ron ,  
Conn .  Agarose gel e l ec t rophores i s  was used to 
ascer ta in  LP p a t t e r n s  o n  all p lasma samples .  

As a resul t  of  the  p re l imina ry  screening 
above,  six individuals ,  four  con t ro l s ,  and  two  
t en ta t ive  Type  IIs v o l u n t e e r e d  to par t i c ipa te .  
The  i den t i f i c a t i on  of  types  was c o n f i r m e d  5 
weeks la te r  by :  (A) d e t e r m i n a t i o n  of  t o t a l  
p lasma C and  T G  levels, (B) d e t e r m i n a t i o n  of  
p lasma LP by  agarose gel e l ec t rophores i s ,  and  
(C) quan t i f i c a t i on  of  p lasma LP l ipids by  
u l t r acen t r i fuga t ion .  Plasma l ipid levels o b t a i n e d  
in the  p r ima ry  and  seconda ry  screening  tes ts  are 
p re sen ted  in Table  I. The  Type  II indiv iduals  
were classified f u r t h e r  as Type  IIa based  u p o n  
the i r  p lasma T G / C  ra t io  (5) .  

I n f o r m e d  c o n s e n t  was o b t a i n e d ;  a waiver  
signed by  each  vo lunee r ;  and  pe rmiss ion  to  
c o n d u c t  the  e x p e r i m e n t  was o b t a i n e d  f r o m  the  
Univers i ty  of  C o n n e c i t u c t  H u m a n  Use C o m m i t -  

tee.  There  were no  obvious  t h y r o i d ,  renal ,  or  
hepa t i c  abno rma l i t i e s  u p o n  e x a m i n a t i o n  by  
phys ic ians  of  the  Univers i ty '  o f  C o n n e c i t u t  
Hea l th  Center ;  n o r  were any  vo lun tee r s  us ing 
drugs k n o w n  to  a f fec t  p lasma lipids. Blood 
samples  were t a k e n  in con ta ine r s  of  app rop r i a t e  
size con ta in ing  Na2 e t h y l e n e d i a m i n e t e t r a a c e t i c  
acid (EDTA)  to  have a f inal  c o n c e n t r a t i o n  of  
0.1%. Plasma was o b t a i n e d  by  cen t r i f uga t i on  at  
2000  x g for  15 rain and  4 C. 

Experimental Plan and Diets 

The e x p e r i m e n t a l  p lan ,  p re sen ted  in Table  
II ,  cons i s ted  of  p re l imina ry  and  seconda ry  
screenings,  a n d  2 consecu t ive  1 week per iods  o f  
d ie ta ry  i n t e r v e n t i o n .  During the  first week,  the  
diet  des igna ted  as t h e r a p e u t i c  fo l lowed t he  
r e c o m m e n d a t i o n  of  the  Na t iona l  Hear t  and  
Lung Ins t i t u t e  h a n d b o o k  fo r  phys ic ians  (6) .  
Fo r  the  second  week,  a n o r m a l  house  diet  was 
used. The  diets  were p repa red  b y  a d ie t i t ian ,  
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and the individual meals, as similar as possible 
in wt and composition, were obtained from the 
nearby Windham Community Memorial Hospi- 
tal, Willimantic, Conn. All meals were con- 
sumed in the Department of Nutritional Sci- 
ences building; and, although the participants 
were free living, enthusiasm was high, and we 
believe that no cheating occurred. The average 
daily consumption of the diets is given in Table 
III. 

Analytical Determinations 

Total plasma C, PL, and TG were deter- 
mined manually on isopropanol extracts (4) of 
plasma and LP fractions as described by Abell, 
et al., (7), Zilversmit and Davis (8), and Van 
Handel and Zilversmit (9), respectively. C re- 
crystallized from acetone and purified trio- 
lein (10), clean by thin layer chromatography 
(TLC), were used as standards. 

LP Profiles 

Agarose gel electrophoresis was accom- 
plished with a Bio-Gram A Lipoprotein Profile 
system (Bio-Rad Laboratories, Richmond, 
Calif. [ 11 ] ). For better visualization of mi- 
grated LP bands, the following modified stain- 
ing procedure, recommended by R.P. Noble 
(personal communication),  was employed: a 
3:2 mixture of Sudan Black B solution and 
water was layered over the developed slides on 
a flat surface. After 15 rain, the slides were 
rinsed with water. The Sudan Black B solution 
was prepared by dissolving 75 mg dye in 100 ml 
ethanol and then adding 0.5 ml Triton X-100. 

LP lipid determinations were made on 4 ml 
plasma samples. After layering with 2 ml 1.006 
g/ml NaC1 solution, the samples were centri- 
fuged at 114,000 x g (Beckman type 40.3 
rotor) for 16 hr at 4 C. All high speed 
centrifugations were done in a Beckman model 
L3-50 preparative ultracentrifuge (12). The 
floated very low density lipoproteins (VLDL) 
were removed and C, TG, and PL concentra- 
tions determined; the same analyses were per- 
formed on an aliquot of the infranatant frac- 
tion. After precipitation of the LDL with 
MnC12 and sodium heparin (13,14), the mate- 
rial was centrifuged (2000 x g for 15 rain at 4 
C) and the supernatant analyzed for C, TG, and 
PL. The concentration of lipids in the LDL 
were obtained indirectly from the relationship 
(high density lipoprotein [HDL] + LDL) - 
(HDL) = (LDL). 

Preparative Isolation of LPs 

Chylomicrons and exogenous VLDL were 
obtained from blood samples drawn 45 rain 
after the consumption of a meal. Chylomicrons 

were removed from the plasma by flotation 
through 2 cm 1.006 g/ml NaC1 solution at 
10,000 x g for 30 min (Beckman type 50.1 
rotor), cooled to 4 C, and allowed to run at 
ambient temperature. These alimentary parti- 
cles were washed 3 x through 1 cm 1.006 g/ml 
NaC1 solution for 30 min at 8000 x g at room 
temperature. The final particles, when checked 
by agarose gel electrophoresis, appeared free of 
any VLDL. Plasma cleared of chylomicrons was 
centrifuged 2 x at 10,000 x g for 30 min at 4 C. 
The resultant bot tom fraction was layered with 
1.006 g/ml NaC1 solution and centrifuged for 
18 hr at 114,000 x g and 4 C to obtain 
exogenous VLDL. 

Endogenous particles were obtained from 
plasma drawn after an overnight fast at the end 
of each dietary period (Table II). LP classes 
were isolated by flotation, sequentially ad- 
justing the density of the infranatant and 
isolation times as follows: VLDL, 1.006 g/ml, 
18 hr; LDL, 1.063 g/ml, 24 hr; and HDL, 1.21 
g/ml, 48 hr. A type 50.1 rotor (Beckman) was 
operated at 4 C. Density adjustments were 
made with a 1.478 g]ml NaC1-NaBr solution 
(12). Material of density > 1.21 g/ml was 
discarded. LP homogeneity was checked by 
agarose gel electrophoresis. 

Extraction and Isolation of Lipid Classes 

Lipids were extracted from the LP by the 
procedure of Folch, et al., (15) and separated 
into neutral and polar fractions on a Unisil 
column (Clarkson Chemical Co., Williamsport, 
Pa.) by the method of Rouser, et al., (16). 

TGs were isolated from the neutral lipid 
fraction by preparative TLC on 20 x 20 cm 
plates coated with 0.5 mm Silica Gel G in a 
solvent system of hexane/ethyl ether/glacial 
acetic acid, 90/30/2. Silica Gel H plates of the 
same dimensions and gel thickness were used to 
resolve PC in the polar fraction. The solvent 
s y s t e m  was ch loroform/methanol /wate r ,  
65/25/4. 

Stereospecific Analysis of TG and PC 

These analyses were done by the methods of 
Brockerhoff (17,18), as modified by Christie 
and Moore (19). Digestion of the TG phenyl 
phosphatide derivatives and the PCs were both 
done with phospholipase 2 (formerly A2, 
Brockerhoff and Jensen, [20]) Crotalus atrox, 
(Ross Alien Reptile Institute-, - Silver Springs, 
Fla.) as described by Sampugna and Jensen 
(21). Because the free fatty acids (FFA) from 
the TG digestion could not be separated from 
the unreacted diacylglycerol by this TLC sys- 
tem (21), these compounds required an addi- 
tional separation on a 0.5 mm Silica Gel G plate 
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(20 x 20 cm) developed in hexane/ethyl ether/ 
glacial acetic acid, 90/30/2. 

Fatty acids and acylglycerol products result- 
ing from stereospecific analysis were converted 
to their methyl esters by 15% methanolic-HC1 
and ca 2N NaOCH3 (22,23), respectively, for 
determination by gas liquid chromatography 
(GLC). Methyl esters were resolved on 3.12 m 
stainless steel columns containing 80-100 mesh 
Chromosorb W-HP (Johns-Manville Products, 
Denver, Colo.) coated with 18% DEGS. Methyl 
arachidate was used as an internal standard to 
verify by GLC that complete enzymatic diges- 
tion of PCs and phenyl phosphatides occurred 
as shown by an equality of mole units among 
the products, 

RESULTS AND DISCUSSION 

LP Lipid Composition 

The effects of both Type II and normal diets 
upon the C, TG, and PL contents of total 
plasma, VLDL, LDL, and HDL from control 
and Type IIa individuals are presented in Table 
I. The Type II diet caused appreciable decreases 
in both plasma and LDL-C in the IIa subjects, 
but the normal diet did not affect an increase 
back to the original levels, and LDL-C de- 
creased even further. This was undoubtedly due 
to a carry over effect from the Type II diet and 
the stabilized dietary regimen of the subjects. 

Plasma TG levels in the IIa's responded 
differently than the controls. While the diet of 
the first week reduced plasma TG levels by ca. 
19% in controls, these levels remained the same 
in the IIa's. After the normal diet, TG levels 
increased 25% in the IIa's as compared to 17% 
in the controls. The changes observed in total 
plasma TG levels also were reflected in 
VLDL-TG and LDL-TG concentrations. Since 
five out of six subjects gained wt during the 
normal diet period, the increased TG contents 
possibly reflected the greater fat and caloric 
content of the diet. 

Changes in plasma PC concentrations paral- 
leled those observed for plasma C, but neither 
these nor the changes in VLDL, LDL, and HDL 
were large. 

The fatty acid compositions of LP-TG were 
found to be similar to those observed in other 
studies (24-27) and to the TG obtained from 
several human body locations (28,29). Three 
fatty acids accounted for 80-90% of the TG: 
16:0, 25-30M%; 18:1~ 45-50M%; and 18:2, 
5-15M%. Comparing the mean M% for each acid 
between Type IIa and controls (Tables IV and 
V), no one acid was consistently different in 
any LP-TG. This was observed after each 
dietary period. With the mixed but regulated 

diets employed, the TG fatty acid compositions 
of the major LP are similar. There appear to be 
no significant differences in TG fatty acid 
composition and levels in individuals with 
normal and Type IIa lipoprotein profiles, ex- 
cept for a higher content of 18:0 in the 
chylomicrons than in any of the other LP, 
reflecting the composition of the diet. The only 
other dietary effect was the higher content of 
18:2 (16.5M%) in the first week over the 
second (9.4M%). This effect of feeding rela- 
tively high levels of fats containing 18:2 has 
been observed in LP-TG (25) and plasma TG 
(30). In the latter instance, the 18:2 content 
was 30-55M%. 

Allard, et al., (1) noted statistically signifi- 
cant slightly increased levels of 18:2 in all 
plasma lipid classes of Type IIa individuals as 
compared to normal subjects; differences not 
seen in our data. The analyses of Allard, et al., 
(1) were not done on individual LP classes but  
did involve 28 healthy and 25 IIa individuals as 
compared to the 4 and 2 each we studied. 

The TG fatty acid compositions of chylomi- 
crons and exogenous VLDL of the two groups 
after both dietary periods were not different, 
except for 18:0, and generally reflect the 
nature of the dietary lipids (31,32), medium 
and short chain acids not included. 

Fatty Acid Distribution in TGs from LPs 

The fatty acid distributions of all TGs 
analyzed stereospecifically are presented in 
Tables VI-IX. The fatty acid compositions of 
the 2 positions are the average of direct and 
indirect observations. The composition of the 2 
position was determined indirectly by subtract- 
ing the fatty acid composition of the 1,3-diacyl- 
glycerol (DG) obtained after ethylmagnesium 
bromide hydrolysis, from the total TG fatty 
acids. The direct method for determiningthe 
composition of the 2 position was by analysis 
of the acid liberated from the sn-l,2-diacyl-3- 
phenylphosphate with phospholipase 2. Values 
of the exogenous LDL-TG for the 2 position 
(Table VIII-Control-Type II diet) from the 
control subjects, employing these two methods, 
showed the greatest variation. The M% differ- 
ence between these two methods for this TG 2 
position were: 14:0, 0.3%; 15:0, 0.3%; 16:0, 
4.3%; 16:1, 1.3%; 17:0, 3.8%; 18:0, 4.2%; 
18:1, 6.6%; 18:2, 5.2%; 18:3, 1.8%; and 20:4, 
0.2%. The discrepancy between the two values 
is the result of acyl migration during ethyl- 
magnesium bromide hydrolysis (29) and subse- 
quent handling of reaction intermediates. 

The average value of the 2 position plus the 
fatty acid composition of the sn-1 position 
obtained from the sn-l-monoacyl  phenylphos- 
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phate subtracted from the TG fatty acid com- 
position gave an indirect value for the sn-3 
position. Negative values reported in the sn-3 
position are a result of this indirect method of 
determination and method used in calculating 
the 2 position. 

The distributions of TG fatty acids in all 
VLDL and LDL were asymmetric. The asym- 
metry and the specific fatty acid composition 
of each glycerol position appear similar to 
previous reports from analyses of other human 
tissues (28,29) and to plasma TGs (2). How- 
ever, the degree of asymmetry observed in 
circulating LP-TG is greater. 

Pafijs, et al., (2) carried out stereospecific 
analyses on the plasma TGs from normal and 
hyperlipemic (Type IV) individuals. He ob- 
served essentially the same asymmetry as seen 
in our data and further noted statistically 
significant differences between both groups in 
the composition of the sn-2 and 3 positions. 

Palmitic acid was esterified principally 
(59M%) to the sn-1 position of the TG mole- 
cules in the exogenous V L D L  particles obtained 
from the control (Table VI). The 2 position 
acids were unsaturated, containing mainly 18:1 
and 18: 2; the quantities of these acids and 16:0 
fluctuated, not conforming to any pattern. 
Higher total 18:2 levels generally were reflected 
by higher levels of this acid in the 2 position. 
Oleic acid (18:1) accounted for 52-67M% of 
the acids at the sn-3 position. Slightly higher, 
but similar values, were observed in endogenous 
particles after both dietary periods. 

An even greater asymmetry was observed in 
the sn-1 and sn-3 position of the VLDL-TG in 
the Type IIa individual (Table VII). There was a 
6M% increase in the 16:0 content of the sn-1 
position over the control in all similar V L D L  
particles. Again, the 2 position acids were 
mainly unsaturated. The 3 position contained 
ca. 15M% more 18:1 than the control in the 
endogenous VLDL particles obtained after both 
dietary periods. As in the control, the 18:1 
content of the sn-3 position increased after an 
overnight fast. In all VLDL-TG from the Type 
IIa individuals, the 16:0 content was reduced 
substantially from that observed in the sn-3 
position of the control. 

While the fatty acid distributions of the 
endogenous LDL-TG from both subjects were 
nearly identical (Table VIII), the degree of 
asymmetry was slightly different than observed 
in VLDL-TG. The sn-1 position contained 
60-64M% 16:0, similar to the amount  observed 
in the control. The 2 position acids were 
unsaturated, but increased 18:2 content was 
evident in the LP obtained after the first 
dietary period for both individuals. A slight 
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TABLE IX 

Relative Contents  (wt %) of  16:0 and 18:2 in sn-Positions 1, 2, and 3 of Very Low 
Density Lipoproteins  (VLDL) and Low Density Lipoproteins  (LDL) 

from Normal and Type l la  Hyper l ipoprote inemic Individual 

Normal IIa 

VLDL LDL VLDL LDL 

Positions 16:0 18:2 16:0 18:2 16:0 18:2 16:0 18:2 

1 66.9 8.8 64.0 22.9 87.7 2.4 80.1 25.9 
8 a 2 7.8 63.9 17.0 52.9 12.3 44.4 15.2 67.3 

3 25.3 27.3 18.9 24.3 --- 36.0 5.7 6.8 

1 67.4 --  72.1 24.9 80.3 10.6 72.7 26.8 
15 b 2 19.2 52.5 15.1 57.9 16.2 40.6 10.8 72.7 

3 13.4 47.5 12.8 17.2 3.5 48.8 16.5 0.5 

aDay 8, endogenous,  obta ined after 14 hr overnight fast following therapeut ic  diet. 
bDay 15, endogenous, obta ined after 14 hr overnight fast following normal diet. 

TABLE X 

Effects o f  Diet upon Fa t ty  Acid Distr ibut ion (M%) of  Phosphat idyl  Cholines 
from Normal Subject 's Plasma Lipoproteins a 

Lipoprotein sn-Position 14:0 15:0 16:0 16:1 18:0 18:1 18:2 20:4 

Exogenous b VLDL 1 2.4 0.9 59.3 1.2 26.0 6.8 3.4 --- 
Day 7 2 . . . . . .  2.7 1.7 2.0 15.2 62.1 15.9 
Dietary period I Total c 1.2 0.5 31.0 1.5 14.0 11.0 32.8 8.0 

Endogenous d VLDL l 0.2 - -  61.7 0.6 26.0 9.6 1.9 --- 
Day 8 2 2.0 --- 4.4 0.5 2.4 20.6 56.4 13.7 
Dietary period I Total  1.1 --  33.1 0.6 14.2 15.1 29.2 6.9 

Endogenous LDL 1 1.7 0.2 58.9 0.6 28.0 7.3 3.1 0.2 
Day 8 2 0.7 0.5 3.3 0.6 1.3 21.1 54.3 18.2 
Dietary period I Total  1.2 0.4 31.1 0.6 14.7 19.2 23.7 9.2 

Endogenous HDL 1 2.1 0.3 63.5 1.3 21.0 7.0 4.7 0.1 
Day 8 2 0.3 0.3 3.0 2.0 1.9 20.0 52.4 20.1 
Dietary period I Total  1.2 0.3 33.3 1.7 11.5 13.5 28.6 10.1 

Exogenous VLDL 1 3.2 0.5 62.3 0.5 25.5 4.4 3.1 --- 
Day 14 2 0.8 0.8 3.5 0.8 3,0 20.8 52.1 17.5 
Dietary period II Total  2.0 0.7 32.9 0.7 14.3 12.6 27.6 8.8 

Endogenous VLDL 1 2.2 0.4 56.8 0.9 29.8 5.9 3.3 --- 
Day 15 2 0.5 0.2 4.0 0.1 2.2 28.2 51.0 13.8 
Dietary period II Total 1.4 0.3 30.4 0.5 16.0 17.1 27.8 6.9 

Endogenous LDL 1 1.9 0.2 62.1 0.4 28.5 4.9 2.0 - -  
Day 15 2 0.4 --- 2.9 0.6 2.4 25.0 51.2 17.5 
Dietary period II Total 1.2 0.1 32.5 0.5 15.5 15.0 26.6 8.8 

Endogenous HDL 1 1.7 0.5 63.8 0.4 24.3 5.0 3.7 0.2 
Day 15 2 0.5 0.4 3.1 0.5 1.9 15.7 62.9 14.7 
Dietary period II Total 1.1 0.5 33.5 0.5 13.1 10.4 33.3 7.5 

aVLDL = very low densi ty l ipoproteins,  LDL = low density l ipoproteins,  and HDL = high densi ty l ipopro- 
teins. 

bExogenous,  obta ined 45 min after start of meal consumption.  
CRecalculated total:  (1 + 2) + 2. 

dEndogenous,  obta ined after 14 hr overnight fast. 

r e c i p r o c a l  r e l a t i o n s h i p  w a s  o b s e r v e d  in  t h e  sn-3 

p o s i t i o n  c o m p a r e d  to  t h e  sn-1 p o s i t i o n  o f  t h e  

V L D L - T G  o f  t h e  T y p e  I Ia .  T h e  l eve l  o f  18:1  

i n c r e a s e d  in  t h e  L D L - T G  to  7 3 - 8 7 M %  f o r  b o t h  
i n d i v i d u a l s .  

T h e  d i f f e r e n c e s  in  s t r u c t u r e  b e t w e e n  n o r m a l  

a n d  I I a  LP TGs  are  e m p h a s i z e d  in  T a b l e  IX.  
T h e s e  r e c a l c u l a t e d  d a t a  a re  p r e s e n t e d  t o  s h o w  

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

t h e  t h r e e  p o s i t i o n s  o f  t h e  TG.  

O n  d a y  8, t h e  sn-1 p o s i t i o n  o f  t h e  e n d o g e -  

n o u s  L D L  a n d  V L D L  o f  c o n t r o l  s u b j e c t s  

LIPIDS, VOL. 10, NO. 5 
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TABLE XI 

Effects of Diets upon Fatty Acid Distribution (M%) of Phosphatidyl Cholines 
from Type IIa Subject's Plasma Lipoproteins a 
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Lipoprotein sn-PosRion 14:0 15:0 16:0 16:1 18:0 18:1 18:2 20:4 

Exogenous b VLDL 1 3.0 0.9 63.4 1.1 21.1 9.1 1.1 0.3 
Day 7 2 1.8 2.2 2.7 0.9 2.1 17.3 56.7 16.3 
Dietary period I Total c 2.4 1.6 33.1 1.0 11.6 13.2 28.9 8.3 

Endogenous d VLDL 1 1.5 0.4 63.4 0.7 22.9 9.1 1.8 0.2 
Day 8 2 0.5 0.5 1.3 0.5 1.3 14.8 65.8 15.3 
Dietary period I Total 1.0 0.5 32.4 0.6 12.1 12.0 33.8 7.8 

Endogenous LDL 1 1.9 1.2 60.9 0.9 25.2 8. l 1.7 0.1 
Day 8 2 0.3 0.2 1.9 0.9 2.9 13.6 60.8 19.4 
Dietary period I Total 1.1 0.7 31.4 0.9 14.1 10.9 31.3 9.8 

Endogenous HDL 1 1.7 --- 63.1 1.3 22.3 9.3 2.2 0.1 
Day 8 2 0.2 0.4 2.2 0.6 2.8 12.9 62.8 18.1 
Dietary period I Total 1.0 0.2 32.'/ 1.0 12.6 11.1 32.5 9,1 

Exogenous VLDL 1 4.0 0.5 66.6 0.3 20,7 6.6 1.3 --- 
Day 14 2 "/.4 1.1 3.'/ 0.9 ~.1 19.0 54.0 11.8 
Dietary period ti Total 5.'7 0.8 35.2 0.6 11.4 12.8 27?7 5.9 

Endogenous VLDL 1 3.2 0.2 62.3 0.6 22.5 7.2 4.0 --- 
Day 15 2 0.9 0.9 2.6 0.8 2.2 18.6 58.3 15.7 
Dietary period II Total 2.1 0.6 32.5 0.7 12.4 12.9 31.2 7.9 

Endogenous LDL 1 2.1 0.1 59.3 0.9 25.5 8.8 3.2 0.1 
Day 15 2 0.6 0.3 3.6 0.4 3.4 14.6 61.2 15.9 
Dietary period II Total 1.4 0.2 31.5 0.7 14.5 11.'7 32.2 8.0 

Endogenous HDL 1 2.3 - -  58.8 1.0 26.3 9.4 2.1 0.1 
Day 15 2 0.2 0.2 4.0 2.3 2.'7 13.'7 56.8 20.1 
Dietary period II Total 1.3 0.1 31.4 1.7 14.5 11.6 29.5 10.1 

aVLDL = very low density lipoproteins, LDL = low density lipoproteins, and HDL = high density lipopro- 
teins. 

bExogenous, obtained 45 rain after start of meal consumption. 
CRecalculated total: (1 + 2) + 2. 
dEndogenous, obtained after 14 hr overnight fast. 

con ta ined  64.1 and 67.0% (Table IX) of  the  
16:0,  respect ively ,  whereas the  l la  V L D L  and 
LDL con ta ined  87.7 and 80,1%, respect ively,  
The reverse is n o t e d  wi th  respec t  to  the  sn-3 
posi t ion in that  the  con t ro l  VLDL and LDL 
con ta ined  25.3 and  18.9% of  the  16:0,  while,  in 
the  type  Ila,  the  fo rmer  con ta ined  0 and the  
la t ter  5.7%. These di f ferences  were,  however ,  
no t  n o t e d  at day 15, fo l lowing the  no rma l  
dietary per iod.  

The data in Table IX indicate  tha t  the  V L D L  
in cont ro ls  and Type IIa are similar in dis tr ibu-  
t ion of 18:2,  i.e. the  18:2 is d is t r ibuted  
asymmetr ica l ly  wi th  the  least a m o u n t  in the  
sn-1 posi t ion.  There  is, however ,  a d i f fe rence  
be tween  the  day 15 normal  and Type  IIa V L D L  
in tha t  no  18:2 was f o u n d  in the  sn-1 pos i t ion  
of  the  lat ter .  In compar ing  the  LDL f rom the  
normal  and  Type IIa individuals ,  a s t r iking 
di f ference  in pos i t ioning  is evident .  The con t ro l  

lb 
LDL conta ins  ca. equal  a m o u n t s  o f  18:2 in the  
sn-1 and 3 posi t ions ,  whereas  the  Type  IIa LDL 
is markedly  a symmet r i c ,  having small a m o u n t s  
of  18:2 in the  sn-3 posi t ion ,  It is also no te -  
wor thy  tha t  the VLDL f rom cont ro ls  and Type  

IIa individuals have a reverse d i s t r ibu t ion  of  
18:2 c o m p a r e d  to  the  Type IIa LDL,  the  
fo rmer  conta in ing  small amo u n t s  in the  sn-1 
pos i t ion ,  while the  la t ter  has the least in the  
sn-3 posi t ion .  

Fatty Acid Distribution of PCs in LPs 

The fa t ty  acid d is t r ibut ions  in the  PC of  the  
exogenous  and endogenous  V L D L  and endoge-  
nous  LP after  each  dietary per iod  for  one  
cont ro l  and one Type  IIa individual  are pre- 
sen ted  in Table X and Table X[. The PC and TG 
were f rom the  same LP. General ly ,  the  fa t ty  
acid c o m p o s i t i o n  of  PC (recalcula ted to ta l ;  [ 1 + 
2 + 2] ) o f  all endogenous  LP of  each individual  
af ter  b o t h  dietary per iods  was similar. However ,  
there  appears  to  be a small d i f ference  b e t w e e n  
individual  endogenous  VLDL,  LDL, and HDL. 
In the  con t ro l  subject  (Table X),  the  18:2 
c o n t e n t  of  the  PC is r educed ,  while  18:0 and 
18:1 levels are increased ,  c o m p a r e d  to  the  Type  
IIa (Table XI). 

In all, LP-PC analyzed,  the  sn-1 pos i t ion  was 
mainly sa tura ted ,  con ta in ing  60-66M% 16:0 
and 20-30M% 18:0. Unsa tu ra t ed  fa t ty  acids 
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occupied the 2 position: 13-20M% 18:1, 
51-66M% 18:2, and 6-20M% 20:4. Worth not- 
ing are the relatively larger quantities of 20:4 in 
the PC as compared to the TG. 

The high content of 16:0 in the sn-1 
position of TG and PC is most likely due to the 
specificity of the enzyme, glycerolphosphate 
acyltransferase. Kinsella and Gross (33) have 
indicated that palmityl-CoA is the preferred 
substrate for the initial acylation of glycerol 
phosphate by this enzyme in bovine mammary 
microsomes. The rate of acylation also was 
accelerated highly with 16:0-CoA as compared 
to 14:0-, 18:0, and 18:I-CoA. This example of 
regulation may be more easily investigated and 
relevant in Type IV hyperlipoproteinemia. 

The slight differences observed between 
both the normal and Type IIa individuals in the 
distribution of fatty acids in exogenous VLDL 
vs endogenous VLDL is believed due to the 
increased influx of varied fatty acids reaching 
the lipid during alimentary lipemia. 

The varied composition, primarily unsatu- 
rated, of the 2 position in the VLDL and 
LDL-TG probably reflects the mixed FFA 
mobilized from adipose tissue and transported 
to the liver. Privett, et al., (34) estimated it may 
take 6 months of specific dietary feeding to 
turnover all the lipids in the rat and thus show a 
new fatty acid composition. The TGs synthe- 
sized during this experiment probably were 
influenced by both the dietary lipids and the 
fatty acids deposited over many months in the 
adipose tissue of the experimental subjects. 

The composition of the sn-3 position in the 
VLDL- and LDL-TG in both the control (Table 
VI and VIII) and the Type IIa individual 
(Tables VII and VIII) indicates some type of 
selectivity in the placement of the third acyl 
group in the sn-l,2-DG during biosynthesis of 
TGs. This specificity may be due to substrate 
requirements for the enzyme diacylglycerol- 
phosphate acyltransferase or the availability of 
fatty acid pools. This is evident by the change 
in 18:1 content of the sn-3 position in exoge- 
nous and endogenous VLDL-TG and the ob- 
served difference between dietary periods. 
Comparing the sn-3 position of any VLDL- and 
the LDL-TG obtained at the same time, the 
Type IIa individual has a higher level of 18:1. 
Again, substrate requirements for this final 
enzymatic step or specific fatty acid levels may 
be different between these two individuals. It 
has been shown that the synthesis of TG from 
sn-l,2-DG by rat liver is independent of the 
fatty acid composition of the diacylglycerol 
(35). 

The differences in positioning of fatty acids 
in VLDL and LDL-TG (Table IX) lead to the 

question: what were the sources of TGs of such 
greatly differing structure? It has been postu- 
lated that LDL are fragments left from the 
action of LP lipase on chylomicrons and VLDL 
(36). Yet, neither the sterospecificity of the 
enzyme for the sn-1 position observed by 
Morley, et al., (37) and Paltauf, et al., (38) nor 
the lack of it noted by Assmann, et al., (39) 
explain the differences in TG structure between 
VLDL and LDL. It is our opinion that the LDL 
could have been derived only from the chylomi- 
crons. Our data also indicate that there was 
probably no interchange of TGs between VLDL 
and LDL. 

The differences between the sn-l,2-DG dis- 
tr ibution of the LP-PC from the control (Table 
X) and "l~pe IIa individual (Table XI) are small. 
The diet was only moderately effective in 
reducing 18:2 and 20:4 levels after the second 
period in the exogenous VLDL. That this 
reduction was not as great as seen in the TG 
would indicate a higher degree of fatty acid 
selection in PC biosynthesis. Again, the diets 
were not that different between periods, and it 
has been estimated that 10-14 days may be 
required to change the fatty acid composition 
of LP-PC (40) and then under highly specific 
fat intake. The general distribution of LP-PC 
reported compares well with those determined 
as total plasma PC in man by Marai and Kuksis 
(41). 

The differences in TG structure between the 
normal and IIa individuals remain unexplained 
and should be confirmed. Whether or not  these 
contribute to the delayed degradation of Type 
II lipoproteins is not known. 
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Effect of Dietary Safflower Oil upon Lipogenesis in 
Neonatal Lamb 
RICHARD G. VERNON, The Hannah Research Institute, Ayr, Scotland KA6 5HL 

ABSTRACT 

The effect of dietary safflower oil 
upon lipogenesis has been investigated in 
neonatal lambs. Preliminary experiments 
with lambs suckled by their mothers 
showed that there was a 10-fold increase 
in the rate of incorporation of [14C] 
from acetate into fatty acids in adipose 
tissue slices during the first 10 days post 
partum. Barely detectable rates of [ 14C] 
acetate incorporation into fatty acids 
were found in liver slices from lambs dur- 
ing the same period. In lambs given cows' 
milk from birth until 1 1 days of age, there 
was also a 10-fold increase in the rate of 
lipogenesis in adipose tissue slices. Sup- 
plementing the diet of cows' milk with 
safflower oil (5 ml/lamb/day) resulted in 
significantly lower rates of lipogenesis in 
adipose tissue slices from 11 day old 
lambs. Administration of safflower oil 
had no effect upon the concentration of 
unesterified fatty acids, including linoleic 
acid, in the lamb adipose tissue slices. The 
data show that lipogenesis in ovine adi- 
pose tissue; like that in rodent liver and 
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FIG. 1. Rate of incorporation of [14C] from 
[1-14C] acetate into fatty acids (=) and CO 2 (o) in 
adipose tissue slices from lambs of various ages suckled 
by their mothers. 

adipose tissue, is sensitive to dietary poly- 
unsaturated fatty acids, and that, for the 
neonatal lamb, the effect of polyunsatu- 
rated fatty acids upon lipogenesis is not 
dependent upon an increase in the tissue 
concentration of polyunsaturated fatty 
acids. 

INTRODUCTION 

The supposed relationship between dietary 
saturated fats and cardiovascular degeneration 
in man has stimulated an interest in the possi- 
bility of increasing the levels of polyunsatu- 
rated fatty acids, in particular linoleic acid, in 
ruminant meat and milk (1-5). Little is known, 
however, about the effects of such increased 
levels of linoleic acid upon the metabolism of 
ruminant  tissues. 

It is well known that high fat diets reduce 
the rate of mammalian lipogenesis. Studies with 
rodents also have shown that diets supple- 
mented with linoleic acid (usually given as saf- 
flower oil) resulted in a significantly greater in- 
hibition of the rate of lipogenesis in adipose 
tissue and liver slices than diets containing 
equivalent amounts of saturated fatty acids 
(6-14). The mechanism by which linoleic acid 
exerts its extra-inhibitory effect upon the rate 
of lipogenesis is unknown.  

Possible effects of dietary polyunsaturated 
fatty acids upon the metaboUsm of ruminant  
tissues normally are not  observed, because these 
acids are subjected to biohydrogenation by the 
rumen microflora (15-17). However, these ef- 
fects should be apparent in suckling animals 
before the rumen and its microflora have de- 
veloped. 

The present study shows that administration 
of safflower oil to suckling lambs reduced the 
rate of lipogenesis in adipose tissue slices. This 
effect was not associated with a change in the 
concentration of unesterified linoleic acid in 
the adipose tissue. 

MATERIALS AND METHODS 

Animals 

Lambs were obtained from a flock of pure 
bred Cheviot ewes. Some lambs were allowed to 
suckle naturally and were killed at various ages 
up to 10 days after birth. Others were removed 
from their mothers at birth and were divided 
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TABLE I 

Concentration of Unesterified Fatty Acids, Total Lipid, and 
105,000 x g Supernatant Protein in Adipose Tissue Slices from Lambs of Various Ages 

285  

Age 

1-Day 2-3 Days 5-10 Days 

Unesterified fatty acid concentration 
Cttg/g wet wt) a 

Palmitic 590 b 772 b 272 b 320 b 333 -+ 61 c 
Stearic 538 608 301 36'7 368 4- 91 
Oleic 1289 1869 478 599 455 + 136 
Linoleic 31 56 32 35 41 --- 15 
Linolenic 1"7 52 17 25 17 +- 5 

Total 2465 3357 1156 1290 1213 -+ 302 
Total lipid concentration 

(mg/g wet wt) 360 394 496 547 563 4- 42 
105,000 x g Supernatant protein 

concentration (mg/g wet wt) 19.6 21.2 11.1 20.2 5.'7 4- 1.6 
Ratio of total lipid to 105,000 x g 

supernatant protein concentration 
(mg/g:mg/g) 18.4 18.6 24.6 49.3 126.5 4- 35 

aThe concentration of unesterified fatty acids was determined in adipose tissue slices be- 
fore and after incubation for 2 hr at 37 C as described in the text; pooled values are reported. 

bin dividual values. 
CMean -+ standard error of mean of four results. 

i n to  two groups ,  b o t h  of  which  were fed  cows '  
milk to  appe t i t e  at  6 hour ly  intervals .  One 
group  of  l ambs  received oral ly 5 ml saf f lower  
oil w i th  the  6 a m  feed  each  day.  All l ambs  re- 
ceived 2 ml  mu l t i v i t amin  p r e p a r a t i o n  (Crook ' s  
Labora to r ies ,  L o n d o n ,  England)  at  2 days of  
age. Blood  samples  were o b t a i n e d  f r o m  t he  jug- 
ular vein o f  e ach  l amb  i m m e d i a t e l y  a f t e r  b i r t h  
and  before  the  an imal  had  access to  food ;  fur- 
t h e r  b l o o d  samples  were t a k e n  5 and  8 days 
af te r  b i r th .  The  l ambs  of  b o t h  groups  were 
ki l led wi th  a H u m a n e  Killer b e t w e e n  10-11 am 
at 11 days of  age. 

Tissue Incubations 

Tissues were exc ised  f r o m  the  l ambs  imme-  
d ia te ly  a f t e r  death.  Per i renal  ad ipose  t issue was 
kep t  in  i so ton ic  saline at  37 C; liver samples  
were k e p t  in  ice-cold  i so ton ic  saline.  Tissue 
slices were p r epa red  f ree -hand .  Ca. 100 mg sam- 
ples of  t issue slices were i n c u b a t e d  in 2.5 ml  
Krebs-Ringer  b i ca rbona t e  buf fe r  w i th  ha l f  the  
original  ca lc ium c o n c e n t r a t i o n  (1 .27 raM) con-  
t a in ing  8 r a M  [1-14C]  ace ta te ,  0.1 pCi ]ml ,  
5 mM glucose, a n d  0.1 i n t e r n a t i o n a l  u n i t s / m l  
insulin.  Tissue slices were i n c u b a t e d  for  2 hr  at  
37 C in an  a t m o s p h e r e  o f  O2 :CO 2 (95 :5  v/v). 

Incorporation of [14C] into Fatty Acids 

I n c u b a t i o n s  were t e r m i n a t e d  by  the  a d d i t i o n  
of  3 ml c h l o r o f o r m - m e t h a n o l  (1 : 1 v/v).  The  tis- 
sue slices were h o m o g e n i z e d  and  the  l ipids ex- 
t r a c t e d  by the  p rocedure  of  Fo lch ,  et  al. (18) .  

Samples  of  e x t r a c t e d  l ip id  were t ranses te r i f i ed  
us ing m e t h a n o l i c  HC1 (19) ;  the  f a t t y  acid 
m e t h y l  es ters  were e x t r a c t e d  w i th  h e x a n e ,  and  
the  [14C]  c o n t e n t  of  the  h e x a n e  ex t r ac t  was 
m e a s u r e d  in a Packard  l iquid  sc in t i l l a t ion  
c o u n t e r  us ing a t o l u e n e - m e t h a n o l  based  scinti l-  
l a t ion  f lu id  (20) .  The  c o u n t i n g  ef f ic iency  for  
[14C] was 85%. 

Samples  of  l ipid also were sepa ra ted  i n to  the  
ma jo r  l ip id  classes by  t h in  layer  c h r o m a t o g -  
r aphy  (TLC) on  Silica Gel  G (19) .  The  appro-  
pr ia te  bands  of  silica gel were t r ans fe r r ed  to  
sc in t i l la t ion  vials, a n d  a gel Was f o r m e d  fol low- 
ing add i t i on  of  4 ml  H 2 0  and  10 ml  Unisolve I. 
The  [14C]  rad ioac t iv i ty  was c o u n t e d  wi th  an 
ef f ic iency of  70%. 

Lipid Analyses 

The to t a l  l ip id  c o n t e n t  o f  samples  of  l ipid 
e x t r a c t e d  f r o m  t issue slices, as descr ibed  above ,  
was d e t e r m i n e d  gravimetr ica t ly  (19) .  F u r t h e r  
samples  of  l ipid were used  for  the  de t e rmina -  
t ion  of  the  unes te r i f i ed  f a t t y  acid c o n t e n t  of  
the  t issue slices. Af te r  t he  add i t i on  of  an  in te r -  

nal  s t a n d a r d  ( p e n t a d e c a n o i c  acid) ,  t he  unes te r i -  
fled f a t t y  acids were i so la ted  b y  TLC on Silica 
Gel  G (19)  and  m e t h y l a t e d  us ing B F 3 - m e t h a n o l  

(21) .  The  m e t h y l  es ters  of  the  f a t t y  acids were 
pur i f ied  f u r t h e r  by TLC on  Silica Gel  G wi th  
hexane -d i e thy l  e the r  (9:1 v/v)  as t he  solvent  for  

deve lopmen t .  The  c o n c e n t r a t i o n  of  the  f a t t y  
acid m e t h y l  esters  f inal ly  was d e t e r m i n e d  by  
gas  l i q u i d  c h r o m a t o g r a p h y  (GLC) using 
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TABLE II 

Effect of Dieatry Safflower Oil upon Lamb Plasma 
Unesterified Fatty Acid Concentration and Composition a 

Cows' milk Cows' milk + safflower oil 

Newborn 5 days 8 days 5 days 8 days 

Hasma unesterified fatty acid concentration (#g/mi plasma) 

Linoleicacid 7•  3 b 3• 1 6 •  6 •  10• 1 
Total plasma unesterified 

fatty acids 122 • 49 31 • 5 70 • 18 31 • 10 45 • 7 
Number of observations 3 3 4 3 3 

Wt percentage composition of plasma unesterified fatty acids 

Palmitic 22.4 -- 3.4 38.5 + 1.1 34.1 -+ 1.1 39.8 • 1.6 35.0 • 1.9 
Palmitoleic 2.7 • 0.1 2.6 • 0.1 2.6 -+ 0.2 2.5 • 0.3 2.3 • 0.4 
Stearic 9.6 • 0.5" 13.8 • 0.4 16.8 • 1.0 12.0 • 1.2 15.6 • 0.6 
Oleic 57.4 + 3.4 33.7 -+ 1.0 34.6 • 1.8 27.2 • 1.4 c 23.8 • 1.5 c 
Linoleie ' 6.0 • 0.8 9.1 • 0.3 8.9 • 2.2 16.7 • 0.7 c 21.5 • 0.3 c 
Linolenic 1.8 • 0.4 2.2 • 0.3 2.6 • 0.2 1.6 • 0.I c 1.8 • 0.2 c 
Arachidonic 0.1 • 0.1 0.1 • 0.1 0.5 • 0.2 0.1 • 0.1 0.3 + 0.1 
Number of observations 3 3 4 3 3 

aLambs were fed either cows' milk or cows' milk plus safflower oil from birth. 
bResults are mean • standard error of mean. 
CDifference between the value and that for cows' milk fed lambs is statistically significant (P<0.05). 

columns of  15% e thy lene  glycol succinate  
me thy l  silicone po lmye r  (EGSS-X) on Gas- 
Chrom P (I  00-120 mesh;  Appl ied  Science Labo-  
ratories ,  State College, Pa.) at 180 C in a Pye 
104 ch romatograph .  Each individual  value for 
the concen t r a t i on  o f  t issue slice unes ter i f ied  

fa t ty  acids is the mean o f  de te rmina t ions  on 
6 separate  sets o f  tissue slices; 3 of  these sets 
previously were i ncuba t ed  for  2 lax, as descr ibed 
above, and  3 sets were n o n i n c u b a t e d  cont ro ls .  

Oxidation of Acetate to CO 2 

Tissue slices were i ncuba t ed  wi th  [ I -14C]  
aceta te  for  2 hr as descr ibed above;  the  CO2 

p r o d u c e d  was t rapped ,  and  its radioact iv i ty  was 
de t e rmined  by the  m e t h o d  of  Lin and Fri tz  
(20). 

Treatment of Blood Samples 

Blood samples were co l lec ted  in hepar in ized  
tubes,  and  plasma was ob ta ined  by centr i fuga-  
t ion for  15 min at 2 0 0 0 x g  at 5 C .  Plasma 
lipids were ex t r ac t ed  by the  m e t h o d  o f  Nelson 
and F reeman  (22),  and the  concen t r a t i on  and 
compos i t ion  o f  the unes te r i f ied  fa t ty  acid frac- 
t ion were de t e rmined  as descr ibed above,  ex- 
cept  that  the  fa t ty  acid me thy l  esters were no t  
purif ied fur ther .  

Protein Determination 

Tissue slices were h o m o g e n i z e d  in 0.15 M 
KC1 to  give a 2.5% h o m o g e n a t e  (w/v) using an 
all glass homogenizer .  Homogena tes  were cen- 
t r i fuged at 105,000 x g for  60 min,  and the pro-  

tein concen t ra t ion  of  the supe rna tan t  was 
de t e rmined  by the Lowry  m e t h o d  (23). 

Presentation of Results 

Results are expressed  as mean  + s tandard  
error  o f  the mean.  Significance was calculated 
on the basis o f  the Mann-Whitney U test (24).  

Materials 

Safflower oil was purchased  f r o m  Alfonal ,  
Byfleet ,  England; bovine insulin,  ca. 24 in ter-  
nat ional  units /rag,  and  pen tadecano ic  acid f rom 
S i g m a  C h e m i c a l  C o . ,  London ,  England;  
[1-14C] acetic  acid, 59 m C i / m m o l ,  f rom the  
Radiochemica l  Centre,  A mer s h am England;  
Silica Gel G f r o m  E. Merck, Darms tad t ,  Ger- 
m a n y ;  boron  tr i f luoride,  14% solut ion in 
me thano l ,  f r o m  British Drug Houses;  and Uni- 
solve I f rom Koch-Light ,  Co lnb rook ,  England.  
Solvents were e i ther  Analar  grade or were redis- 
tilled before  use;  all o the r  chemicals  were Ana- 
lar grade. 

RESULTS 

Preliminary expe r imen t s  were p e r f o r m e d  to  
investigate the deve lopment  o f  ovine l ipogenesis 
in lambs suckled by the i r  mothers .  

Fol lowing a lag per iod  o f  2-3 days,  the  rate 
of  incorpora t ion  of  [1-14C] aceta te  in to  f a t t y  
acids in adipose tissue slices increased ca. 10-fold 
during the  per iod  of  s tudy  (Fig. 1). The rate  of  
incorpora t ion  o f  aceta te  ca rbon  in to  CO2 was 
always greater t han  the  rate o f  i nco rpo ra t ion  of  
aceta te  in to  fa t ty  acids (Fig. I ) ,  indicat ing tha t  
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TABLE III 

Effect of Dietary Sa f f l ower  Oil on the  Ra te  of Lipogenesis in 
Lamb Adipose Tissue Slices a 

Diet 

Cows' milk + 
Cows' milk safflower oil 

Rate of [ 1-14C] acetate incorporation into: 
Fatty acids (nmoles/hr/mg protein) 
Fatty acids (nmoles/hr/g wet wt) 
CO 2 (~t moles/hr/mg protein) 
CO 2 (# moles/hr/g wet vet) 

Ratio of the rate of incorporation of 
[ 1-14C] acetate into fatty acids and 
into CO 2 (nmoles/hr :nmoles/hr) 

236.8 + 88.6 (4) b 99.2 -+ 21.9 (3) c 
1,730 +- 930 (4) 990 -+ 230 (3) 
1.99 + 0.39 (4) 2.25 -+ 0.41 (3) 
13.40 -+ 4.80 (4) 25.50 + 4.30 (3) 

0.111 + 0.019 (4) 0.044 + 0.004 (3) c 

aLambs were fed either cows' milk or cows' milk plus safflower oil from birth until 11 
days of age. 

bResults are means -+ standard error of mean with the number of observations in paren- 
thesis. 

CDifference between the value and that  for cows' milk fed Iambs is statistically significant 
(P<O.O5). 

the rate of uptake of acetate was not limiting 
the rate of lipogenesis. 

Analogous studies with liver slices showed a 
rate of hepatic lipogenesis of  only 0.4-1.0 
nmole acetate incorporated/hr/mg protein at 
1 day of age, and this decreased to 0.00-0.03 
nmole/hr /mg by 9-10 days after birth. The rate 
of incorporation of acetate carbon into CO2 in 
the liver slices ranged from 20-50 nmoles/hr/mg 
protein during this period. 

Other  characteristics of adipose tissue slices 
from neonatal lambs are summarized in Table I. 
A number  of changes occurred during the first 
2-3 days after birth, including a marked de- 
crease in the unesterified fatty acid concentra- 
tion, and a decrease in the 105,000 x g cytosol 
protein concentration. No further changes were 
detected between 5-10 days of age, so values 
were pooled. The ratio of the total lipid to 
cytosol protein concentration increased with 
age, probably reflecting an increase in the lipid 
content/cell  (14). 

Effect of Safflower Oil Supplementation 

Plasma total unesterified fatty acid concen- 
tration was very variable, as indicated by the 
standard error of the means (Table II). Ad- 
ministration of safflower oil had no statistically 
significant effect upon the plasma total unester- 
ified fatty acid concentration or linoleic acid 
concentration, but it did result in a highly sig- 
nificant (P<0.01) increase in the proportion of  
linoleic acid in the plasma unesterified fatty 
acid fraction. There was also a significant de- 
crease (P<0.05) in the proportion of oleic acid 
following safflower oil administration. 

Admirfistration of safflower oil-supplement- 

ed cows' milk for I0  days resulted in a signifi- 
cant (P<0.05) decrease in the rate of incorpora- 
tion of [1-14C] acetate into fatty acids in adi- 
pose tissue slices when expressed on a mg pro- 
tein basis (Table III). A decrease in the rate of 
lipogenesis also was observed when the results 
were expressed/g wet wt of tissue, but this was 
not statistically significant. The rate of incor- 
poration of acetate carbon into CO2, however, 
was not altered significantly by dietary saf- 
flower oil when expressed on either basis. 
Dietary safflower oil also resulted in a signifi- 
cant (P<0.05) decrease in the ratio of the rate 
of incorporation of [14C] from acetate into 
fatty acids and into CO2. 

Ninety-eight percent of the acetate incor- 
porated into fatty acids was esterified; 15% of 
the label was found in the phospholipid frac- 
tion, 34% in diglycerides and 49% in triglyc- 

erides. Administration of safflower oil had no 
effect upon the percentage distribution of  
[ 14C] among the various lipi d classes. 

The concentration of unesterified fatty acids 
of adipose tissue slices was measured before and 
after incubation; there being no difference, 
mean values are reported. Table IV clearly 
shows that administration of  safflower oil had 
no effect upon the concentration of any of the 
unesterified fatty acids, including linoleic acid. 

The concentration of 1 0 5 , 0 0 0 x g  cytosol 
protein was increased significantly (P< 0.05) by 
feeding safflower oil; there was also a signifi- 
cant decrease in the ratio of total lipid to cyto- 
sol protein concentration (P<0.05, Table IV). 

Total milk intake over the experimental 
period, 13.5 kg, was the same for lambs receiv- 
ing either cows' milk or cows' milk plus saf- 
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TABLE IV 

Effect of Dietary Safflower Oil upon Unesterified Fatty Acid, Total Lipid, and 
105,000 x g Supernatant Protein Concentration of Lamb Adipose Tissue Slices a 

Diet 

Cows' milk + 
Cows' milk safflower oil 

Unesterified fatty acid concentration 
(/~g/g wet wt) 

Palmitic 292 • 23 (4) b 270 -+ 33 (3) 
Stearic 204 -+20 186 -+ 9 
Oleic 212 • lS 208 + 7 
Linoleic 60 -+ 12 71 +- 12 
Linolenic 10 -+ 1 9 -+ 1 

Total 778 -+ 46 754 -+ 44 

Total lipid concentration 
(mg/g wet v, rt) 618 -+ 23 (4) 556 --+ 20 (3) 

105,000 X g Supernatant protein 
concentration (mg/g wet wt) 6.3 -+ 1.0 (4) 10.0 -+ 0.1 (3) c 

Ratio of total lipid to 105,000 x g 
supernatant protein concentration 
(mg/g:mg/g) 105.4 +- 13.9 (4) 55.9 -+ 2.6 (3) c 

aLambs were fed either cows' milk or cows' milk plus safflower oil from birth until 11 
days of age. 

bResults are means -+ standard error of mean with the number of observations in paren- 
thesis. 

CDifference between the value and that for cows' milk fed lambs is statistically significant 
(P<0.os). 

f lower  oil;  wt gain dur ing  t he  per iod  was 
30.4  -+ 3.2% and  27 -+ 3.8% of  the  ini t ia l  b o d y  
wt  in  the  c o n t r o l  a n d  sa f f lower  off-supple- 
m e n t e d  groups ,  respect ive ly ;  the  d i f fe rence  is 
n o t  s ta t i s t ica l ly  s ignif icant .  

DISCUSSION 

Inves t iga t ion  of  t he  e f fec t  of  d ie ta ry  fa t  
u p o n  adipose  t issue m e t a b o l i s m  can p resen t  the  
p r o b l e m  of  choos ing  su i tab le  bases for  the  ex- 
press ion of  resul t s  (14) .  This p r o b l e m  is exacer-  
b a t e d  w h e n  us ing  n e o n a t a l  animals ,  as an ima l s  
of  t h e  same chrono log ica l  age can show vary ing  
degrees of  deve lopmen t .  Microscopic  examina -  
t ion  of  sec t ions  of  adipose  t issue,  f ixed in 10% 
fo rmol  sa l ine ,  f r o m  11 day old  l a m b s  fed cows '  
mi lk  s h o w e d  a m a r k e d  range  of  a d i p o c y t e  size 
b e t w e e n  an imal s  and,  hence ,  t he  n u m b e r  of  
ad ipocy t e s /g  t issue (results  n o t  shown) .  This 
p r o b a b l y  accoun t s  for  the  va r i a t ion  in super-  
n a t a n t  p ro t e in  c o n c e n t r a t i o n .  Thus ,  m e t a b o l i c  
ra tes  in  th is  s t u d y  are p r o b a b l y  best  c o m p a r e d  
on  a un i t  p ro t e in  basis;  such  a basis resul ts  in  
re la t ively  smal ler  s t a n d a r d  er ror  o f  means  t h a n  
a g wet  wt o f  t issue basis (Table  III).  However ,  
i n t e r p r e t a t i o n  of  the  e f fec t  of  d ie ta ry  saf f lower  
oil u p o n  ad ipose  t issue l ipogenesis  t hen  is com-  
p l ica ted  b y  t he  fact  t h a t  the re  is also a change  
in the  t issue s u p e r n a t a n t  p ro t e in  c o n c e n t r a t i o n ,  
the  s ignif icance of  which  is unce r t a in .  Fo r  th is  

reason,  i t  is p e r t i n e n t  to  c o m p a r e  the  relat ive 
rates  of  i n c o r p o r a t i o n  of  ace ta te  i n to  f a t t y  
acids and  CO2, which  clear ly con f i rm  t h a t  
d ie tary  saf f lower  oil reduces  the  ra te  of  ad ipose  
tissue l ipogenesis  in  the  n e o n a t a l  l amb .  

The  ef fec t  of  d ie ta ry  saf f lower  oil was ob-  
served, despi te  the  fact  t h a t  t he  l ambs  were re- 
ceiving a fa t - r ich diet .  The  cows '  mi lk  used con-  
t a i n e d  41 g fa t / l i t e r ,  so t h a t  the  m e a n  daily fat  
c o n s u m p t i o n  in the  con t ro l  g roup  was 50 g fat .  
The  5 ml  saf f lower  oil given daily,  thus ,  repre-  

sents  less t h a n  10% of  the  fat  i n t ake ,  and ,  as 
saf f lower  oil compr ises  on ly  70% of  l inoleic  
acid (12) ,  the  l inoleic  acid c o n t e n t  of  the  diet  
of  t he  saff lower  o i l - supp l emen ted  an imals  was 
on ly  7% of  the  t o t a l  f a t t y  acid in take .  Of 
course,  the  poss ib i l i ty  exis ts  t h a t  some o t h e r  
c o m p o n e n t  of  t he  saf f lower  oil  is t he  ef fec t ive  

agent .  Studies w i th  roden t s ,  however ,  us ing 
diets s u p p l e m e n t e d  w i th  f a t t y  ac id  m e t h y l  or  
e thy l  esters  or t r i l ino le in  have led to  the  conclu-  

sion t h a t ,  for  roden t s ,  a t  least ,  t he  ef fec ts  o f  
saf f lower  oil are due to  i ts  l inoleic  acid c o n t e n t  
(6 ,7 ,10 ,25) .  

The  negligible ra te  o f  l ipogenesis  observed  in 
l amb liver slices dur ing  t he  p re l imina ry  s tudies  
p rec luded  an  e x a m i n a t i o n  of  the  e f fec t  of  
d ie ta ry  saf f lower  oil u p o n  ovine hepa t i c  l ipo- 
genesis. Very  low ra tes  of  hepa t i c  l ipogenesis  
have been  r e p o r t e d  in adu l t  sheep  (26 ,27) .  
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The mechanism by which linoleic acid exerts 
its extra-inhibitory effect upon lipogenesis 
(relative to saturated fatty acids) is unknown. 
Several hypotheses have been suggested (25). 
The report of an inverse correlation between 
the rate of ]ipogenesis and the tissue concentra- 
tion of unesterified linoleic acid (28) suggests 
that linoleic acid, or linoleyl Coenzyme A 
(CoA), may be a more potent inhibitor of the 
activity of one or more of the enzymes involved 
in lipogenesis than is palmitic acid or palmityl 
CoA (29,30). This hypothesis has been chal- 
lenged by several authors (l 0-I 2) but cannot be 
dismissed completely on the basis of data avail- 
able to date. The present study shows that, for 
the suckling lamb, at least, dietary safflower oil 
can reduce the rate of lipogenesis without a 
concomittant change in the concentration of 
unesterified polyunsaturated fatty acids, clearly 
eliminating the above hypothesis as a possible 
explanation for the effect of safflower oil upon 
ovine lipogenesis. 

Gozukara, et al. (31) suggested that dietary 
linoleic acid exerts its effect upon lipogenesis in 
rodents by reducing appetite and, hence, carbo- 
hydrate intake. Again tiffs hypothesis is ex- 
cluded for the present study, as food intake was 
the same in both the control and safflower oil- 
supplemented groups of lambs. Recently, 
Musch, et al., (25) showed that the effects of 
dietary polyunsaturated fatty acids upon rat 
hepatic lipogenesis are not dependent upon 
reduced food intake. 

The effect of dietary safflower oil upon 
ovine metabolism appears to be selective, 
neither the rate of acetate oxidation to CO 2 nor 
the distribution of labeled fatty acids, synthe- 
sized from acetate, among the various lipid 
classes be ing  al tered.  Die tary  sa f f lower  oil did, 
however ,  increase  the  cy toso l  p ro te in  concen -  
t r a t ion ,  the  value be ing  s imilar  to  t ha t  of  2-3 
day old  l ambs .  This  sugges ts  t h a t  the  n o r m a l  
d e v e l o p m e n t  of  the  adipose  t issue migh t  be re- 
t a r d e d  by die tary  sa f f lower  oil, t h u s  a c c o u n t i n g  
for t he  r e d u c e d  rate  o f  l ipogenesis .  At  b i r th ,  
l amb per i rena l  ad ipose  t i ssue  has  the  mor -  
p h o l o g y  charac te r i s t i c  of  b r o w n  adipose  t i ssue ;  
this  is lost  rapidly ,  and ,  by 10 days  o f  age, t he  
t issue has  the  m o r p h o l o g y  of  whi te  ad ipose  tis- 
sue (32 ,33) .  The change  f r o m  b rown  to  whi te  
adipose  t i ssue can be r e t a rded  by  m a i n t a i n i n g  
l ambs  at r e d u c e d  t e m p e r a t u r e  (33).  Clearly, t he  
possible  e f fec t s  o f  sa f f lower  oil u p o n  l amb  adi-  
pose t i ssue d e v e l o p m e n t  war ran t  f u r t h e r  inves-  
t igat ion.  
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Brain Free Fatty Acid Levels in Rats Sacrificed by Decapitation 
Versus Focused Microwave Irradiation 
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ABSTRACT 

Values are p resen ted  for  whole  brain  
free fa t ty  acid levels of  rats  sacrif iced by  
decap i t a t i on  vs focused  microwave  irradi-  
a t ion .  Free f a t ty  acids were q u a n t i t a t e d  
by specif ic  co lo r ime t r i c  analysis .  Within  
ca. 1 min  of  sacrifice by  e i the r  decapi ta -  
t ion  or  microwave ,  ra t  whole  bra in  free 
fa t ty  acid c o n c e n t r a t i o n s  ranged f rom ca. 
80-100  ttg/g fresh tissue. If the  brain  
r ema ined  in the  head  for  a to ta l  of  5 rain 
a f te r  decap i t a t i on ,  free fa t ty  acid levels 
increased by over  100%. The free f a t ty  
acids at this  t ime  were en r i ched  wi th  
a rach idon ic  acid.  The  increase  in free 
f a t ty  acid levels fo l lowing  decap i t a t i on  
was comple t e ly  absen t  in rats  sacr i f iced 
by the  microwave  i r rad ia t ion .  This micro-  
wave t e c h n i q u e  could  be a valuable tool  
in d e t e r m i n i n g  free fa t ty  acid and  o t h e r  
heat  s table  c o m p o u n d s  in brain  tissue. 

I NTRODUCTION 

In teres t  in cerebral  free fa t ty  acids ( F F A )  
s tems  par t ia l ly  f rom the  recogn i t ion  t ha t  F F A  
can in f luence  marked ly  e n z y m a t i c  processes  of  
the  bra in ;  for  example ,  bra in  cerebros idase  
act ivi ty  is ac t iva ted  great ly by F F A  (1 ,2) .  Also, 
r ecen t  in te res t  in cerebral  p ros tag land in  s yn t he -  
sis has d rawn a t t e n t i o n  to the  c o n c e n t r a t i o n  
and  c o m p o s i t i o n  of  bra in  F F A  (3,4) .  The  
r epo r t ed  c o n c e n t r a t i o n s  of  rat  bra in  F F A  
widely differ.  Galli and  ReCecconi  (5)  found  
a m o u n t s  c o r r e s p o n d i n g  to 2-3 mg F F A / g  whole  
b ra in ;  Lun t  and  Rowe (6),  ca. 150 /lg/g; and,  
more  r ecen t ly ,  Bazhn, et  al., (7)  r epo r t ed  on ly  
30-40 /.tg/g in brain excised and  f rozen  or  

h o m o g e n i z e d  wi th in  30  sec of  decap i t a t ion .  
Baz;in and  coworke r s  (7)  emphas ize  t ha t  the  
d iscrepancy  b e t w e e n  the  var ious  repor t s  could  
be exp la ined  by a rapid  increase in brain  F F A  
c o n t e n t  seen by t h e m  to occu r  dur ing  the  first 
few min a f te r  sacrifice. This increase was 
p r e sumed  due to n o r m a l  e n z y m a t i c  act ivi t ies  
r a the r  t han  to t issue autolysis .  Tl~e p resen t  
s tudies  are d i rec ted  at  resolving the  con t rove r sy  
over  bra in  F F A  levels. A specific co lo r ime t r i c  
test  and  the  " f o c u s e d  mic rowave  i r r a d i a t i o n "  
t e c h n i q u e  are used to measure  rat  whole  bra in  
F F A  concen t r a t i ons .  

M A T E R I A L  AND METHODS 

Experimental animals: Male Sprague-Dawley 
rats of  250-300  g were used for  the  s tudies  
involving sacrifice by decap i t a t i on  and  rats  of  
150-200 g for  sacrifice by focused  microwave  
i r rad ia t ion .  The  rats  were given free access to  
s t andard  rat  c h o w  and  wate r  unt i l  shor t ly  
before  sacrifice. 

Sacrifice and Removal of Brain Samples 

Decapitation: Fol lowing  decap i t a t i on  by  a 
gui l lo t ine ,  the  bra ins  e i the r  were r emoved  im- 
media te ly  or p e r m i t t e d  to r emain  in situ at 
r oom t e m p e r a t u r e  for  5 min.  Af ter  removal ,  the  
bra ins  were washed in cold i so ton ic  saline,  
quickly  b lo t t ed  on  fi l ter  paper ,  and  d r o p p e d  
in to  l iquid N 2. Be tween  30-40 sec were re- 
qui red  for  removal  of  the  brains .  Ca. 15-20 
add i t iona l  sec lapsed unt i l  the  bra ins  could  be 
placed in the  l iquid N 2. Thus,  the  bra ins  were 
f rozen wi th in  45-60  sec a f te r  decap i t a t ion .  

Microwave: Rats  were sacr i f iced by 3 sec 
exposure  of  the  head  to a focused  microwave  

TABLE I 

Free Fatty Acid Content of Whole Brain as Function of Time after Sacrifice 
by Decapitation vs Microwave Irradiation 

1 Min postmortem a 6 Min postmortem a 

Method of sacrifice Rats (n) taM/g b Rats (n) ~M/g b 6/1 

Decapitation 9 0.339 -+ 0.033 9 0.781 -+ 0.069 c 2.30 
Microwave 9 0.279 +- 0.054 8 0.278 -+ 0.039 1.00 

aTime between sacrifice by decapitation or microwave and placing the brains in liquid nitrogen. 
bFree fatty acid concentration is expressed as /iM/g of brain (wet wt) relative to stearic acid as 

standard. The values are average + standard error. 
cp(t) of the difference between the values at 1 and 6 rain is less than 0.001 (Student's t-test). 
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FIG. 1. Relative fatty acid composition of rat whole brain free fatty acids (FFA) and plasma FFA. The values 

are average ~: standard error (bars) of 4 or 5 rats for the brain FFA and of 3 rats for the plasma FFA. *P (t) of 
the difference between 1 and 6 rain is ca. equal to or less than 0.05. ~ = 1 rain and [] = 6 min. 

beam in the system described by Guidotti, et al. 
(8). Due to space limitations, rats of less than 
200g had to be used. As with the decapitation 
studies, the brains were removed immediately or 
allowed to remain in the head for 5 min. Due to 
the high temperature of the animal surface (ca. 
70 C), the rat head was immersed in liquid N2 
for ca. 3 sec prior to excising the brain. As 
before, ca. 45-60 sec lapsed from the moment  
of sacrifice of  the rats until placing the brains in 
liquid N 2 . 

Extraction and recovery o f  lipids: The fro- 
zen brains were weighed (1.3-2.1 g) and directly 
homogenized in 20 volumes of chloroform- 
methanol (2: 1) using a Polytron homogenizer. 
With all samples, a known amount (160,000 
dprn or less) of 1-14C_steari c acid (46.8 #Ci//-tM, 
New England Nuclear Corp., Boston, Mass.) was 
added in 0.1 ml n-heptane to the brain homog- 
enates to permit correction for loss of FFA in 
the extraction, chromatography, and recovery 
procedures. The purity of the 14C-stearate was 
confirmed by radiochromatogtaphy. Less than 
0.002 #M FFA was, therefore, added to each 
sample as 1-14C-stearic acid. The homogenate 
was filtered through a sintered glass funnel and 
the residue recovered and rehomogenized in 10 

volumes of 2:1 chloroform-methanol.  The com- 
bined filtrates were extracted with 0.2 volumes 
of 0.88% KC1. The chloroform phase was 
recovered and concentrated (at <40  C) to ca. 1 
ml under negative pressure and a stream of 
nitrogen. The extracts of adult whole brain 
contained between 100-180 mg total lipid. 

Chromatography and recovery o f  FFA : The 
toal lipid extract was applied quantitatively to 
thin layer chromatography (TLC) plates (Silica 
Gel H, 1000/a) to form a band ca. 1.5 cm wide 
x 15 cm long. The plates were developed in 
n - h e x a n e - d i e t h y l e t h e r - g l a c i a l  acetic acid 
(73:30:2),  subsequently dried, and briefly ex- 
posed to iodine vapor, and the FFA band was 
located by reference to an FFA standard. After 
waiting ca. 5 min for the iodine to sublimate (in 
air), the FFA band was recovered, transferred 
to a glass-stoppered centrifuge tube, and ex- 
tracted with 10 ml CHC13. The tubes were 
centrifuged, the chloroform recovered, and the 
extraction repeated. The pooled chloroform 
extracts were brought to 20.0 ml, and a 1.0 ml 
aliquot was transferred to a scintillation count- 
ing vial and evaporated to dryness, and the 14C 
content was measured with a Packard Tri-Carb 
liquid scintillation spectrometer. An overall 
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average of 62 -+ 2% of the added 1-14C-stearate 
was recovered with this procedure. 

Test for generation of FFA from phospho- 
lipid: The possible generation of FFA from 
breakdown of phospholipid during the extrac- 
tion and chromatographic procedure was exam- 
ined in several experiments. A known amount  
of  1 - 1 4 - C - d i o l e o y l p h o s p h a t i d y l  choline, 
859,000 dpm (55 mCi/mM, Applied Science 
Laboratories, State College, Pa.), was added to 
the chloroform-methanol brain homogenate or 
was chromatographed directly on the TLC 
plates. Brain total lipids were extracted, recov- 
ered, and chromatographed as before. The FFA 
band or, in the case of the direct chromatogra- 
phy of the labeled phospholipid, the area of the 
plate corresponding to the FFA standard was 
recovered and assayed for 14C content. Upon 
direct chromatography of the 14C-dioleoyl- 
phosphatidyl choline, an average 16,100 dpm 
(out of a total 859,000 dpm) was measured in 
the FFA area. However, essentially no radioac- 
tivity was detected in the FFA area when the 
phospholipid was recovered from the origin and 
rechromatographed. This shows that the mea- 
sured 14C-labeled FFA was present with the 
radioactive phospholipid as received and not 
generated during the chromatographic proce- 
dure. Thus, of the 859,000 dpm of 14C-labeled 
phosphatidyl choline added to the brain ho- 
mogenates, ca. 16,100 dpm was present as 
14C-labeled FFA at the time of addition. After 
carrying this amount of 14C-dioleoylphospha- 
tidyl choline through the extraction, recovery, 
and chromatographic procedures, 11,500 dpm, 
+ 120f dpm of 14C (average of 3 experiments), 
was measured in the FFA fraction. Since only 
60-70% of the FFA in the brain homogenate is 
recovered with our isolation procedures (based 
upon recovery of 1-14C-stearate added to the 
brain homogenate), this 11,500 dpm could 
soley represent the 16,100 dpm of 14C-FFA 
which already was present in the 14C-labeled 
phospholipid when it was added to the brain 
homogenates. Therefore, no significant FFA 
appears to be generated from phosphatidyl 
choline and presumably other phospholipids 
during the extraction and chromatographic 
procedures. 

Quantification of FFA: The chloroform- 
FFA-extract of the TLC plates was concentra- 
ted to 10.0 ml, and 5.0 ml was taken for 
measurement of FFA by the colorimetric 
method of Duncombe (9). The procedure in- 
volves formation of the FFA-copper salts fol- 
lowed by measurement of the bound copper. 
For these studies, zinc-dibenzyldithiocarbamate 
rather than sodium-diethyldithiocarbamate was 
used as the color developer. Standard curves 

were obtained with each analysis using chloro- 
form solutions of stearic acid at concentrations 
ranging from 0.01-0.10/IM/ml. After correcting 
for FFA recovery and sample size, the concen- 
tration of FFA in the brain samples was 
expressed as vM FFA/g wet brain relative to 
stearic acid. Since different fatty acids give 
slightly different calibration curves, some loss 
of accuracy will result from using any given 
fatty acid as a standard. However, the loss 
should be slight, since the calibration curves for 
different long chained fatty acids lie close 
together (9). We observed only ca. 10% differ- 
ence in the intensity of color produced by 
equal molar solutions of either 16:0, 18:0, 
18:1, or 20:4. Stearic acid was chosen as the 
standard, since it was reported by Baz~n (10), 
and confirmed by us, to be the major FFA 
present in rat brain. 

Gas liquid chromatography (GLC] of FFA: 
Aliquots of the chloroform FFA extracts were 
evaporated to dryness and the FFA methyl 
esters prepared by reaction with diazomethane. 
The fatty acid-methyl esters were purified by 
TLC, recovered, and the ester mixture was 
analyzed by GLC as described by Galli, et al. 
(11). 

RESULTS 

Adult rat brains removed from the head and 
placed in liquid nitrogen within 1 min of 
sacrifice by either decapitation or focused 
microwave irradiation were found to contain 
ca. 0.3 pM FFA/g wet wt (Table I). This would 
correspond to ca. 90 pg FFA/g based upon an 
estimated mean mol wt of 290 for rat brain 
FFA (calculated from the data presented in Fig. 
1). 

Brains removed at 5 rain after sacrifice by 
decapitation contained over 100% more FFA 
than those removed immediately (Table I). This 
postmortem increase was completely absent in 
animals sacrificed by focused microwave irra- 
diation. 

The relative composition of FFA measured 
in brains removed and frozen within 1 re_in vs 6 
rain after decapitation is similar with one major 
exception (Fig. 1). At both 1 and 6 min, 18:0 
comprised ca. 25% of the total FFA, 16:0 and 
18:1 each accounted for 15-17%, and 22:6, ca. 
10% of the total FFA. The major compositional 
change of brain FFA with time after decapita- 
tion was a 50-60% increase in the relative 
amount of arachidonic acid, increasing from ca. 
10-16% of the total during this 5 min interval. 
The marked difference between the composi- 
tion of plasma FFA and that of brain (Fig. 1) 
substantiates the fact that the FFA recovered 
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from the brain samples is of neural origin and 
not due to residual blood present in the brain. 

DISCUSSION 

The reported values for brain FFA basal 
concentrations vary widely (5-7). This is not 
surprising in view of the notorious difficulties 
encountered in determining tissue FFA levels. 
The values presented by Baz~n, et al., (7), ca. 
40 btg or 0.14 /~M/g brain, were the lowest 
reported and probably the most accurate. Their 
measurements were based upon charring devel- 
oped TLC plates followed by estimating FFA 
concentrations by photodensitometry.  How- 
ever, this method can result in low values due 
to possible loss of fatty acids during the 
charring. In the present study, basal levels of 
brain FFA were quantitated in brains frozen in 
liquid nitrogen with 45-60 sec of sacrifice by 
decapitation or focused microwave irradiation. 
With both techniques, brain FFA concentra- 
tions (quantitated by a colorimetric test spe- 
cific for FFA) were ca. twice as high as those 
reported by Baz~n, et al., (7) for rat brains 
frozen within 30 sec of decapitation. 

Baz~n, et al., (7) demonstrated that the FFA 
content of rat brain increases sharply during the 
first 5-10 min after decapitation. We searched 
for the post-decapitation rise in rat whole brain 
FFA levels and, like Baz~n, observed a marked 
increase in the FFA content of the brain at 6 
rain vs 1 min after decapitation. Although this 
change involved an increase in all the major 
FFA present in brain, it represented a dispro- 
portionte increase in the free arachidonic acid 
content, an observation also reported by Baz~n 
(10). Of special interest, the postmortem in- 
crease in brain FFA levels did not  occur when 
rats were sacrificed by focused microwave 
irradiation. 

Focused microwave irradiation appears to be 
presently the superior method for quantitating 
heat stable components of brain which are 
generated rapidly or catabolized during post- 
mortem processes. Total inactivation of rat 
brain enzymes, such as adenylcyclase, phospho- 
diesterase, and choline acetyl transferase occurs 

within 3 sec of exposing the head to a focused 
microwave beam (8), and sacrificing rats by 
microwave prevents the dramatic rise in brain 
cAMP levels which occurs after decapitation 
(12). Our observation that sacrifice by micro- 
wave completely prevents the postmortem rise 
in brain FFA supports the hypothesis (7,13) 
that the rapid production of  FFA in adult rat 
brain reflects enzymatic activities, probably 
phospholipase activities. The physiological sig- 
nificance of this FFA production might relate 
to cerebral prostaglandin synthesis, since free 
arachidonic acid is produced selectively, and 
others recently have reported synthesis of 
PGE 2 and PGF2a from endogenous substrate in 
rat brain slices (3,4). 
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ABSTRACT 

Ca. 15% of  the  p h o s p h a t i d y l  inos i to l  
in myel in  and  mic rosomal  m e m b r a n e s  
f rom rat  bra in  was de t ec t ab le  by an t i -  
p h o s p h a t i d y l  inos i to l  a n t i b o d y .  Ant i -  
body-de t ec t ab l e  p h o s p h a t i d y l  inosi to l  in 
myel in  and  mic rosomes  readi ly  increased 
when  the  m e m b r a n e s  were i n c u b a t e d  at  
45 C wi th  the  an t i s e rum.  Synap t i c  m e m -  
branes  also had  on ly  a l imi ted  capac i ty  to  
adso rb  a n t i b o d y .  Quan t i t a t ive  b ind ing  
s tudies  wi th  synap t i c  m e m b r a n e s  and 
m i t o c h o n d r i a  were l imi ted ,  because  these  
m e m b r a n e s  con ta in  card io l ip in ,  which  
cross reacts  wi th  p h o s p h a t i d y l  inos i to l  
ant isera .  Moreover ,  highly pur i f ied  synap-  
tic and  m i t o c h o n d r i a l  m e m b r a n e s  con t a i n  
apprec iab le  a m o u n t s  of  o t h e r  m e m b r a n e  
f ract ions .  

INTRODUCTION 

The tu rnove r  of  p h o s p h a t i d y l  inosi to l  in 
cerebral  co r t ex  and  s y m p a t h e t i c  ganglia in- 
creases rapidly  when  electr ical  or pha rmaco log i -  
cal agents  s t imula te  the  tissue. This  " p h o s p h a -  
t idyl  inosi to l  e f f ec t , "  first descr ibed by  Hokin  
and  Hokin  in 1953,  has been  descr ibed  in a 
var iety of  t issue and  has led to cons iderab le  
specu la t ion  c o n c e r n i n g  the  s t ruc tu ra l  and  func-  
t ional  role of  p h o s p h a t i d y l  inosi to l  in mem-  

lpresented in part at the 8th FEBS Meeting, Am- 
sterdam, August 1972. 

b ranes  (1). The  s tudies  of  H a k o m o r i  and  Rap-  
por t  and  the i r  co-workers  on  the  r eac t ion  of  
ant ig lycol ip id  an t ibod ie s  wi th  m e m b r a n e  glyco-  
lipids (2)  suggested to us t h a t  a n t i p h o s p h o l i p i d  
an t ibod ie s  may  be useful  tools  to s tudy  the  
loca t ion  of  m e m b r a n e  phospho l ip ids .  In pre-  
vious s tudies ,  we used an t i ca rd io l ip in  an t i se ra  
to  s tudy  the  loca t ion  o f  card io l ip in  in mi to -  
chondr i a  (3).  The subjec t  o f  the  present  r epo r t  
is the  r eac t ion  o f  a n t i p h o s p h a t i d y l  inos i to l  ant i -  
sera wi th  m e m b r a n e  f r ac t ions  isola ted f rom 
bra in .  

METHODS 

Materials 

Sprague-Dawley rats  (Charles  River Labora-  
tories,  Bos ton ,  Mass.), 30-40 days old,  were 
used to p repare  m e m b r a n e  f ract ions .  Lipids  
were purchased  f rom Supelco (Bel le fonte ,  Pa.). 
Silica Gel H was o b t a i n e d  f rom B r i n k m a n  
(Wes tbury ,  N.Y.).  The  silica gel was washed  
before  use w i th  m e t h a n o l : c h l o r o f o r m : f o r m i c  
acid,  2:1:1 (v/v) ,  and  wa te r  accord ing  to 

Parker  and  Pe te r son  (4).  Sheep e r y t h r o c y t e s l  
c o m p l e m e n t ,  and  hemolys in  were o b t a i n e d  
f rom Cordis (Miami,  Fla.).  E n z y m e  subs t ra t e s  
used to measure  m a r k e r  e n z y m e  act ivi t ies  Were 
pu rchased  f rom Sigma (St.  Louis,  Mo.) or Cal- 
b i o c h e m  (San Diego, Calif.). 

Membrane Preparations 

Myelin was p repa red  as descr ibed  by N o r t o n  
(5) .  Mi tochondr i a  were isola ted as descr ibed by  

TABLE I 

Phospholipids of Brain Membranes 

Phospholipid phosphorus 

Membrane a nmoles/mg protein 

Percent phospholipid dis tr ibut ion  b 

Sph PC PI PS EP PA+ DPG 

Myelin 1300 12 25 4 12 46 1 
Mitochondrial 420 3 40 4 2 39 12 
Synapt ic 640 2 33 8 8 42 8 
Microsomal 350 1 40 5 12 40 1 

aMyelin was prepared as described by Norton (5); mitochondria were prepared as described by 
Clark and Nicklas (6); synaptic membranes, fraction 2, were prepared as described by Cotman and 
Matthews (7). 

bThree preparations of each membrane were extracted. Each extract was analyzed in triplicate. 
Results are expre~ed as the average of 8-9 phosphorus determinations. Individual deviations from the 
average were less than 8%. Sph = sphingomyelin, PC = phosphatidyl choline, PI = phosphatidyl inosi- 
tol, PS = phosphatidyl serine, EP = etbanolamine phosphatide, PA = phosphatidic acid, and DPG = 
diphosphatidyl glycerol (cardiolipin). 
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Clark and Nicklas (6); synapt ic  membranes ,  
f ract ion 2, were isolated by the me thod  of  Cot-  
man and Mat thews (7). For  reference studies,  
myelin,  synap tosomal ,  and mi tochondr ia l  frac- 
t ions were prepared  as described by Eichberg, 
et al. (8). Microsomal membranes  were isolated 
f rom the superna tan t  solut ion of  a 27,000 x g 
for 40 min centr i fugat ion of  a 10% rat brain 
homogena te  (w/v) in 0.25 M sucrose. The 
superna tan t  solut ion was cent r i fuged for 1 hr at 
100,000 x g. The resul tant  microsomal  pellet 
was washed by resuspension in 0.25 M sucrose 
and cent r i fugat ion  at 100,000 x g. 

Ant ibody and Enzyme Tests 

Antisera to phospha t idy l  inosi tol  were pre- 
pared in rabbits .  The animals were injected 
every o ther  day (a total  o f  11-12 inject ions)  
with a suspension conta in ing  0.3 mg hapten  and 
the adjuvants ,  phospha t idy l  chol ine  and choles- 

terol (9). Antisera having little or no capaci ty 
to react  with cardiolipin antigen were selected 
for binding studies.  The a m o u n t  of  an t ibody  
absorbed to membranes  was calculated by al- 
lowing graded am oun t s  of  membrane  to react 
wi th  ant iserum.  The membrane  and an t ibody  
bound  to it were s ed imen ted  by cent r i fugat ion .  
The an t ibody  remaining in the superna tan t  
solut ion and the  initial concen t ra t ion  of  the 
an t ibody  were de t e rmined  by a s tandard  micro-  
f locculat ion assay. The di lut ions of  antisera 
that  would  induce  f locculat ion of  an antigen 
suspension conta in ing  6 #g phospha t idy l  inosi- 

tol  were measured (3). Al terna te ly ,  the react ion 
of  an t ibodies  wi th  membranes  was measured by 
a c o m p l e m e n t  f ixat ion test .  Serial di lut ions of  
the  antisera were  mixed wi th  dilut ions of  a 
membrane  suspension and c o m p l e m e n t .  Sensi- 
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I.IG. 1. Linear reaction of myelin with antiphos- 
phatidyl inositol antisera. Conditions for the test are 
described in Table !I. 

t ized e ry th rocy t e s  were added to  the  " b o x "  ti- 
t rat ions.  A n t i b o d y  react ions  were de t e rmined  
by measur ing e r y t h r o c y t e  lysis induced  by  un- 
f ixed c o m p l e m e n t .  The results were expressed 
as i sof ixat ion curves as descr ibed by Rappor t  
and Graf  (10).  

Oxygen uptake ,  succinate dehydrogenase ,  
and lactic dehydrogenase  activities were used to  
es t imate  the puri ty of  the mi tochondr i a  pre- 
pared by the Clark and Nicklas m e t h o d  (6). 
Cy toch rome  oxidase and m o n o a m i n e  oxidase 
were used as marker  enzymes  to es t imate  the 
puri ty o f  mi tochondr ia l  and synapt ic  mem-  
branes (11). Acid phospha tase ,  5' nucleot idase ,  
and (Na+-K § -ATPase  activities were used to 

TABLE II 

Antibody-Detectable Phosphatidyl Inositol (PI) in Purified Neural Membranes a 

Range tested 

Membrane (mg protein) 

Total PI 
P e r c e n t  antibody bound 

(nmoles phospholipid 
phosphorus/mg protein) Fresh Heated 

Myelin 0.1-1 52 12 • 2 40 + 10 
Microsomal 1-10 18 12 • 15 50 • 15 
Synaptic membranes 1- 4 51 15 • 7 25 • 5 
Mitochondrial 1- 4 17 32 + 6 40 + 15 

aMyelin yeas isolated by the method of Norton (5); mitochondria by the method of Clark a n d  
Nicklas (6); and synaptic membranes, fraction 2,by the method of Cotman and Matthews (7). The 
phospholipid composition of these membranes is listed in Table I. Myelin (5), mitochondria (6), 
synaptic membranes (7) and microsomes suspended in 0.15 M sodium chloride were mixed with 
graded amounts of antisera as previously described (3). The percent antibody bound in heated frac- 
tions was determined after the antisera-membrane solution was allowed to stand at 45 C for 30 min. 
Control reactions use chloroform:methanol washed brain tissue to monitor antisera inactivation at 
45 C and nonspecific adsorption at 22 C which was virtually undetectable. The results are expressed as 
t h e  r a n g e  of 12 assays/test + standard deviation. The method for calculating a test result has been 
described previously in detail (3). 
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T A B L E  III 

A d s o r p t i o n  o f  P h o s p h a t i d y l  Inos i to l  (PI) A n t i b o d y  b y  
M e m b r a n e  I . ' ract ions P repa red  f r o m  Rat  Brain 

T o t a l  PI 
Range  t e s t ed  ( n m o l e s  p h o s p h o l i p i d  Percen t  a n t i b o d y  b o u n d  

M e m b r a n e  f r a c t i o n  ( rag  p r o t e i n )  p h o s p h o r u s / m g  p r o t e i n )  F re sh  H e a t e d  

Large  mye l in  0 . 5 -4 .0  2 9  15 -+ 5 3 0 : t  10 
Nerve e n d i n g  par t i c les  0 . 5 -4 .0  12 8 +- 2 16 +- 5 
M i t o c h o n d r i a  0 . 5 -4 .0  11 30 + 10 30 +- I0  

a M e m b r a n e s  we re  i so la t ed  as d e s c r i b e d  b y  E ichbe rg ,  et al. (8) .  Resu l t s  are  exp re s sed  as t he  average  
o f  12 a s says / t e s t  • s t a n d a r d  dev ia t ion .  

monitor the purity of the synaptic membrane 
fraction (7). Protein was measured by the 
Lowry method (12). 

Lipid Assays 

Lipid extracts of membranes were prepared 
by the Folch 2:1 chloroform-methanol tech- 
nique (13). The extracts were separated into 
phospholipid fractions by thin layer chromatog- 
raphy (TLC). The amount of phosphorus in the 
silica gel zones containing the phospholipid 
fractions was measured as described by Parker 
and Peterson (4). TLC was carried out on 
0.5 mm Silica Gel tl plates prepared by blend- 
ing 45 g washed gel with 87 ml 1 mM sodium 
carbonate solution. Plates were activated at 
120 C for 1 hr. Lipids were applied in a nitro- 
gen atmosphere. The plates were developed in 
the  s o l v e n t  system chloroform:methanol, 
100:2 (v/v), then redeveloped in the same 
dimension in the system chloroform :methanol: 
ace t i c  acid:water, 100:60:16:7 (v/v). The 
major phospholipids had the following Rf 
va lues :  sphingomyelin, 0.13; phosphatidyl 
choline, 0.25; phosphatidyl inositol, 0.46; phos- 
phatidyl serine, 0.63; ethanolamine phospha- 
tides, 0.72; and cardiolipin, 1.0. 

RESULTS 

Phospholipid Composition of Membranes 

The phospholipid composition of highly 
purified neural membranes is listed in Table I. 
Previous studies have demonstrated that cardio- 
lipin and phosphatidyl inositol antigens have an 
appreciable capacity to cross react with phos- 
pholipid antisera (9). These results limit the 
quantitative application of binding studies with 
phospholipid antisera. As shown in Table I, car- 
diolipin comprises less than 1% of the myelin 
and microsomal phospholipids. Mitochondrial 
and synaptic membranes contain appre~ciable 
amounts of both acidic phospholipids. Quanti- 
tative studies on the capacity of membranes to 
adsorb antiphosphatidyl inositol antibody was 

possible, therefore, only with myelin and 
microsomal membranes. 

Reaction of Membranes with Antisera 

The linear adsorption of phosphatidyl inosi- 
tol antisera to untreated myelin and to myelin 
heated at 45 C for 30 min in the presence of 
antisera is shown in Figure 1. Untreated myelin 
or myelin which was heated, cooled, then 
mixed with antiserum contained ca. 6 nmoles 
(equivalent to 12% of the total phosphatidyl 
inositol) of antibody-detectable phospholipid/ 
mg protein. When myelin was heated at 45 C 
for 30 min in the presence of antisera, the 
amount of antibody-detectable phosphatidyl 
inositol increased three-fourfold. Myelin ad- 
sorbed additional increments of antibody when 
the incubations were continued to 60 rain or 
conducted at 55 C. ttowever, control experi- 
m e n t s  wi th  l i p i d - d e p l e t e d  (chloroform- 
methanol extracted) brain tissue indicated that 
the heat lability of the antisera and nonspecific 
antibody adsorption accelerated during pro- 
longed incubations or at 55 C. 

The amount of antibody-detectable phos- 
phatidyl inositol in untreated myelin and 
microsomes is described in Table II. For refer- 
ence, the capacity of purified mitochondrial 
and synaptic membranes to adsorb antibody 
also is described. Ca. 12% of the total phospha- 
tidyl inositol in the untreated membranes react 
with antibody. Microsomes, similar to myelin, 
adsorbed increased amounts of antibody fol- 
lowing annealing experiments, i.e. experiments 
wereby the antisera and membrane were heated 
and cooled together. 

The phsophatidyl inositol content of myelin 
and synaptic membranes was similar, and the 
untreated membranes had ca. the same capacity 
to adsorb antibody (Table II). In annealing ex- 
periments, however, the amount of antibody- 
detectable phospholipid increased only slightly 
in synaptic membranes. These results suggest 
that membrane components in synaptic mem- 
branes shield phosphatidyl inositol from its 
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antibody more efficiently compared to micro- 
somal and myelin membranes. 

The results of the previous experiments 
demonstrate that the major portion of phospha- 
tidyl inositol in purified neural membranes is 
not accessible to its antibody. The results in 
Table III demonstrate that the failure of the 
membranes to bind antibody was not related to 
the membrane preparation. Myelin, mitochon- 
dria, and synaptosomes, or nerve ending parti- 
cles, were prepared by a Whittaker fracfiona- 
tion scheme. The phosphatidyl inositol con- 
tents of the membrane fractions were quite dif- 
ferent compared to the purified membranes. 
However, the antibody-detectable phospholipid 
of the comparable fractions was remarkably 
similar. 

Because of the potential cross reactions be- 
tween cardiolipin and phosphatidyl inositol 
antigens, the specificity of the reaction of anti- 
phosphatidyl inositol antiserum with mitochon- 
drial and synaptic membranes, both of which 
contain cardiolipin and phosphatidyl inositol, 
remains uncertain. It is of interest to note, how- 
ever, that purified synaptic membrane contains 
threefold more phosphatidyl inositol/mg pro- 
tein compared to mitochondria, yet binds less 
antibody as determined by microflocculation 
tests. Complement fixation measurements of 
antibody adsorption confirm these findings. As 
shown in Figure 2, when measured by comple- 
ment fixation, mitochondria have a 10-fold 
greater capacity to adsorb antiphosphatidyl 
inositol antibody. The striking differer~ce be- 
tween the reaction of the antisera with the 
membranes, which have a similar phospholipid 
composition, indicates that antibody adsorp- 
tion relates directly to the accessibility of the 
membrane-bound antigen. 

D I S C U S S I O N  

The major portion of phosphatidyl inositol 
in neural membranes was inaccessible to its 
antibody. The antibody-detectable phospho- 

lipid in myelin and microsomes increased to 
50% or more of the total membrane phospha- 
tidyl inositol when the membranes were heated 
in the presence of the antisera. Similar anneal- 
ing tests with synaptic membranes detected ca. 
25% of the membrane phosphatidyl inositol. 
These results suggested that the steric, ionic, or 
hydrophobic interactions which together or 
alone inhibited the reaction of membrane- 
bound phosphatidyl inositol with its antibody, 
were most potent in the synaptic membrane 
fraction. However, the interpretation of such 
results is limited. Our previous studies with 
anticardiolipin antibody and our present work 

Antiserum 
Dilution 

1:50 

I : 150 

1 : 2 5 0  

X 

i 
0.1 

X 
Brain 

Mitochondtia 

X X X 

[ I I i 
1.0 IO.O I 0 0 . 0  I 0 0 0 . 0  

Quantity of Antigen (/.~g Protein)  

FIG. 2. Isofixation curves for the reaction of phos- 
phatidyl inositol antiserum with rat brain mitochon- 
dria and synaptic membranes. 

indicate that antiphospholipid antibodies, in 
general, have little capacity to react with the 
acidic membrane phospholipids. Thus, a variety 
of factors could inhibit the reaction of the 
membrane-bound antigen with its antibody. 
The purity of the membranes used for the bind- 
ing studies is a second issue. The possibilities to 
judge the purity of myelin through marker en- 
zymes are few. The microsomes and mito- 
chondria represent a collection of membrane 
vesicles from at least three cell types. The mit- 
ochondrial and synaptic membrane f rac t ions  
had enzymic activities exactly as described 
(6,7). However, the synaptic membranes con- 
tained appreciable monoamine oxidase activity 
indicating the fraction was contaminated by 
mitochondrial  outer membranes (11). The 
mitochondrial, microsomal, and synaptic mem- 
brane fractions contained 5-10% the amount of 
basic protein found in an equivalent wt of 
myelin (14). 

Various functions have been proposed for 
membrane phosphatidyl inositol. The polar 
head of the molecule may act as a receptor, or 
it may interact with membrane proteins, such 
as proteolipid (15) or basic protein (16). The 
results of the present study favor the idea that 
phosphatidyl inositol interacts with membrane 
components. Studies with fiver mitochondria 
and rnicrosomes have shown that the adsorp- 
tion of antiphosphatidyl inositol antiserum was 
enhanced following proteolytic digestion of the 
membrane (17). The latter studies, however, do 
not rule out the possibility that membrane 
neutral lipids, glycolipids, or other phospho- 
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lipids inhibit the interaction of membrane- 
bound phosphatidyl inositol with its antibody. 
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A BST R AC T 

The lipophilic components of choline 
phosphog lyce r ides  and ethanolamine 
phosphoglycerides obtained from the salt 
gland of  herring gull and eider duck and 
from the rectal gland of spiny dogfish 
were investigated by means of thin-layer 
chromatography,  gas chromatography,  
and gas chromatography-mass spectrom- 
etry. All phospholipids analyzed were 
shown to contain small amounts  of plas- 
malogens, and mainly C16, C18, and 
C18:1 aldehyde was detected. The fat ty 
acids were composed of saturated, unsat- 
urated, straight chain, and branched chain 
types, ranging between 14-22 carbon 
atoms. The lipophilic composit ion of the 
rectal gland phospholipids showed a 
higher degree of unsaturation and the 
presence of more branched chain fat ty 
acids than that of the birds, possibly 
related to body temperature.  

I NTRODUCTION 

The salt gland of marine birds (1) and the 
rectal gland of cartilaginous fish (2), with a 
specialized and elevated function of sodium 
chloride excretion,  are suitable objects for 
studies of some aspects of sodium ion transloca- 
tion. In earlier works (3-5), the amount  of 
sulphatides was found correlated with the 

activity of Na+-K+-ATPase, thought to be an 
obligate part of a transport  unit (6). However, 
as shown in Table I, sulphatides are only minor 
membrane lipid components  of these organs 
and are, therefore, expected to contr ibute little 
to the physicochemical properties of  the mem- 
branes. To add data for future studies of the 
!ipid phase behavior in relation to enzyme 
activities and transport capabilities, at present 
of great membrane research interest (7), the 
lipophilic components  of the major phospho- 
lipids of the salt gland of eider duck and herring 
gull and of the rectal gland of spiny dogfish 
were investigated. 

In this paper, the International Union of  
Pure and Applied Chemistry-International 
Union of Biochemistry recommendations (8) 
for assignment of double bond positions are 
used here for methyl branch positions. Thus, n -4 
means posit ion 4 from the methyl  end. In the 
shorthand designations for fat ty acids br means 
a methyl branched chain; the number before 
the colon, chain length; and the number after 
the colon, number of double bonds. Thus, 
br(n -4) 18:0 means 14-methyl-heptadecanoic 
acid. 

MATERIALS AND METHODS 

The preparation and identi ty of ethanol- 
amine phosphoglycerides and choline phospho- 
glycerides from the salt gland of herring gull 

TABLE I 

Lipid Composi t ion a of Salt Glands of Herring Gull (5), Eider Duck (5), and 
Domestic Duck (3) and Rectal Gland of Spiny Dogfish (4) 

Compound Herring gull Eider duck Domestic duck Spiny dogfish 

Cholesterol 56 53 33 45 
Ethanolamine phosphoglycerides 59 60 24 52 
Choline phosphoglycerides 60 53 34 65 
Serine phosphoglycerides 6.7 6.1 4.1 7.4 
Inositol phosphoglycerides 5.3 5.1 2.2 3.8 
Diphosphatidylglycerols  7.8 11.3 4.1 9.0 
Sphingomyelins 22 25 12 6.7 
Sulphatides 5.7 7,2 1.7 2.8 
Glucosylceramides 0.11 0.63 0.55 0.09 
Galact osylceramides 0.16 0.85 0.27 0.21 
Xylosylceramides 0.18 . . . . . . . . .  
Diglycosylcera mides 0.02 0,01 . . . . .  
Gangliosides . . . . . . . .  1.8 

aValues are expressed as tzmol/g dry tissue wt,  except for gangliosides which are given as mg/g dry 
tissue wt. 
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SALT GLAND 

and eider duck and the rectal gland of  spiny 
dogfish were described in detail elsewhere (4,5). 
Before analysis of lipophilic components,  the 
lipids were stored in chloroform-methanol,  2:1 
(by volume) at -20 C under N2 for ca. 1 year. 
To ascertain that no degradation had taken 
place during storage, the lipid fractions were 
analyzed by thin layer chromatography (TLC) 
(4,5) before methanolysis. 

Preparation of Methyl Esters and Dimethyl 
Acetals 

Lipid ( l -10  mg) was methanolyzed in 9% 
H2SO 4 in dry methanol at 65 C overnight (9). 
After addition of one volume of water, the 
fat ty acid methyl esters and dimethyl acetals 
were extracted immediately with three volumes 
of heptane (9). The heptane phases were 
evaporated gently under N2, redissolved in a 
small volume of heptane, and stored at -20 C 
under N2 until used. 

Separation and Characterization of Methyl 
Esters and Dimethyl Acetals by TLC 

The methanolysis products were character- 
ized by TLC (3,10) using xylene as solvent (11) 
and the copper acetate reagent for detection 
(12). For preparative TLC, water was used for 
the detection, and the bands were scraped off 
and transferred to small columns of silicic acid. 
The methyl esters and dimethyl acetals were 
eluted with chloroform-methanol,  2:1 (by vol- 
ume). After  gentle evaporation under N2, the 
fractions obtained were redissolved in heptane 
and stored at -20 C under N 2. The complete- 
ness of the separation and the absence of 
degradation products were controlled by ana- 
lytical TLC. 

Hydrogenation 

Fat ty  acid methyl  esters from ethanolamine 
phosphoglycerides of spiny dogfish were hydro-  
genated with H 2 under atmospheric pressure 
with Pro2 as catalyst and ethanol as solvent. 

Gas Chromatography 

A Hewlett-Packard model  F&M 402 appara- 
tus (Hewlett-Packard Instruments Co., Avon- 
dale, Pa.) and a Perkin-Elmer 900 apparatus 
(Perkin Elmer, Norwalk, Conn.) were used, 
both  equipped with flame ionization detectors. 
Argon was used as carrier gas and the column 
temperature was 170-190 C. Glass columns of 
1.8-2 m length and 3 mm inner diameter were 
used, packed with the following materials: 10% 
EGSS-X on 100-120 Gas Chrom P for methyl  
esters and 3% OV-1 on 100-120 Gas Chrom Q 
for dimethylacetals,  both  from Applied Science 
Laboratories, State College, Pa. Quantitation of  
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peaks was done with an integrator (Hewlett- 
Packard Instruments Co., model 3370 B). 

Mass Spectrometry 

Combined gas liquid chromatography and 
mass spectrometry (GLC-MS) were done on an 
LKB-9000 instrument (LKB Produkter,  Solna, 
Sweden). Glass columns of 2 m length and 3 
mm inner diameter were used, packed with 1% 
OV-1 on 100-120 Gas Chrom Q (Applied 
Science) and operated at a temperature of 
t80-220 C. 

Analysis of Branched Paraffin Chains 

Methyl esters of saturated fat ty  acids were 
converted to their corresponding alcohols by 
reduction with LiA1H4 (13). Methyl ethers 
were prepared by refluxing alcohols in CH3I 
together with Ag20  (13). For  the GLC and 
GLC-MS analyses, columns packed with 3% 
XE-60 on 80-100 or 100-120 mesh Gas Chrom 
Q (Applied Science) were used (13). 

RESULTS AND DISCUSSION 

The results of the fat ty  acid and aldehyde 
analysis are presented in Table II. The identifi- 
cation of fatty acid methyl esters was based 
upon GLC retention times on two columns 
(polar and nonpolar)  in comparison with 
known standards and literature data (14). Na- 
tive fat ty acid methyl  ester fractions and 
hydrogenated ones also were analyzed by com- 
bined GLC-MS. Acids with branched paraffin 
chains were identified as their corresponding 
methyl  ethers by combined GLC-MS, as de- 
scribed before (13). The identification of di- 
methyl acetals was based upon combined 
GLC-MS (18). 

The lipophilic components  of choline and 
ethanolamine phosphoglycerides of the two 
birds show a very similar pattern.  However, 
when comparing the two phospholipid classes, 
ethanolamine phosphoglycerides contain a larg- 
er proport ion of longer and more unsaturated 
fatty acids. This was also true in spiny dogfish. 
Compared with the birds, however, the compo- 
sition of the two phospholipid classes, including 
aldehydes of the spiny dogfish, shows a higher 
degree of unsaturation and the presence of 
more branched hydrocarbon chains. The spiny 
dogfish, a poikilothermic animal, has a much 
lower body temperature,  4-15 C (19) than the 
birds studied, 40 C (20). An adaptat ion of 
membrane fluidity to growth temperature has 
been shown for several microorganisms (21) 
possibly needed for optimal membrane func- 
tions. The hydrocarbon fluidity is regulated by 
chain length, unsaturation, chain branching, 
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and chain substitutions of  different kinds (21) 
A relationship between the degree of lipid 
unsaturation and mean environmental tempera- 
ture has long been known in poikilotherms 
(22). The relatively higher degree of unsatura- 
tion found in the rectal gland phospholipids 
could, therefore, reflect a lower environmental 
and body temperature.  

The finding of more branched hydrocarbon 
chains in phosphoglycerides of spiny dogfish 
compared with the birds is also true for 
sphingolipids (4,5). Except for br(n -10), the 
same type of branching, br(n -2), br(n -3), and 
br(n -4), has been found in the long chain base 
moiety of sulphatides in the rectal gland of 
spiny dogfish (23). So far, nothing is known 
with certainty about  the biosynthesis of long 
chain bases with branched paraffin chains. 
However, if these branched chain bases de- 
scribed (23) are biosynthesized endogenously 
(15,24), one might postulate branched chain 
fatty acid precursors in analogy to the biosyn- 
thesis of  straight chain isomers (17). Thus, such 
fatty acids seem to be present in the phospho- 
glycerides. There is a review on the biosynthesis 
of branched chain fat ty acids elsewhere (25). 

When comparing the lipophilic composit ion 
with other organs, i.e. liver, brain grey matter,  
etc., of different origin (16), there seems to be 
a fairly large variation in composit ion.  How- 
ever, the lipophilic components  of  the rectal 
gland phospholipids show a greater complexi ty  
with the presence of branched hydrocarbon 
chains and quantitatively and qualitatively 
more unsaturated fat ty acids. 

The relatively high amounts of cholesterol 
present in these organs (Table I and ref. 5), 
together with lipophilic components  of the 
major phospholipids, suggest a liquid-crystalline 
state of the membranes. A detailed discussion 
on the influence of fat ty acyl chain fluidity on 
enzyme function and especially Na+-K+-ATPase 
function recently appeared (7). 
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Incorporation of Oxygen-18 into Secondary Alcohols of 
Grasshopper Melonoplus sanguioipes 1 
GARY J. BLOMQUIST and DOUGLAS C. MCCAIN, Department of Chemistry, University of 
Southern Mississippi, Hattiesburg, Mississippi, 39401, and LARRY L. JACKSON, Department of 
Chemistry, Montana State University, Bozeman, Montana 59715 

ABSTRACT 

Incorporation of 1802 and H2180 
into the secondary alcohol moiety of wax 
esters in the grasshopper Melanoplus san- 
guinipes was determined by mass spec- 
trometry. Results of this study show that 
oxygen-18 from 1802 was incorporated 
into the secondary alcohol, whereas no 
incorporation of oxygen-18 from H 2 ] 80  
was detected. The data suggest that the 
reaction, which hydroxylates n-alkanes at 
or near the center of the carbon chain, 
involves a mixed function oxidase type 
enzyme. 

INTRODUCTION 

Wax esters of aliphatic secondary alcohols 
constitute 26-31% of the cuticular lipids of the 
grasshopper Melanoplus sanguinipes (1). The 
alcohols range in chain length from 21-27 
carbons, with the C23 homolgoue predominat- 
ing. Labeled n-alkanes included in the diet or 
administered to the surface of the insect are 
metabolized to secondary alcohols and esteri- 
fled (2,3). Chain length specificity is evident, 
with the shorter chain C21 , C23 , and C2s 
n-alkanes metabolized at a faster rate than the 
longer chain C27 and C29 compounds. In 
plants, Kolattukudy and coworkers (4-6)have 
demonstrated the conversion of n-nonacosane 
to nonacosan-14-ol and nonacosan-15-ol. In 
some plants, nonacosan-15-ol then is oxidized 
to the corresponding ketone (6). 

The nature of the reaction that introduces 
the oxygen into long chain alkanes is not well 
understood. At least two possibilities have been 
suggested (6). One route could involve a dehy- 
drogenation of the type observed with lower 
homologues in bacteria (7) followed by hydra- 
tion to give a secondary alcohol. Alternatively, 
a mixed function oxidase type enzyme could 
incorporate one of the atoms from molecular 
oxygen into the center of the carbon chain. 
Experimental evidence in plants for this hy- 
pothesis includes the incorporation of low 
levels of oxygen-18 from molecular oxygen into 
ketones and inhibition of hydroxylation by 

1Contribution from Agricultural Experiment Sta- 
tion, Montana State University, Bozeman, and pub- 
lished as Journal Series 549. 

iron chelators, such as phenanthroline, which 
was at least partially reversed by adding exog- 
enous Fe 2+ (6). 

In the present paper, the source of the 
hydroxyl oxygen has been investigated by 
comparing the incorporation of H2180 and 

1 8 0 2  into the secondary alcohols of M. san- 
guinipes. 

EXPERIMENTAL PROCEDURES 

n-Tricosane was prepared from a modified 
Wolff-Kishner reduction of tricosan-11-one as 
described earlier (11). Molecular oxygen (50 
atoms percent 1802) and water (20 atoms 
percent H2180) were obtained from Bio-Rad 
Laboratories, Richmond, Calif. 

M. sanguinipes eggs were obtained from the 
USDA Grasshopper Laboratory, Bozeman, 
Mont. The insects were raised in wire cages at 
27 C on a diet of lettuce leaves and bran fed ad 
libitum. The insects were used 4-7 days after 
ecdysis to adults. Twenty insects, 10 males and 
10 females, from the same population and of 
equal age were used in each experimental and 
control group. This number was limited by 
available quantities of labeled oxygen. 

n-Tricosane (I rag) in 10 pliter diethylether 
was layered on the abdomens of each insect. 
For the 1802 study, the insects were placed in 
a 300 ml glass apparatus connected to a 100 ml 
bulb containing 1 atm 1802. The incubation 
apparatus was flushed with nitrogen for 2 rain 
to remove atmospheric oxygen and then sealed. 
Preliminary studies demonstrated that this in- 
sect can withstand anoxia for at least 3 min 
with no apparent adverse effects. To initiate the 
experiment, the seal on the bulb containing 
1802 was broken. The diffusion of 1802 into 
the incubation apparatus was hastened by 
alternatively cooling the 100 ml bulb with ice 
water and heating with hot tap water to 
minimize the amount  of time the insects were 
deprived of oxygen. The mole fraction of 
oxygen was initially 25%. The insects were 
incubated at 30 C for ca. 10 hr until  they 
expired, presumably due to exhaustion of the 
oxygen supply. A control group received 1 nag 
n-tricosane/insect and was exposed to room air 
at 30 C for the same period of time. For the 
H2180 study, 10 male and 10 female insects 
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FIG. 1. Mass spectra of secondary alcohols from control (A) (top) and 1802 incubated insects (B) (bottom). 

each were injected with 10 #liter H2180 just 
beneath the cuticle between the second and 
third abdominal segments. The insects were 
allowed to metabolize for 24 hr. 

At appropriate times, the insects were sacri- 
ficed and the cuticular lipids from each group 
extracted by immersion in hexane for 10 min. 
The extracts were transferred to vials and 
evaporated to dryness under nitrogen. The 
secondary alcohol wax ester was isolated by 
preparative thin layer chromatography (TLC) as 
described earlier (11) and reduced using 
LiA1H 4. This reduction leaves the C-O bond of 
the secondary alcohol intact (8). The secondary 
alcohol then was isolated by preparative TLC as 
described earlier (1). 

The secondary alcohol fraction was gas 
chromatographed on a 6 f t x  1/8 in. 3% SP2250 
column programed from 175-275 C in 10 min. 
Integration was obtained with the use of a disc 
integrator. 

Mass spectra were obtained with a Varian 
CH5 mass spectrometer operating at an ionizing 
potential of 70 eV, current 100 #tA. The 

samples were inserted into the ion source from 
gold crucibles. 

RESULTS 

Analytical gas liquid chromatography (GLC) 
of the secondary alcohol fractions showed that 
the C23 homologue comprised 73, 70, and 66% 
of this fraction from controls, 1802 incubated 
insects, and insects injected with H 2180. 

Mass spectra of the secondary alcohols from 
male control ( A ) a n d  1802 incubated insects 
(B) are shown in Figure 1. The parent peaks are 
very small or absent, while the usual M-18 peak 
observed with alcohols is predominant. The 
peaks at 322, 294, and 350 in each spectrum 
are due to loss of water from the C23, C21, and 
C2 s secondary alcohols, respectively, with the 
C23 homologue comprising the major part of 
the sample. The peaks at 157 and 213,171 and 
199, and 185 arise principally from cleavage on 
each side of the hydroxyl group of tricosan-10- 
ol, tricosan-11-ol, and tricosan-12-ol, with the 
charge remaining on the fragment containing 
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TABLE I 

Mass Spectra Data of Secondary Alcohols from Oxygen-18 Incubated Insects and Controls 
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Intensity ratios a 
Experimental 

group 324/322 215/213 201/199 187/185 173/171 159/157 

1802 0.15 + 0.03 0.17 + 0.04 0.16 +- 0.04 0.13 + 0.02 0.15 + 0.02 0.16 • 0.05 
Control 0.14 • 0.03 0.10 + 0.04 0.06 + 0.02 0.05 • 0.02 0.04 +- 0.02 0.06 + 0~02 

H2180 0.13 + 0.05 0.06 +- 0.04 0.0S • 0.03 0.04 • 0.03 0.04 + 0.02 0.06 • 0.03 

aThis ratio is calculated by dividing the intensity of the fragment peak (F) into the intensity of the F + 2 peak. 

the oxygen atom. The presence of oxygen-18 in 
secondary alcohols from 1 8 0 2  incubated insect 
is clearly evident, as shown by the larger peaks 
at 159, 173, 187, 201, and 215 relative to 
controls. 

For fragments believed to possess oxygen 
and for the M-18 peak of the C23 secondary 
alcohol, which does not contain oxygen, inten- 
sity ratios were calculated. For a particular 
fragment (F), this ratio was the intensity of the 
F + 2 peak divided by the intensity of the F 
peak. The difference between the F + 2 peaks 
from insects incubated with oxygen-18 and 
control insects arises from oxygen-18 incorpo- 
rated into the secondary alcohol. Only frag- 
ments which exhibited a fairly intense peak 
were considered, so that the F + 2 peaks were 
large enough for reasonably accurate measure- 
ments. In each case, data from 6-8 spectra were 
averaged. Error limits are plus or minus one 
standard deviation. 

The data in Table I show the intensity ratio 
for insects incubated with oxygen-18 compared 
to controls and insects injected with H2180. 
The intensity ratios of the 324 (F + 2) to the 
322 (F) peaks are similar for the control, 1802 
and H2180 incubated insects. The intensity 
ratios of the peaks from fragments which do 
contain oxygen, 159/157, 173/171, 187/185, 
201/199, and 215/213, are from 2-4 times 
greater in the secondary alcohols from insects 
incubated with 1802 than controls or insects 
injected with H 2180. The greatest difference in 
intensity ratios between controls and 1802 
incubated insects occurs in the 201/199 and 
173/171 peaks, with a difference of 0.10 and 
0.11. Data for control and 180 2 incubated 
insects for the 201/199, 187/185, and 173/171 
peaks all are different at greater than 99% 
confidence levels. The intensity ratios of con- 
trol and insects injected with H2180 is very 
similar, with small differences noted in the 
ratios of the 215/213 and 159/157 peaks. A 
comparison of the data from male and female 
insects showed no significant differences, and 
the data presented include both. 

DISCUSSION 

The mass spectra analyzed were from the 
total secondary alcohol sample, which accounts 
for the M-18 peaks at 294 and 350 in addition 
to the major M-18 peak at 322. These arise 
from the C21 and C2s secondary alcohols. The 
M-18 peaks from the C22 , C 2 4  , C 2 6  , and C27 
secondary alcohols, each of which make up 
1-2% of the secondary alcohol fraction (1), 
were very small or not detectable. Since the 
C23 secondary alcohol comprises 59% of the 
secondary alcohols occurring naturally in the 
insects (1), and makes up an even larger 
percentage after administration of exogenous 
n-tricosane, the spectra were interpreted as 
arising primarily from this homologue. Incorpo- 
ration of small amounts of oxygen-18 into the 
other homologues would result in the same 
oxygen containing fragments as analyzed in 
Table I, plus peaks at 143 and 227. However, 
they probably contribute very little to the 
oxygen-18 (F + 2) peaks because of the small 
quantities of endogenous C21 and C 2 s n-alkane 
present (9). 

From this data, the percentage of molecules 
which contained oxygen-18 cannot be calcu- 
lated accurately, but it is probably low, in the 
order of 2-10%. This amount  is not  surprising, 
for the amount of secondary alcohol wax esters 
in the insect prior to incubation with 1802 is 
quite large, in the order of .12-.15 rag/insect, 
which would dilute the isotopically labeled 
material, and the incubation times were rela- 
tively short. However, the incorporation of 
1802 into secondary alcohols is demonstrated 
clearly. 

Our detection methods are less sensitive for 
measuring the incorporation of H 218 0 mainly 
due to the high dilution effect from endoge- 
nous unlabeled water. We feel, however, that 
our negative results indicate that large scale 
H2180 incorporation is absent, and, of course, 
these negative results are entirely consistent 
with our observations that the oxygen in the 
secondary alcohol is derived from molecular 
oxygen. 
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The incorporation of molecular oxygen and 
lack of  i nco rpo ra t ion  o f  water  in to  the  second-  
ary alcohols  of  M. sanguinipes suggest tha t  a 
mixed  func t ion  oxidase type  enzyme  is in- 
volved in secondary  a lcohol  b iosynthesis .  

Mixed func t ion  oxidases play a major  role in 
the  me tabo l i sm of  xenob io t i c s  in insects  
(10,11) .  They have been shown to  metabol ize  
most  types  o f  insect ic ides ,  including l , l , l - t r i -  
c h l  o r  o-  2 ,2 -b i s (p-ch lorophenyl )e thane ;  cyclo- 
dienes; carbamates ;  o rganophospha te s ;  and 
others  (11 ). Relatively li t t le a t t en t ion ,  however ,  
has been  given to  endogenous  c o m p o u n d s  
metabo l ized  by this e n z y m e  sys tem in insects ,  
a l though a n u m b e r  of  l ipophil l ic  subst ra tes  have 
been s h o w n  to be me tabo l i zed  by mixed  
func t ion  oxidases  in o the r  organisms (12,13).  
In M. sanguinipes, we have d e m o n s t r a t e d  the  
metabo l i sm o f  n-alkanes by what  appears  to  be 
a mixed func t ion  oxidase enzyme .  
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Fluorescent Pigments from Uterus of Vitamin E-Deficient Rats 

ABSTRACT 

Spectrophotofluorometric analyses of 
the extracts of uterus from sterile rats 
maintained on a vitamin E-deficient diet 
for a prolonged period of time indicated 
that the brown ceroid-like pigments pres- 
ent were highly fluorescent, having char- 
acteristics typical of products formed 
during lipid peroxidation in vivo. The 
aqueous-methanol layer of the uteral ex- 
tract from vitamin E-deficient animals 
had higher fluorescence than the corre- 
sponding chloroform layer, indicating the 
presence of more polar water-soluble pig- 
ments than those found in most other 
tissues so far examined. 

INTRODUCTION 
In spite of the knowledge gained since the 

discovery by Evans and Bishop (1) tha t  dietary 
vitamin E deficiency caused malformation and 
fetal resorption in pregnant female rats, it was 
demonstrated only recently by Raychaudhuri 
and Desai (2) that depriving animals of vitamin 
E for an extended period of time, starting prior 
to birth, causes irreversible sterility in female 
rats. The reproductive failure in these animals 
has been found to be associated with the 
appearance of a brown colored ceroid-like 
pigment in the uterus and the fallopian tubes of 
the female rats. 

Histological studies indicate that ceroid-type 
pigments do accumulate in varying amount in a 
variety of tissues of man and animals during 
aging and that the accumulation depends upon 
the status of the dietary factors, such as vitamin 
E and polyunsaturated fatty acids (3-9). 

The present study was undertaken to mea- 
sure the accumulation of ceroid-like pig- 
ments(s) in the uterus of female rats subjected 
to prolonged vitamin E deficiency and to 
characterize the biochemical nature of these 
pigments using spectrophotofluorometric tech- 
niques. 

EXPERIMENTAL PROCEDURES 

One group of 4-5 day pregnant rats of the 

Wistar strain was placed on a vitamin E-defi- 
cient diet of Draper, et al., (10). Another group 
of similar rats was placed on a control diet 
similar in composition to the above diet but 
supplemented with 2.5 g dl-0t-tocopheryl ace- 
tate (2500 international units)/kg diet. 

After delivery, the mothers and newborn 
littermates from experimental and control 
groups were caged individually and fed their 
respective diets for 21-23 days. At this time, 
the young female rats were separated into 
individual cages, and their respective diets were 
continued unti/ termination of the experiment. 
All animals received food and water ad libitum, 
and they were maintained in a thermostatically 
regulated (70 F /an ima l  room. 

All animals were sacrificed at the age of 195 
days, and their uteri were removed, weighed, 
and carefully examined for visible signs of 
ceroid pigmentation before they were frozen. 
Samples of renal adipose tissues also were 
removed and immediately frozen for biochemi- 
cal examination along with the uteri. All tissues 
were stored frozen until  fluorescence analyses 
were performed. 

Fluroescence Analyses 

For fluorescence analyses, chloroform and 
aqueous-methanol extracts of renabadipose and 
uteral tissues were prepared according to the 
method described by Fletcher, et al., (11). In 
this study, extractions were carried out at 45 C 
with homogenization times of 1 and 1.5 rain 
for uteral and adipose tissues, respectively. 
Fluorescence measurements were made with an 
A m i n c o - B o w m a n  spectrophotoftuorometer, 
and values herein are expressed relative to a 
standard quinine sulfate solution (1 pg/ml in 
0.1 N sulfuric acid) that had a relative fluo- 
rescence intensity of 21. 

RESULTS 

A general examination of the vitamin E- 
deficient rats revealed distinct differences from 
control animals, characterized by lower body 
wt, increased abdominal fat, and visible pigmen- 
tation spread throughout the uterus and the 
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TABLE I 

Fluorescence of Extracts from Uterus of Rats Fed Vitamin 
E-Deficient and Supplemented Diets 

Number 

Fluorescence value a 

Chloroform extract Aqueous-methanol extract 

- E  +E - E  +E 

l 3.90 0.28 7.50 0.00 
2 4.80 0.20 --- 0.00 
3 2.30 0.29 7.00 0.00 
4 4.90 0.00 5.00 0.00 
5 5.70 0.27 8.60 0.00 
6 1.30 0.30 3.30 0.00 
7 2.00 0.22 5.00 0.00 

Mean -+ standard deviation 3.60 b +- 1.70 0.26 + 0.04 6.10 b -+ 2.00 0.00 

aRelative to a standard solution of quinine sulfate (I 
fluorescence intensity of 21. 

bDifference between +E and - E  values was statistically 

/ag/ml of 0.1 N H2SO4) with 

significant at p<O.O01. 

fa l lopian tubes .  The  p i g m e n t a t i o n  appea red  to 
be of  the  ce ro id - type ,  and  it pers is ted even a f t e r  
r e s u p p l e m e n t a t i o n  of  the  an imals  wi th  v i t amin  
E for up  to 60  days. 

The b iochemica l  e x a m i n a t i o n  inc luded  re- 
cord ing  of the  f luorescence  charac te r i s t i cs  of  
the ex t r ac t s  of  renal  ad ipose  and  utera l  t issues 
of v i tamin  E-def ic ient  and  v i tamin  E-supple-  
m e n t e d  rats. Ex t rac t s  of  the  u tera l  t issues were 
exposed  to high in tens i ty  UV light for  30-90 
sec to oxidize  any in te r fe r ing  re t ino l  f luores-  
cence.  Some utera l  w a t e r - m e t h a n o l  ex t r ac t s  
increased in f luorescence  (15-25%)  u p o n  ex- 
posure  to  h igh in tens i ty  UV light.  The  ch loro-  
fo rm layer  had  spectra l  charac te r i s t i cs  wi th  an 
exc i t a t ion  m a x i m u m  at 370  n m  and  a f luores-  
cence m a x i m u m  at 440 - 450  nm.  The  e x c i t a t i o n  
and f luorescence  max ima  for  the  wa te r -me tha -  
nol layer  were observed  at 375 nm and  4 5 0 - 4 6 0  
rim, respect ively .  The f luorescence  value for  
each sample was ca lcula ted  f rom the  m a x i m u m  
in tens i ty  of  the  f luorescence  peak.  A compar i -  
son of  the  f luorescence  values of  ex t r ac t s  f rom 
u te rus  of ra ts  fed v i t amin  E-def ic ient  and 
vi tamin E - supp l emen ted  diets  is p resen ted  in 
Table I. The  f luorescence  values of  c h l o r o f o r m  
and wa t e r -me thano l  ex t r ac t s  of  u te rus  f rom 
vi tamin  E-def ic ient  ra ts  were s igni f icant ly  
h igher  t han  those  of  v i t amin  E - supp lemen ted  
rats. F u r t h e r m o r e .  the  w a t e r - m e t h a n o l  ex t r ac t s  
showed  higher  f luorescence  in tens i ty  t han  the  
co r r e spond ing  c h l o r o f o r m  ex t r ac t s  of  the  u ter -  
us f rom v i tamin  E-def ic ient  rats.  In the  v i t amin  
E - supp l emen ted  group,  there  was some f luores-  
cence in the  c h l o r o f o r m  ex t r ac t  of  u te rus ,  bu t  
n o n e  in the  w a t e r - m e t h a n o l  ex t rac t .  The  mean  
f luorescence  values of  renal  adipose  tissue in 
v i tamin  E-def ic ient  and  con t ro l  groups  were 
0 .90  -+ 0 .66  and  0 .92 + 0 .38,  respect ive ly ,  

ind ica t ing  no  s ignif icant  d i f ference  be tween  
groups.  

DISCUSSION 

The ccroid p igmen t  depos i t ion  in the  u te rus  
and  o the r  t issues of  an imals  and man is now 
well recognized  as a sign of  tissue damage,  
which  may be associa ted  wi th  a wide var ie ty  of  
a b n o r m a l  c o n d i t i o n s  (7,8) .  In mos t  cases, the  
nu t r i t i ona l  s t a tus  of  the  animal ,  as in f luenced  
by the  d ie tary  in take  of  p o l y u n s a t u r a t e d  fat  
and  v i tamin  E, d e t e r m i n e s  the  f o r m a t i o n  of  
ceroid-l ike p igmen t s  in var ious  organs of  the  
body .  The  a b u n d a n c e  of  ceroid p igment  fo rma-  
t ion  in the  u t e rus  of  female rats  fed a v i t amin  
E-def ic ient  diet  for  a p ro longed  t ime  per iod ,  as 
observed  in our  s tudies ,  ind ica tes  irreversible 
perox ida t ive  damage to the  u tera l  t issues,  wh ich  
caused comple t e  r ep roduc t ive  fai lure in these  
animals .  

The  f indings  f rom the  f luorescence  measure-  
men t s  (Table  I) are qui te  s igni f icant ,  and  they  
showed  tha t  the  ceroid  p igment s  of  the  u te rus  
of  sterile v i t amin  E-def ic ient  an imals  have high 
f luorescence  of  the  t ype  f o u n d  in some o t h e r  
tissues, such as ad ipose  fat ,  b o n e - m a r r o w ,  hear t ,  
and  spleen of  ra ts  fed diets  low in v i t amin  E 
and  high in p o l y u n s a t u r a t e d  fat (12) .  On the  
o t h e r  hand ,  the  quan t i t a t i ve  f luorescence  of  
renal  adipose  t issues of  the  female  rats  wi th  
p ro longed  v i tamin  E def ic iency was no t  dif- 
f e ren t  f rom t h a t  of  con t ro l  ra ts  t ha t  received 
v i tamin  E s u p p l e m e n t a t i o n .  A q u e o u s - m e t h a n o l  
u tera l  ex t rac t s  appea r  to con t a in  more ceroid-  
type  p igmen t  t han  the  ch lo ro fo rm-so lub le  ex- 
t rac ts  which  ind ica tes  t ha t  u te ra l  f luorescen t  
p roduc t s  possess more  polar  c o m p o n e n t s  t han  
those  f o u n d  in mos t  o t h e r  tissues. 
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During p e r o x i d a t i o n  of  p o l y u n s a t u r a t e d  fats,  
m a l o n a l d e h y d e  is f o r m e d ,  wh ich  t h e n  can reac t  
w i t h  a m i n o - p h o s p h o l i p i d s  to  f o r m  con juga ted  
Schiff-base p r o d u c t s  wi th  specif ic  f luorescence  
charac te r i s t ics  (13) .  I t  appears  clear f r o m  this  
b a c k g r o u n d  knowledge  t h a t  the  f luorescen t  
p igment s  f o u n d  in t issues of  v i t amin  E-def ic ien t  
animals  resul t  f r o m  the  p e r o x i d a t i o n  of  poly-  
u n s a t u r a t e d  fats ,  as s h o w n  in th is  s t udy  and  as 
s h o w n  previously  (11 ,12 ,14-16) .  It  appears ,  
t he re fo re ,  t h a t  the  ce ro id - type  p igmen t s  of  the  
u te rus  of  sterile v i t amin  E-def ic ient  ra ts  are 
p r o d u c t s  of  in vivo l ipid p e r o x i d a t i o n ,  as pro- 
posed  by  earl ier  inves t iga tors  (2,7) .  
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Novel Interference in Thiobarbituric Acid Assay for Lipid 
Peroxidation 

ABSTRACT 

The  t h i o b a r b i t u r i c  acid tes t  for  l ipid 
p e r o x i d a t i o n ,  w h e n  appl ied  to  a m i x t u r e  
o f  a c e t a l d e h y d e  and  sucrose,  p r o d u c e s  a 
532  n m  a b o r b i n g  c h r o m o g e n  w h i c h  is in-  
d i s t i n g u i s h a b l e  f r o m  t h a t  f o r m e d  by  
m a l o n a l d e h y d e  and  t h i o b a r b i t u r i c  acid.  
Unless special  p r o c e d u r e s  are a d o p t e d  to  
cor rec t  for  th is  e f fec t ,  t he  c o m b i n e d  ac- 
t ion  of  a c e t a l d e h y d e  and  sucrose  in te r -  
feres ser iously w i th  t he  assay of  l ip id  
p e r o x i d a t i o n  reac t ions ,  n o t a b l y  those  
imp l i ca t ed  in a l coho l - induced  l iver in- 

juries.  However ,  th i s  unusua l  t h i o b a r b i -  
tur ic  acid e f fec t  also can be  used as a 
sensi t ive m e t h o d  for  the  d e t e c t i o n  o f  
ace t a ldehyde .  

INTRODUCTION 

The  t h i o b a r b i t u r i c  acid (TBA)  assay for  l ipid 
p e r o x i d a t i o n  is based  u p o n  a 532  n m  abso rb ing  
c h r o m o g e n  w h i c h  is f o r m e d  by  a r e a c t i o n  
b e t w e e n  T B A  and  several  p r o d u c t s  of  l ipid 
p e r o x i d a t i o n ,  such  as m a l o n a l d e h y d e ;  a ,  ~-un-  
s a tu r a t ed  a ldehydes ;  and  several  un iden t i f i ed ,  
nonvo la t i l e  precursors of  these  subs tances  (1-4).  
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FIG. 1. Absorption specta of products formed by 
the reactions between thiobarbituric acid (TBA) re- 
agent, trichloroacetic acid, and the following addi- 
tives: acetaldehyde (4 ~tmoles), - o -  sucrose (90 
#moles), - o e e -  sucrose (90 /~moles) and acetalde- 
hyde (4 /~moles), andoeoo sucrose (90 ~tmoles) and 
malonaldehyde (.06 umoles). 

When applied to biological systems, the test 
may be complicated by the presence of  inter- 
fering substances, such as aldehydes (5-7), su- 
crose (8), trace metals (9,10), and by the 
metabolism of some of the lipid peroxidation 
products (11-14). It appears that all of the 
interfering chromogens reported to date have 
absorption maxima which differ, from the char- 
acteristic 532 nm chromogen formed by lipid 
peroxidation products. The present report pre- 
sents evidence for the formation of  a 532 nm 
chromogen in the total absence of lipid peroxi- 
dation by a novel reaction between acetalde- 
hyde, sucrose, and TBA reagent. This interfer- 
ence with the TBA assay appears to be of 
relevance to studies of ethanol metabolism. 

PROCEDURES 

Unless otherwise indicated, TBA assays were 
performed at 100 C for 15 min with 0.8 ml 
20% trichloroacetic acid and 1.2 ml 0.5% 
2-thiobarbituric acid in a final volume of 3.0 
ml. Malonaldehyde standards were prepared by 
the 0.1 N HC1 hydrolysis of malonaldehyde bis 
(dimethyl acetal). Vacuum distillations were 
carried out in Thunberg tubes (4). UV absorp- 
tion spectra were obtained with an Aminco 
DW-2 spectrophotometer.  

RESULTS A N D  DISCUSSION 

Figure 1 shows the results of  experiments in 
which TBA and trichloroacetic acid are reacted 

with one of the following: 4/~moles acetalde- 
hyde, 90 ~moles sucrose, and a mixture of 
acetaldehyde and sucrose. The amount of su- 
crose used corresponds to that present when 
the TBA assay is performed on a tissue homoge- 
nate prepared in 0.25 M sucrose. Surprisingly, 
the spectrum of the mixture is not the sum of 
the spectra of the individual components;  in- 
stead, a new, intense peak is formed at 532 nm 
which corresponds in every detail to that 
produced by malonaldehyde in the TBA assay. 

The reaction conditions of the TBA assay 
were changed in an at tempt to establish the 
mechansim for the formation of the new 532 
nm chromogen. At 37 C and a reaction time of  
1 hr, a mixture of acetaldehyde and sucrose 
gave only the weak 498 nm peak due to 
acetaldehyde, while the malonaldehyde stan- 
dard formed the usual 532 nm chromogen. 
Neither reaction mixture gave the 440 nm peak 
due to hydroxymethylfurfural ,  one of the 
products of the acid pyrolysis of sucrose (15). 
It appears from this that a product of  the 
pyrolysis of sucrose reacts with acetaldehyde 
and TBA to form the 532 nm chromogen. This 
was confirmed in an experiment in which the 
532 nm chromogen was formed at 37 C by a 
reaction between TBA, acetaldehyde, and a 
solution of sucrose which previously had been 
heated to 100 C in the presence of trichloro- 
acetic acid. 

A possible mechanism for the artifact in the 
TBA assay is one in which acetaldehyde reacts 
with a pyrolysis product of sucrose to form 
malonaldehyde. This possibility was investi- 
gated as follows: the acid-pyrolysis of sucrose 
was carried out at 100 C in the presence of  
acetaldehyde. The reaction products then were 
vacuum distilled and tested for malonaldehyde 
by: (A) the characteristic UV spectra of malon- 
aldehyde (4) at pH 2 (~max = 245 nm) and pH 
10 (~kma x = 265 nm) and (B) the formation of  
the 532 nm chromogen with the TBA reagent. 
Hydrochloric acid was used in these experi- 
ments in place of trichloroacetic acid, since the 
former does not absorb in the UV region. It was 
shown in separate experiments that the unusual 
TBA reaction with acetaldehyde and sucrose 
occurs equally well with both acids. In the 
control reaction, acetaldehyde was replaced by 
malonaldehyde in the reaction mixture. 

These experiments showed that a volatile 
product(s) was formed in the acid-pyrolysis 
reaction but that this did not  include malonal- 
dehyde, since the distillate failed to form the 
532 nm peak with TBA and absorbed maxi- 
mally at 225 nm under both acidic and alkaline 
conditions. Even though the distillate was not 
TBA-reactive, distillation caused a reduction in 
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the TBA react ivi ty  of  the residue in p ropor t ion  
to the vo lume distilled. The decrease in TBA 
react ivi ty  could  be caused ei ther  by loss f rom 
the residue of  a UV-invisible substance,  such as 
aceta ldehyde,  or  by the loss of  the newly  
formed,  225 nm absorbing substance(s).  F r o m  
these exper iments ,  we may deduce that  a 
relatively nonvola t i le  p roduct  o f  sucrose pyrol-  
ysis reacts wi th  aceta ldehyde or  wi th  a volati le 
225 nm absorbing substance to form a 532 nm 
chromogen  o ther  than malona ldehyde  but  this 
only in the presence o f  TBA. 

In o ther  exper iments ,  i t  was shown that  
e thy lenediamine te t raace t ic  acid (EDTA)  had no 
effect  upon  the magni tude of  the  532 nm peak,  
indicat ing that  t race metal  con taminants  in 
sucrose are no t  a fac tor  in the react ion (9,10). 
In addi t ion to  sucrose, f ructose,  but  no t  glu- 
cose, fo rmed  the  532 nm peak with  acetalde- 
hyde.  This fact  may  be due to differences in the 
pyrolysis react ions of  these sugars (8). Other  
aldehydes,  such as pyruvaldehyde ,  citral, pro-  
p ionaldehyde ,  methacry l  a ldehyde,  and gly- 
oxylic  acid, did no t  produce  the 532 n m  
chromogen  in the presence of  sucrose, though  
considerable spectral  changes did occur.  

The TBA react ion with  sucrose and acetalde-  
hyde also can be used as a sensitive and 
quant i ta t ive  assay for  ace ta ldehyde ,  even in 
tissue homogena tes  that  conta in  peroxid ized  
lipids. The m e t h o d  consists s imply of  per form-  
ing TBA assays on tissue homogena tes  in the 
absence of  sucrose to establish the a m o u n t  of  
TBA-reactive material  fo rmed  by lipid peroxi-  
dat ion processes (tissue blank).  Then the  assay 
is repeated wi th  addi t ion of  excess sucrose. 
Sucrose must  be present  in considerable excess;  
under  the present  assay condi t ions ,  90 /amoles  
sucrose fo rm suff icient  pyrolysis p roduc t  to 
react s toichiometr ical ly  wi th  4 #moles  acetalde-  
hyde.  A linear relat ionship then  is obta ined  
be tween  ace ta ldehyde concen t ra t ion  and net  
absorbance.  

The present  findings bear on studies of  lipid 
peroxida t ion  processes in systems conta ining 
bo th  e thanol  and alcohol  dehydrogenase  activ- 
i ty.  We have found  that ,  under  certain specific 
condi t ions,  considerable quant i t ies  of  acetalde- 
hyde  may accumula te  in l iver homogena tes  to 
which an e thanol ic  solut ion o f  a - tocophero l  
had been added  (Baumgartner ,  unpubl ished 
data). Our data also suggest that  the acetalde- 
hyde art i fact  can give rise to an er roneous  
impression that  l ipid pe rox ida t ion  is occurr ing 
when,  in fact ,  what  is occurr ing is the conver-  
sion of  e thanol  to aceta ldehyde.  T ~ s  phenome-  
non  may be responsible for some of  the  
controversy surrounding the hepa to tox ic  mech-  
anisms of  alcohols,  part icularly in the  case 

where the appl icat ion of  di f ferent  assay tech-  
niques (TBA and diene conjugat ion)  has led to 
confl ict ing views on the  par t ic ipat ion of  radical 
mechanisms (16-18).  

W.A. B A U M G A R T N E R  
School  of  Pharmacy 
Universi ty o f  Southern  California 
Los Angeles, California 90033 
Depar tment  of  Medicine 
Universi ty of  California School  o f  Medicine 
Los Angeles, California 90024 
N. B A K E R  
V.A. HILL 
E.T. WRIGHT 
Medical Research Services 
Veterans Adminis t ra t ion  
Wadsworth  Hospi tal  Center  
Los Angeles, California 90073 

ACKNOWLEDGMENTS 

This work was supported in part by a grant from the 
National Institutes of Health (CA 14221-02). L. 
Wilson assisted during the initial phase of this work. 
This work was completed as Veterans Administration 
Project 9560-01, Medical Research Information Ser- 
vice 9560. 

REFERENCES 

1. Sinnhuber, R.O., T.C. Yu, and Te Chang Yu, 
Food Res. 23:626 (1958). 

2. Schauenstein, E., J. Lipid Res. 8:417 (1967). 
3. Saslaw, L.D., L.M. Corwin, and V.S. Waravdekar, 

Arch..Biochem. Biophys. 114:61 (1966). 
4. Baker, N., and L. Wilson, J. Lipid Res. 7:341 

(1966). 
5. Patton, S., JAOCS 51:114 (1974). 
6. Taufel, K., and R. Zimmerman, Fette Seifen 

Anstrichm. 63:226 (1961). 
7. Marcuse, R., and L. Johansson, JAOCS 50:387 

(1973). 
8. Bernheim, F., M.L.C. Bernheim, and K.M. Wilbur, 

J. Biol. Chem. 174:247 (1947). 
9. Patton, S., and G.W. Kurtz, J. Dairy Sci. 34:669 

(1951). 
10. Wills, E.D., Biochim. Biophys. Acta 8:475 (1964). 
11. Recknagel, R.O., and A.K. Ghoshal, Exp. Mol. 

Path. 5:108 (1966). 
12. Schauenstein, E., M. Taufer, H. Esterbauer, K. 

Kyllanek, and TH. Seelich, Mh. Chem. 102:517 
(1971). 

13. Placer, Z., A. Veselkova, and R. Rath, Experientia 
21:19 (1965). 

14. Smith, L., and L. Packer, Arch. Biochem. Bio- 
phys. 148:270 (1972). 

15. Raymond, A.L., in "Organic Chemistry," Vol. II, 
Edited by H. Gilman, John Wiley & Sons, New 
York, N.Y., 1950, p. 1638. 

16. Hashimoto, S., and R.O. Recknagel, Exp. Mol. 
Path. 8:225 (1968). 

17. DiLuzio, N.R., Ibid. 8:394 (1968). 
18. DiLuzio, N.R., Fed. Proc. 32:1875 (1973). 

[Received  January 3, 1975] 

LIPIDS, VOL. I0, NO. 5 



312 SHORT COMMUNICATIONS 

Use of Internal Vial for Determining Quench Correction in 
Scintillation Counting of Heterogeneous Media 

ABSTRACT 

An insert vial situated at the center of  
the counting medium and containing a 
standard count has been used for quench 
correction in the liquid scintillation 
counting of gels containing suspensions of 
silicic acid scrapings from thin layer 
chromatoplates.  The method has pro- 
vided a simple and direct means of 
routine count correction for a range of 
14C_labele d lipid classes following separa- 
t ion on thin layer chromatoplates.  The 
use of insert vial provides several advan- 
tages over other methods for the count 
correction of these suspensions. 

I N T R O D U C T I O N  

The broadening of liquid scintillation tech- 
niques has seen the development of methods 
for counting various heterogeneous systems, 
including gels, emulsions, and suspensions. In 
work involving lipids where thin layer chroma- 
tography (TLC) plays such an important  role in 
the detection,  identification, and quantif ication 
of the various subclasses, the counting of 
material associated with fine particulate sub- 
stances, such as silicic acid, by a suitable geling 
technique has provided the investigator with a 
quick and convenient method for the determi- 
nation of activity (1). However, in spite of  the 
relative ease of  counting, the conversion of such 
data to meaningful and accurate results has 
proved to be far less satisfactory due to the 
many special problems presented by the opac- 
i ty and heterogeneity of the medium; particular 
care has to be taken with the choice and 
application of  the method for count correction 
(2). In this laboratory,  an impor tant  part of the 
work involves investigation into aspects of  the 
lipid metabolism of the rumen, and, thus, 
additional difficulties due to the presence of 
high concentrations of colored components  
have, therefore, been encountered with gel 
counting. 

The present paper describes the use of an 
insert vial situated at the center of the counting 
medium and containing a "s tandard"  count to 
overcome some of  the problems encountered in 
the quench correction of  such samples. Al- 
though an isolated internal standard for count 
correction has been tried with homogeneous 
systems (3,4), its use has found little favor, as, 
under such circumstances, it  presents no real 

advantage over other methods available for 
quench correction. However, heterogeneous 
counting and, in particular, counting of colored 
suspended materials in gels present many prob-  
lems with regard to count correction which 
may not  be corrected easily for by the more 
popular methods of  quench correction. Under 
these circumstances, the use of an isolated 
internal standard has been found to be of 
particular value. 

E X P E R I M E N T A L  PROCEDURES 

The vial and the insert vial are shown in 
Figure 1. The vial was a standard Packard 
(Packard Instrument Co., Des Plaines, Ill.) glass 
vial with a 22 mm screw cap lined with cork 
and tin foil. The insert vial, approximate total  
volume 1.5 ml (length, 58 ram; outside diam- 
eter 6.5 mm;inside diameter, 5.5 mm), also was 
made of glass and was posit ioned centrally in 
the counting vial by insertion through a poly- 
ethylene disc held in position by the screw cap. 
The polyethylene disc was cut to seal the 
mouth of the counting vial when the screw cap 
was applied, thereby completely separating the 
area of the vial used for the sample from that  of 
the "standard count"  in the inserted vial. 

The following compounds were used as the 
" s a  mple"  test materials: 14C_cholesterol, 
14C-palmitic acid, and 14C-glyceryl tripalmi- 
tate. To these compounds were added concen- 
trated solutions of grass extracts, rumen liquor 
extracts, and a red dye to provide a range of 
standards containing graded concentrations of 
color. These standards then were applied as 
bands to chromatoplates coated with Kieselgel 
G (E. Merck, Darmstadt,  Germany),  and the 
bands, containing graded amounts of silicic 
acid, were scraped into counting vials. A mix- 
ture of 10 ml Unisolve 1 (Koch-Light Labora- 
tories, Colnbrook, England) + 4 ml water then 
was added as the combined geling agent and 
scintillation medium. A solution of 14C-hexa- 
decane in 5.5 g 91% 2,5-diphenyloxazole and 
9% 1,4-tris-2-(4-methyl-5-phenyloxazolyl)-ben- 
zene/liter toluene (activity 12,000 dpm/ml)  was 
used as the standard for the insert vial. All 
counting was carried out  in a Packard 2425 
scintillation spectrometer.  

The counting procedure was as follows. The 
samples in suitable gel form were counted first 
with the insert vial present, but  containing no 
standard, to yield the sample count. Following 
the addit ion to the insert vial of  1 nil hexa- 
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FIG. 1. Counting vial plus insert. 
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decane standard (the level of the standard was 
not allowed to exceed that of the sample), the 
vial was counted again to yield the sample + 
standard count. Simple subtraction yielded the 
standard insert vial count. Shaking the vial to 
yield a suitable gel for counting was carried out 
preferably with the insert vial in position. 
However, placement of the insert vial was 
possible even after the formation of the gel. 

RESULTS A N D  DISCUSSION 

A plot of insert vial standard efficiency vs 
sample counting efficiency is shown in Figure 
2. This was obtained from a range of color 
quenched suspensions of silica gel (for details 
see Figure 2) chosen to cover sample efficien- 
cies ranging from 70% (maximum efficiency 
obtainable with the system used) to less than 
10%. All results obtained were found to fit the 
same curve, in spite of the diverse nature of the 
suspension mixtures used, i.e. nature of color 
quenching agent and sample test material; the 
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FIG. 2. Efficiency of sample count vs efficiency of 
insert vial standard. Sample: 14C-cholesterol. ESCR = 
efficiency of sample count ratio, e - - *  = Graded 
concentrations of red dye + 80-250 mg silicic acid. 
A--A = Graded concentrations of grass extract + 
80-250 mg silicic acid. Efficiency of sample count vs 
external standard (226Ra) channels ratio. Sample: 
14C.cholesterol. zx__zx = Graded concentrations of 
grass extract + 80-250 mg silicic acid. 

curve for the relationship between the insert" 
vial efficiency (Y) and sample efficiency (X) 
could be described by the equation: 

Y = 0.08936x + 26.991og e x - 35.87 

and accounted for 98.8% of the total variance. 
A particular advantage of the curve of the 

insert vial standard efficiency for the correction 
of sample counting becomes evident when it is 
compared with the curve normally derived for 
the external standard channels ratio technique 
for count correction. Although a diversity of 
opinion exists with regard to the validity of the 
external standard channels ratio method of 
quench correction for colored suspensions, pro- 
riding that the necessary constant checks are 
carried out, the method continues to be used 
widely in view of its convenience. The curve of 
the external standard (226 Ra) channels ratio vs 
sample efficiency obtained for the samples 
containing graded concentrations of the grass 
extract is shown in Figure 2. It can be seen 
that, due to the low efficiencies with which the 
suspensions were counted, only small changes 
in the external standard channels ratio accom- 
partied the relatively large decrease in the 
sample counting efficiency. Using the insert vial 
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standard, the same decrease in the efficiency of 
sample counting was reflected by relatively 
large changes in the efficiency of counting of 
the standard. The blocked-in areas on Figure 2 
enable some comparison to be made of the 
relative merits of the two curves for count 
correction. 

In the present series of investigations, the 
presence of an empty or full insert vial had no 
apparent effect upon sample counting effi- 
ciency. It must be remembered, however, that, 
although the presence of a standard in an insert 
vial at the center of the counting medium 
possesses the advantage that the standard will 
generate counts highly efficient, this efficiency 
will be entirely independent of the extent of 
chemical quenching in the sample medium. 
Therefore, care must be taken to ensure that 
any possible changes in the extent of chemical 
quenching in the sample medium are kept to a 
minimum. 

Present investigations in this laboratory are 
concerned with highly colored lipid extracts, 
and considerable problems have been encoun- 
tered with the routine counting and subsequent 
correction of several of several lipid classes 

following separation on thin layer chromato- 
plates and gel counting of the separated bands 
of silica gel. The use of the isolated internal 
standard, as outlined above, has enabled gel 
counting to be used under these conditions and 
the activity in these bands to be determined 
relatively accureately. 
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Oxidative Desaturation of c~-Linolenic, Linoleic, and Stearic 
Acids by Human Liver Microsomes 
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ABSTRACT 

The desaturation of stearic, linoleic, 
and c~-linolenic acids by human liver 
microsomes were studied. The micro- 
somes were isolated from liver biopsies 
obtained during operations. It was shown 
that human liver microsomes are able to 
desaturate 1-14C-~-linolenic acid to octa- 
deca-6,9,12,15-tetraenoic acid; 1-14C - 
linoleic acid to 3,qinolenic acid; and 
1A4C-stearic acid to oleic acid in the 
same system described in the rat. How- 
ever, the desaturation activity obtained 
was low compared to other mammals. 
This effect was attributed to fasting, 
premedication, or the anaesthesia. 

INTRODUCTION 

It is well established that stearate, lino- 
leate, and c~-linolenate are converted to oleate, 
3,-linolenate, and octadeca-6,9,12,15-tetraeno- 
ate, respectively, by animal liver microsomes in 
a reaction requiring oxygen and nicotinamide 
adenine dinucleotide, reduced form (NADH) or 
nicotinamide adenine dinucleotide phosphate, 
reduced form (NADPH) (1-3). 

The existence of similar enzymatic systems 
in human liver is assumed. However, as far as 
we know, the microsomal desaturation activity 
of human liver has not been measured directly 
until now. Therefore, it was considered impor- 
tant to determine these enzymatic activities in 
fresh human liver. 

The present paper reports that human liver 
biopsies provide enough material to measure 
microsomal fatty acid desaturation activities. 
From these biopsies, stearic, linoleic, and a- 
linolenic acid microsomal desaturation activities 
were determined. 

MATERIALS AND METHODS 

Chemicals 

1-14C-stearic acid (56 mCi/mmole, 99% ra- 
diochemically pure) and 1-14C-linoleic acid 
(56.2 mCi/mmole, 99% radiochemically pure) 
were purchased from New England Nuclear, 

1Member of  the Carrera del Investigador Cienti'f- 
ico of the Consejo Nacional de Investigaciones Cienti- 
ficas y T~cnicas, Argentina. 

Boston, Mass. 1-14C-~-linolenic acid (41.5 
mCi/mmole, 99% radiochemically pure) was 
obtained from The Radiochemical Centre, 
Amersham, England. 

Subjects 

The patients in this investigation were be- 
tween the age of 27-52, males and females. 
There was no clinical or laboratory evidence of 
liver diseases. Patients designated RN, YA, AS, 
and MR suffered from cholelithiasis and the 
others from tumors of the digestive system. 
Before their operations, the patients were pre- 
medicated with atropine and meperidine hydro- 
chloride. The general anaesthesia consisted of 
thiopental sodium, halothane and methoxy- 
fluorane or thipental sodium, halothane, and 
succinylcholine and was initated a few rain 
before the operation. 

Liver biopsies (3-5 g) were taken within 15 
rain after the abdomen had been opened and 
were immersed immediately in cold homogeniz- 
ing medium. The liver samples were homoge- 
nized in a cold solution (3: 1, v/w), consisting of 
0.15 M KC1, 0.005 M MgC12, 0.004 M ethylene- 
diaminetetraacetic acid (EDTA), 0.004 M N- 
acethyl-cysteine, 0.05 M phosphate buffer (pH 
7), and 0.25 M sucrose. The crude homogenate 
was centrifuged at 20,000 x g for 10 man. The 
microsomal fraction was obtained by centrifu- 
gation of the 20,000 x g supernatant at 
140,000 x g for 60 rain in a Spinco model L2 
centrifuge. The pellets were resuspended in 0.5 
ml homogenizing medium. Microsomal protein 
(10-50 mg) was obtained from the liver biop- 
sies. 

Assay for Oxidative Desaturation of Fatty Acids 

The desaturation of the fatty acids by 
human liver microsomes was measured by 
estimation of the percentage conversion of 
1A4C-stearic to oleic acid; 1-]4C-linoleic to 
7-1inolenic acid; and 1-14C-~-linolenic to octa- 
deca-6,9,12,15-tetraenoic acid. 

Labeled acids (10-50 nmoles) were incu- 
bated with 1-5 mg microsomal protein in a 
Dubnoff shaker at 35 C in a total volume of 1.5 
ml 0.15 M KC1, 0.25 M sucrose solution. The 
time period tested was 20 rain. The solution 
contained 4 /~moles adenosine 5'-triphosphate 
(ATP), 0.1 pmole CoA, 1.25 pmoles NADH, 5 
pmoles MgC12, 2.25 pmoles glutathione, 62.5 
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FIG. 1. Effect of the ~-linolenic acid concentration 
upon the specific desaturation activity of human liver 
microsomes. Patients designated: RN (e e), 
AP(x  : - - e  x ) , a n d Y A ( A  . . . .  A ) . l , 2 . 5 ,  o r 5  
m.g microsomal protein was incubated at 35 C for 20 
mm under the conditions described in the text. 
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FIG. 2. Effect of the amount of microsomal 
protein upon the oxidative desaturation of 1-14C-a - 
linolenic acid. Patients designated: AP (x x), 
r~-linolenic acid concentration, 20/aM; and patient YA 
(A----A), aqinolenic acid concentration, 6.6 /aM. 
Incubation time 20 min at 35 C. Technical details 
described in the text. 

btmoles KF,  0.5 /amole n i c o t i n a m i d e ,  and  62.5 
/amoles p h o s p h a t e  bu f f e r  (pH 7). The  r eac t i on  
was s t o p p e d  by  add i t i on  of  2 ml 10% KOH in 
m e t h a n o l .  The f a t t y  acids were recovered  by  
sapon i f i ca t ion  o f  the  i n c u b a t i o n  m i x t u r e  (40  
rain at 85 C) and  e x t r a c t i o n  w i th  p e t r o l e u m  
e the r  (bp  30 C). The acids were es ter i f ied  w i th  
m e t h a n o l i c  3 M HC1 (3 h r  at  68 C), and  the  
d i s t r i bu t ion  of  r ad ioac t iv i ty  b e t w e e n  subs t r a t e  
and  p r o d u c t  was d e t e r m i n e d  by  gas l iqu id  
r a d i o c h r o m a t o g r a p h y  in an  appa ra tu s  e q u i p p e d  
w i th  a Packard  p r o p o r t i o n a l  c o u n t e r  (4).  The  
samples  were ana lyzed  using a c o l u m n  packed  
w i th  10% d ie thy lene  glycol succ ina te  on  Chro-  
m o s o r b  W (80 -100  mesh )  at  180 C (3).  The  
specific e n z y m a t i c  ac t iv i ty  expressed  as/ . tmoles  

Linoleic Acid Desaturation Activity in Human Liver 

Desaturation activity b 
Substrate (nmoles product]rag 

Subjects a (/aM) protein x min) 

JR 6.7 0.007 
33.3 0.060 

MR 20.0 0.037 
33.3 0.052 

alnitials designate different patients. 
bMicrosomal protein (5 mg) incubated at 35 C for 

20 min under the conditions described in the text. 

TABLE II 

Stearic Acid Desaturation Activity in Human Liver 

Desaturation activity b 
Substrate (nmoles product/rag 

Subjects a (/aM) protein x min) 

AP 6.7 0.008 
20.0 0.025 

AS 20.0 0.015 
33.3 0.018 

alnitials designate different patients. 
bMicrosomal protein (5 rag) incubated at 35 C for 

20 min under the conditions described in the text. 

p r o d u c t / m g  m i c r o s o m a l  p r o t e i n / m i n  was calcu- 
la ted  f rom these  data.  The  m e t h y l  es ters  of  
f a t ty  acids were iden t i f i ed  by  equ iva len t  cha in  
l e n g t h  d e t e r m i n a t i o n  and  by  c o m p a r i s o n  wi th  
a u t h e n t i c  s tandards .  The  p r o t e i n  c o n t e n t  of  the  
rn ic rosomal  f r ac t ion  was d e t e r m i n e d  by  the  
b iu re t  m e t h o d  of  Gornal l ,  e t  al., (5)  us ing 
crystal l ine bov ine  s e rum a l b u m i n  as a s t andard .  

RESULTS AND DISCUSSION 

The d e t e r m i n a t i o n  of  t he  f a t t y  acid desa tu-  
r a t i on  act iv i ty  in  h u m a n  l iver mic rosomes  is 
dif f icul t  because  of  d i f fe ren t  fac tors .  The  ma in  
p r o b l e m  is to  o b t a i n  e n o u g h  liver t issue to  

isolate ca. 1 mg m i c r o s o m a l  p ro t e in .  The  
second  p r o b l e m ,  p r o b a b l y  as i m p o r t a n t  as the  
first one ,  is to  get th is  sample  o f  the  t issue wi th  
abso lu te ly  u n a l t e r e d  enzymes .  Since the  enzy-  

mat ic  de sa tu r a t i on  sys tem is r a t h e r  uns t ab le ,  
this  means  t h a t  t h e  sample  mus t  be o b t a i n e d  
di rect ly  f r o m  living t issue and  i m m e d i a t e l y  
cooled  to  0-4 C. U n d e r  th is  c o n d i t i o n ,  t he  
desaturase  act iv i ty  is s table  fo r  at  least  1 hr .  Fo r  
this  reason,  two  p rocedure s  were tes ted .  The  
first one  was to  o b t a i n  t he  sample  by  d i rec t  
p u n c t u r e  of  t he  liver. However ,  t he  a m o u n t  
o b t a i n e d  by  th is  p rocedure  was so small  t h a t  i t  
was imposs ib le  to  isolate the  m i c r o s o m e s  w i th  
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our  t echn ique .  The second  p rocedure  tes ted  
was the  use of  biopsies.  This  t e c h n i q u e  requires  
an ope ra t i on .  There fore ,  it only  could  be used 
in ope ra t i ons  where the  liver was exposed  and  
where  biopsies  were o b t a i n e d  by the  surgeon.  
In these cases, e n o u g h  tissue was o b t a i n e d  to 
separate  mic rosomes  and  measure  the  fa t ty  acid 
desa tu ra t ion  act iv i ty .  

Figure I shows t ha t  the  mic rosomes  of  
h u m a n  liver biopsies  desa tu ra tc  ct-linolenic acid 
to octadeca-6,9 ,1  2,1 5- te t raenoic  acid. Subs t ra te  
s a tu ra t ion  curves  were ob t a ined .  Desa tu ra t ion  
enzyma t i c  act ivi t ies  were ca lcula ted ,  since a 
l inear  re la t ionsh ip  was found  be t w een  the  
a m o u n t  of  p roduc t  fo rmed  and  the  mg micro-  
somes i n c u b a t e d  (Fig. 2). The  A 6- des a t u r a t i on  
act ivi ty for  a- l inolenic  acid was r a the r  low 
c o m p a r e d  to  o t h e r  mamm al s  (6,7).  

Tables  1 and  II show,  respect ively ,  t ha t  
h u m a n  liver mic rosomes  also desa tu ra te  l inoleic 
acid to T-linolenic acid and  stearic  acid to oleic 
acid. However ,  in some pa t ien ts ,  the  l inoleic 
acid desa tu ra t ion  act ivi ty was not  measurab le  
unde r  our  e x p e r i m e n t a l  cond i t ions .  The  num-  
ber  of  analyses  was no t  e n o u g h  to  bui ld  a 
s a tu ra t ion  subs t r a t e  curve. The  A 6- des a t u r a t i on  
act ivi ty for l inoleic acid and A9-desa tu ra t ion  
act ivi ty for  s tearic  acid are low c o m p a r e d  to 
o t h e r  m a m m a l s  (6 ,7) .  

Since adul t  subjec ts  were ana lyzed ,  the  low 
fa t ty  acid desa tu ra t ions  may be a cons equence  
of the  age. An age ef fec t  has been  found  in rats  
(6) .  However ,  the  low desa tu ra t i on  values also 
may be due to the  12 hr  fast ing pr ior  to  the  
ope ra t i on ,  since fast ing has been  s h o w n  to 
decrease the  A6 and  A9-desa tu ra t i on  act ivi ty  of  
rat liver mic rosomes  (8,9) .  Besides, i n t e rp re ta -  

t ion  of  data f rom mos t  h u m a n  s tudies  is 
comp l i ca t ed  by the  add i t iona l  in f luences  o f  
drugs used for  p r e m e d i c a t i o n  and  i n d u c t i o n  and  
m a i n t e n a n c e  of  anaes thes ia .  E ther ,  h a l o t h a n e ,  
and  ba rb i tu r a t e s  also a f fec t  e n z y m e s  involved in 
glucose homeos tas i s ,  and  they  also may al ter  
the  e n z y m e s  of  l ipid me tabo l i sm.  

Nevertheless ,  the  data  o b t a i n e d  show tha t  it 
is possible to  measure  f a t ty  acid desa tu ra t i on  
act ivi ty in h u m a n  biopsies  and  t h a t  s tear ic ,  
l inoleic,  and  a- l inolenic  acids are desa tu ra t ed  by 
the  same sys t em descr ibed  in the  rat .  
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Effect of Acute Dietary Alteration upon Intestinal Lipid 
Synthesis 
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Division of Gastroenterology, Duke University Medical Center, Durham, North Carolina 27710 

ABSTRACT 

The specific activities of three en- 
zymes engaged in complex lipid synthesis, 
diglyceride acyltransferase, cholinephos- 
photransferase, and lysolecithin acyltrans- 
ferase were studied in intestinal mucosa 
of hamsters fed either saline, hydrolyzed 
casein, or corn oil for 9�89 hr. In the most 
proximal intestine, saline feeding was asso- 
ciated with a reduced specific activity in 
villous tips with all three enzymes studied 
when compared with the two caloric sup- 
plemented groups. In the most distal in- 
testine, oil feeding increased the activity 
of lysolecithin acyltransferase and choline 
phosphotransferase twofold as compared 
to casein fed hamsters; diglyceride acyl- 
transferase was increased one- and one- 
half-fold. The response of lysolecithin 
acyltransferase and diglyceride acyltrans- 
ferase to fat feeding was incomplete 
when compared to hamsters fed a fat sup- 
plemented diet for 7 days, suggesting that 
their pattern of response to dietary sub- 
strate was similar to the disaccharidases. 
By contrast, the response of cholinephos- 
photransferase to fat feeding was com- 
plete at 24 kr, suggesting that it responds 
in a manner similar to the glycolytic 
enzymes. 

I NTRODUCTI  ON 

The administration of several dietary sub- 
strates has been shown to increase the specific 
activity of intestinal enzymes related to the 
metabolism of the specific substrate adminis- 
tered. The response of the specific enzymes has 
been shown to be on the order of a day for the 
glycolytic enzymes (1) and 2-5 days for di- 
saccharidases (2). As regards lipid metabolism, 
m o n o g l y c e r i d e  acyltransferase (acyl-CoA: 
monoglyceride acyltransferase) and fatty acid: 
CoA ligase (EC 6.2.1.3) both have been shown 
to increase their specific activities in intestinal 
microsomes of rats in response to increased 
dietary lipid loads (3). In those studies, the ani- 
mals were fed for a period of 3 weeks, clearly 
longer than the intestinal mucosal cell turnover 
time (4). In the present experiments, hamsters 
were fed either corn oil, casein, or saline for 9�89 
hr to evaluate the effect of short term feeding 

upon complex lipid synthesis in the intestine. 
T h r e e  enzymes engaged in complex lipid 
synthesis were evaluated, cholinephosphotrans- 
ferase (CDP choline: 1,2diglyceride choline- 
phosphotransferase, EC 2.7.8.2), lysolecithin 
acyltransferase (acyl-CoA: 1-acyl-sn-glycerol-3- 
p h o s p h o r y l c h o l i n e  a c y l t r a n s f e r a s e ,  EC 
2.3.I.20), and diglyceride acyltransferase (acyl- 
CoA: 1,2-diglyceride-0-acyltransferase). The rea- 
son for choosing these enzymes for study have 
been previously described (5). 

MATERIALS AND METHODS 

Experimental design: Male golden Syrian 
hamsters (Eagle Laboratory Animals, Farmer- 
burg, Ind.) weighing 100-120 g were fed Purina 
Lab Chow for at least a week prior to use. The 
animals were allowed free access to food and 
water until  8 a.m. on the day prior to study. At 
that time, food was removed from the cages and 
the animals fed one of three diets. Each group 
was fed its respective diet (corn oil, 0.15 M NaC1 
or hydrolyzed casein) at 11 p.m. and 4:30 a.m. in 
an attempt to mimic the nocturnal eating habits 
of hamsters. Corn oil (.25 ml) and 0.15 M NaC1 
(.25 ml) were given by gavage without anesthe- 
sia at each feeding. Hydrolyzed casein (0.6 l 5 g 
mixed with 0.6 ml water to form a paste) was 
delivered into the cheek pouch of the hamster 
using a 1 ml syringe. Observation of the ham- 
sters showed that none of the diets adminis- 
tered was regurgitated. The animals were sacri- 
ficed at 8:30 a.m. by dislocation of the cervical 
vertebrae. The small intestine was removed, 
flushed with cold (2 C) 0.15 M NaC1 and placed 
on an iced glass plate. The entire small intestine 
of the group fed fat had a white appearance and 
oil droplets could be seen oozing from the in- 
testinal lumen of the most distal intestine. The 
intestine was divided into four equal segments, 
pylorus to cecum, and the mucosa of each seg- 
ment scraped to yield a villous tip and crypt 
preparations, as previously described (5), from 
which low speed supernatant and microsomal 
fractions were derived. Four animals fed the 
same diet were sacrificed on the day of each 
experiment and the mucosal scrapings of the 
respective fractions appropriately combined. 
Six groups of animals were used for each 
dietary regimen. 

Enzyme assays: Sucrase (EC 3.2.1.20), di- 
glyceride acyltransferase, cholinephosphotrans- 
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ferase, and lysolecithin acyltransferase were 
assayed as previously described (5). Sucrose, 
(14C) palmitoyl CoA, CDP (I4C) choline, and 
(I 4C) oleoyl CoA were the respective substrates 
which were followed to end-product formation. 
Each assay was performed using optimal con- 
centrations of substrates as previously defined 
(5). The microsomal protein concentrations and 
incubation times employed were calculated 
such that the product formed was directly pro- 
protional to enzyme activity (5,6). 

Analytical procedures: Thin layer chroma- 
tography (TLC) was performed on Silica Gel G 
layers ca. 500/Ira thick, as previously described 
(5), to separate the lipid species. Radioactivity 
was determined with a Packard Tri-Carb liquid 
scintillation spectrometer using the solvent and 
scintillators described previously (5). Quench- 
ing was essentially similar in each sample (5,6). 

Protein was determined by the method of 
Lowry, et al., (7) using dry 0.01-.04 mg crystal- 
lized albumin (Sigma Chemical Co., St. Louis, 
Mo.) as standards. An IBM 1130 computer was 
used to compare data by multivariate analysis. 

Materials: These were obtained or synthe- 
sized (diglyceride, lysolecithin [ 1-14 C ] oleoyl 
CoA) as previously described (5). 

R E S U L T S  

Sucrase: Sucrase activity was used to ensure 
the adequate separation of villous tips from 
their respective crypts. In  each instance, sucrase 
activity in crypts was 20% or less of the activity 
found in their respective villous tips. 

Diglyceride acyltransferase: Figure 1 relates 
to diglyceride acyltransferase specific activity in 
villous tips (upper panel) and crypts (lower 
panel). In villous tips, the specific activity of all 
three feeding groups was greatest in the most 
proximal intestine and decreased more distally 
(multivariate analysis: P = o i l ,  .003; casein, 
.0019; and saline, .0202). Oil feeding resulted 
in greater specific activity than the saline group 
in the proximal three-quarter gut and was great- 
er than the casein fed group in the distal three- 
quarter gut. Casein feeding increased enzyme 
specific activity in the most proximal gut, as 
compared to both other groups. Crypt altera- 
tions in activity were limited to the second gut 
segment where the group fed oil had greater 
activity than the group fed saline. Although, in 
the first and fourth gut segment, significant 
changes were noted between groups, it is not 
possible to state that these individual significant 
differences, in fact, constitute a separate popu- 
lation, since the multivariate analysis of the 
groups were insignificant. 

Cholinephosphotransferase: The data relat- 
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FIG. 1. Diglyceride acyltransferase in hamster in- 
testinal microsomes. Incubation conditions are de- 
scribed in "Materials and Methods." The vertical lines 
above the bars indicate 1 standard error. The numbers 
above the bars indicate the univariate P values. The 
pairs between which significant differences were found 
are indicated by the brackets associated with the 
P values. The P values located below the ordinate of 
each graph indicate the multivariate analysis of each 
group. These multivariate P values assess the null 
hypothesis that enzyme activity of each group is de- 
rived from a single population. [] = Corn oil, 0.5 ml; 

= casein, 1.23 g; and [] = 0.15 M NaC1, 0.5 ml. 

ing to cholinephosphotransferase is depicted in 
Figure 2. The group fed saline and corn oil had 
similar activity in the proximal as compared to 
the  d i s t a l  intestine (multivariate analysis: 
P = oil, .1109; saline, .3081). However, the 
group fed casein showed a progressive decre- 
ment in specific activity in the distal as com- 
pared to the proximal intestine (multivariate 
analysis: P = .0313). Oil or casein feeding in- 
creased the specific activity of the enzyme as 
compared to saline-fed hamsters in the most 

LIPIDS, VOL. 10, NO. 6 



320  C.M. MANSBACH, II 

r".0036~ 

I 

2 

P - . 0 0 3 2  

00~ 
.0~56 == ,---, 

~ , 4  

P=.9625 
I 

T I P S  

.o~12 
r - ~  

.0026 
.O00l 

i) l'i) i 
P - . 6 2 7 0  P- .0014  P = . O 0 0 8  

CRYPTS 
t~O004~ ~OOOl~ 
.o)76 .0004 

P=.O118 P- . 0 0 0 8  
2 3 

GUT SEGMENT 

0069 
r--?0274 

P - . 9 6 4 7  
4 

FIG. 2. Cholinephosphotransfemse in hamster in- 
testinal microsomes. Incubation conditions are de- 
scribed in "Materials and Methods." The vertical lines 
above the bars indicated 1 standard error. The num- 
bers above the bars and the P values below the ordi- 
nate relate to the significance of the differences within 
groups as in Figure 1. m = Corn oil, 0,5 ml; [] = casein, 
1.23 g; and ~ = 0.15 M NaC1, 0.5 ml. 

p rox ima l  gut  in vil lous tips. Oil-fed hams te r s  
had  grea ter  specif ic  ac t iv i ty  t h a n  those  fed 
casein in the  distal  one-ha l f  gut.  Isola ted 
changes  were observed  in crypts .  

Lysolecithin acyltransferase: In Figure 3 are 
t he  data  re la t ing  to  lyso lec i th in  acyl t ransferase .  
In villous t ips,  s h o w n  in the  u p p e r  panel ,  on ly  
the  g roup  fed casein was more  act ive in proxi -  
mal  as c o m p a r e d  to the  more  distal  i n t e s t ine  
(mul t ivar ia te  analysis:  P =  .0002) .  In vil lous 
tips, oil feed ing  resu l ted  in increased  e n z y m e  
act iv i ty  in each  gut  s egmen t  as c o m p a r e d  to  
saline feeding and,  in add i t ion ,  as c o m p a r e d  to  
casein feeding in the  mos t  distal  segment .  
Casein feeding was associa ted  wi th  increased  
e n z y m e  ac t iv i ty  as c o m p a r e d  to saline feeding 
in the  p rox ima l  one-ha l f  gut. I so la ted  changes  
were observed  in crypts .  

D I S C U S S I O N  
Previous work  has  s h o w n  t h a t  the re  are two  
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FIG. 3, Lysolecithin acyltransferase in hamster in- 
testinal microsomes. Incubation conditions are de- 
scribed in "Materials and Methods." The vertical lines 
above the bars indicate 1 standard error. The numbers 
associated with the brackets above the bars and the 
P values below the ordinate relate to the significance 
of differences within groups as in Figure 1. t3--- Corn 
oil, 0.5 ml; 8=  casein, 1.23 g; and ~=  0.15 M NaC1, 
0.5 ml. 

separate  types  o f  r esponses  in the  in t e s t ine  to  
feeding d ie tary  subs t ra te .  The  first  is t h a t  of  
sucrase in which  it  has  been  s h o w n  t h a t  2-5 
days of  sucrose feeding were necessary  to  r each  
a peak respons iveness  o f  the  e n z y m e  (2). The  
second  p a t t e r n  of  response  is d e m o n s t r a t e d  by  
the  g lycolyt ic  e n z y m e s  in wh ich  exposure  of  
the  specific d ie tary  subs t ra t e  evokes  m a x i m u m  
e n z y m e  response  in 24 h r  a n d  pe rhaps  as ear ly 
as 6 hr  (1). It has  b e e n  p o s t u l a t e d  t h a t  the  
m a x i m u m  response  of  sucrase is co inc iden t  
w i th  the  appea rance  of  c rypts  ceils on  the  vil- 
lous t ips  wh ich  had  been  exposed  2-5 days 
b e f o r e h a n d  to t he  specif ic  d ie ta ry  s t imulus  (2) .  
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The more rapid response to the glycolytic en- 
zymes is presumably due to other causes. 

It recently has been demonstrated (8) that 
feeding a fat supplemented diet for 7 days in- 
creases the specific activity of  lysolecithin acyl- 
transferase fourfold, diglyceride acyltransferase 
threefold, and cholinephosphotransferase two- 
fold in the distal intestine when compared to 
hamsters fed a chow (low fat) diet. The present 
e x p e r i m e n t s  were designed to determine 
whether these three complex lipid synthesizing 
enzymes behaved in a manner similar to sucrase 
or the glycolytic enzymes as regards the time 
course of their response to lipid feeding. Two 
of the enzymes studied in the present report, 
l y so lec i th in  acyltransferase and diglyceride 
acyltransferase, were increased two- and one and 
one-half-fold, respectively, in the distal intes- 
tine in oil fed as compared to casein fed ham- 
sters. Since this response is ca. one-half that 
noted when the fat supplemented diet was fed 
for a week, it is presumed that these two en- 
zymes respond in a manner similar to sucrase. 
On the other hand, cholinephosphotransferase 
increased two-fold in the distal intestine in the 
oil fed as compared to the casein fed hamsters. 
The increase in specific activity was similar to 
that found when a fat supplemented diet was 
fed for 7 days, suggesting that this enzyme fol- 
lows a pattern of response to dietary substrate 
similar to the glycolytic enzymes. Furthermore,  
these studies provide additional information to 
that already presented (5,8) that cholinephos- 
photransferase and lysolecithin acyltransferase 
respond differently to physiological stimuli and 
might subserve different lecithin requirements 
of intestine (5,8). 

In the present experiments, casein was 
chosen as the nonlipid caloric source in prefer- 
ence to glucose because of the previous demon- 
stration that protein formation in villous tips is 
predominantly from luminal amino acids rather 
than endogenous sources (9). The importance 
of dietary protein as a major contributor to the 
luminal amino acid pool has been emphasized 
recently (10). Although it is not proven that 
the complex lipid synthesizing enzymes under 
study are synthesized in or on the villous tips, it 
is clear that the specific activities of two of 
these enzymes, diglyceride acyltransferase and 
lysolecithin acyltransferase, are increased sig- 
nificantly in the villous tips as compared to 
their respective crypts (5). Saline provided ob- 
servations under noncaloric feeding conditions. 

Saline feeding was associated with a reduced 
specific activity in villous tips of the most 
proximal intestine of all three enzymes studied 
in comparison with caloric supplemented ani- 
mals. These results were similar to those ob- 

tained with acyl-CoA: monoglyceride acyltrans- 
ferase in the jejunum of rats studied after a 
24 hr fast and compared to ad / ib i tum fed ani- 
mals (I 1 ). 

Although it is reported that rats do not 
empty their stomach of a lipid load any faster 
than they can absorb it (12), it was evident in 
hamsters that the entire intestine was involved 
in lipid absorption. Lipid droplets were easily 
demonstrable in the luminal fluid of even the 
most distal gut segment. Further, each gut seg- 
ment had a whiter appearance than its fasted or 
casein fed counterpart,  presumably indicating 
active lipid absorption. Therefore, in these ani- 
mals, the most distal intestine was being per- 
fused with this dietary substrate, 9% hr after 
the first and 4 hr after the second feeding. 

The statistical treatment of  the data re- 
ported in these studies was by multivariate 
analysis combined with univariate P values. 
There are several instances where the univariate 
P values indicate a significant difference be- 
tween the means of two groups of  data. Never- 
theless, this univariate significance is not valid 
when the multivariate analysis of  the entire 
group of data, i.e. the three paired feedings, is 
not also significant. When more than two sets 
of data are being compared, a multivariate 
analysis of the results is the only way to ensure 
t h a t  individual univariatePvalues,  in fact, 
represent true deviations from the group (13). 
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Purification and Properties of Aortic Cholesteryl Ester Hydrolase 
HIMANSHU V. KOTHARI, 1 Harrison Department of Surgical Research, 
The University of Pennsylvania, Philadelphia, Pennsylvania 19104, and DAVID KRITCHEMSKY, 
The Wistar Institute of Anatomy and Biology, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The enzyme(s) present in acetone- 
dried powder of rat and rabbit aortas, 
which catalyzes the synthesis and hydrol- 
ysis of cholesteryl ester, was purified par- 
tially by acid precipitation, acetone frac- 
tionation, 0-(diethylaminoethyl) cellulose 
chromatography, and Sephadex G-100 fil- 
tration. The synthetic activity was puri- 
fied by 120-fold (rat) and 140-fold (rab- 
bit). Purification of hydrolytic activity 
was 90-fold (rat) and 103-fold (rabbit). 
Cholesteryl ester hydrolase activity was 
separated from nonspecific esterase by 
column chromatography. Both synthetic 
and the hydrolytic activities are apparent- 
ly the functions of one enzyme. The mol 
wt of the enzyme was estimated to be 
140,000 dalton as determined by Sepha- 
dex G-200 gel filtration. The extracts of 
the acetone-dried powders of aortas of 
both species contained an inhibitor of 
synthetic activity. The inhibitor was non- 
dialyzable and was precipitated at pH 5.7. 
Both activities were found to be fairly 
nonspecific with regard to sterol and 
fatty acids. With oleic acid, the relative 
rates of sterol ester synthesis were: cho- 
l e s t e r o l ,  100;  cholestanol, 94; des- 
mosterol, 35; coprostanol, 24; ergosterol, 
20; and /3-sitosterol, 19. Epicholesterol 
was not esterified. Oleic acid was most 
active in cholesteryl ester synthesis, the 
r e l a t i v e  r a t e s  being: oleic>linoleic> 
a r a c hi d o n i c > p  almitic)~st earic>but yric. 
The rate of hydrolysis was maximum 
with cholesteryl linoleate followed by 
oleate, linolenate, palmitate, stearate, and 
laurate in decreasing order. 

INTRODUCTION 

The presence of cholesteryl ester synthesiz- 
ing and hydrolyzing enzyme activities in aortas 
of various species has been demonstrated amply 
(1-4). These activities have been shown to 
change under conditions of atherosclerosis: the 
synthesizing activities are increased greatly and 
the hydrolytic activities generally are decreased. 
However, very little is known about the nature 

1present address: Pharmaceuticals Division, Ciba- 
Geigy Corporation, Ardsley, N.Y. 10502. 

and properties of these enzymes in aorta. Most 
tissues contain complex mixtures of esterase 
with overlapping substrate specificity. Reports 
of optimal conditions of these enzymes in aorta 
have differed between various laboratories, sug- 
gesting that different enzymes may have been 
tested (5-7). Purification and characterization 
of these enzymes, therefore, must precede any 
evaluation of their contribution to arterial cho- 
lesteryl ester metabolism. 

Purification of cholesteryl ester hydrolase 
from various tissues has been described. Rat 
pancreatic enzyme has been purified 600-fold 
and to a high level of homogeneity as deter- 
mined by polyacrylamide disc electrophoresis 
(8). Among other properties, the specificity of 
this enzyme also has been reported (9-12). 
Deykin and Goodman (13) have described a 
purification procedure for rat liver cholesteryl 
ester hydrolase by which 68-fold purification of 
the enzyme was achieved. Chen and Morin (14) 
have shown a low, but significant, activity of 
this enzyme in human placenta. The enzyme 
was purified partially and shown to have prop- 
erties similar to pancreatic enzyme (14). This 
study reports the partial purification of and an 
evaluation of the specificity of cholesteryl ester 
hydrolase of rat and rabbit aortas. 

EXPERIMENT PROCEDURES 

Materials 

Cholesterol and cholesteryl oleate were ob- 
tained from Sigma Chemical Co., St. Louis, Mo. 
Cholesterol and cholesteryl oleate (after saponi- 
fication) were found to be pure by gas liquid 
chromatography (GLC). Cholesteryl esters of 
other fatty acids were obtained from Applied 
Science Laboratories, State College, Pa., and 
checked for purity by thin layer chromatog- 
raphy (TLC) using silicic acid impregnated by 
silver nitrate (5% w/w), according to the 
me thod  of Morris (15). Cholestanol, stig- 
masterol, /3-sitosterol, coprostanol, ergosterol, 
and epicholesterol were purchased from Stera- 
loids, Pawling, N.Y. Desmosterol was a gift. 
Fatty acids (purity 99%) were purchased from 
The Hormel Institute, Austin, Minn., and were 
checked for purity by GLC. Egg lecithin was 
obtained from Supelco, Bellefonte, Pa., and 
used without further purification. [4-14C] 
Cholesterol (specific activity, 58.5 /JCi/ktmole) 
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and [1-14C] oleic acid (specific activity, 53.5 
ktCi/ktmole) were purchased from New England 
Nuclear Corp., Boston, Mass. [4-14C] Cho- 
lesteryl oleate, as well as other [4-14C] choles- 
teryl esters, was prepared and purified by the 
method described by Kothari, et al., (16). 

Grossly normal aortas of young male rats 
and rabbits were used throughout the study. 
Aortas of rats (Wistar) and rabbits (New Zea- 
land White) were obtained from Rockland, Gil- 
bertsville, Pa. Animals had been killed by de- 
capitation; and aortas dissected from the heart, 
immediately frozen, and shipped to our labora- 
tory in dry ice. When received, the frozen speci- 
mens were freed from fat and connective tis- 
sues, rinsed with ice-cold saline, blotted dry and .~ 
stored below -15 C until  used. The acetone- .~. 
dried powder of the pooled aortas was prepared 
as described previously (4). < 

Enzyme Assay "~ 

The substrate for synthetic activity was pre- "~ 
pared as described previously (4). For routine ~ 
assay, the emulsion had the following composi- ~ <,. 
t i o n :  2 .05 ~tmoles [ 4 - 1 4 C ]  cholesterol, ~ 
6.22 ~moles oleic acid, and 4.10 #moles sodium .= 
taurocholate in 0.2 ml 0.1 M phosphate buffer, --~,~ 
pH 6.1. The final volumes of the incubation ~ ~ 
mixture was made up to 1.0 rnl. For one deter- u~ ~,~ 
mination of sterol specificity, cholesterolin the ~ m ~- O 

above emulsified substrate was replaced with < ~ 
e q u i m o l a r  amounts of other sterols, and ~ '~  
[ 1-14C] oleic acid was used to synthesize esters 
labeled in the fatty acid moiety. Similarly, the ~ 
emulsified substrate was modified for fatty acid ~= 
specificity study, in which oleic acid was re- ~ 
placed with equimolar quantities of various fat- ~ ~ 
ty acids. In all cases, the amount of sodium .~ 
taurocholate, ionic concentrations, and pH re- 
mained the same as described for the usual sub- 
strate. 

The method of preparation of micellar sub- 
strate for hydrolytic acitivity was as described b 
p r e v i o u s  (4) .  The m i c e l l e s  c o n t a i n e d  
1.30/~moles [4-14C] cholesterol oleate, 2.58 =~ 
/amoles sodium taurocholate, and 1.5 mg leci- m 
thin in phosphate buffer, pH 6.6, in a total 
volume of 1.0 ml. Since the critical micetlar 
concentrations for various steryl esters with 
lecithin and bile salts were not known, an al- 
bumin dispersion of the ester was used as the 
substrate for determination of specificities and 
always compared with albumin dispersion of 
the oleate. 

For determination of both activities, incuba- 
tions were carried out by shaking for 1-4 hr at 
37 C in a Dubnoff metabolic shaker. At the end 
of the incubation period, the reaction was stop- 
ped by adding 50/~liter incubation mixture to 
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FIG. 1. 0-(diethylaminoethyl) (DEAE)-cellulose column chromatography of the 40% acetone precipitates 
from the whole extract of acetone powder of rat aorta. The column of DEAE-cellulose was equilibrated with 
0.001 M phosphate buffer, pH 6.6 Acetone precipitates (40%) dissolved in water were applied. The column was 
eluted discontinuously with 0.01, 0.07, 0.15, and 0.22 M phosphate buffers, pH 6.6. Fractions of 5 ml were 
collected at a flow rate of 30 ml/hr. The elution of the protein was followed by measuring absorbance at 
280 nm, and the elution of the enzymes was determined by the usual assay procedure, o-----e = Protein E280, 
o------o = synthetic activity, and o- - -o = hydrolytic activity. 

50 ~l i ter  ace tone-e thanol  (1:1,  v/v). This mix- 
ture was shaken and placed in a bolting water  
bath.  Analyses were carried out  on this extract .  
Free and ester cholesterol  were separated by 
TLC and were es t imated quant i ta t ively  in terms 
of  radioact ivi ty as described previously (4). 

Unit of Activity 

One unit  represents  the  amoun t  of  enzyme  
catalyzing the  ester if icat ion of,  or l iberat ion by 
hydrolysis  of,  1 nmole  free cholesterol /hr .  

Assay of Nonspecific Esterase 3.1.1-6 

The nonspecif ic  esterase act ivi ty was mea- 
sured by the rate of  hydrolysis  o f  0-n i t rophenyl  
acetate as described by Bowers,  et al. (17). 

Assay of Lipase 

Lipase act ivi ty  was assayed by fol lowing the 
hydrolysis  of  tr iolein as described by Mahade- 
van and Tappel  (18). 

Determination of Protein 

For  most  of  the  studies, prote in  was deter-  
mined  according to the  me thod  of  Lowry ,  et al. 
(19). During ion exchange and gel f i l t rat ion 
chromatography ,  the  prote in  peaks were lo- 
c a t e d  b y  absorbance at 2 8 0 n m  using a 
Zeiss @ II spec t ropho tomete r .  

Enzyme Purification 

A typical  procedure for the enzyme  purifica- 
t ion consisted of  five steps and was carried out  
as follows. 

Step 1-extraction: The soluble proteins  
were ex t rac ted  f rom acetone-dr ied powder  with 
0.1 M phosphate  buffer ,  pH 7.4, conta ining 

0.05 M NH4C1. Usually 3-4 g powder  was used 
f rom which 200-250 mg protein was extracted.  

Step H-acid precipitation: The pH of  the 
extract  was lowered to 5.7 with 1 M NaH2PO 4 
solution.  Stirring was con t inued  for 5 rain fol- 
lowed by centr i fugat ion at 12,000 x g for  20 
min. The resulting supematan t  was dialyzed for  
2 hr  against 50 volumes  of  0.005 M phosphate  
buffer ,  pH 7.4. 

S tep  III-acetone fractionation: To the 
dialyzed supernatant  f rom step II, ice cold ace- 
tone  was added drop by drop unt i l  40% concen-  
t ra t ion was reached.  The precipi ta te  was al- 
lowed to develop for 30 min and then sedi- 
mented  at 14,000 x g for 10 min.  The super- 
natant  was discarded, and the precipi tate  was 
dissolved in 5 ml distilled water  (pH 7.0). Oc- 
casionally, an insoluble precipi ta te  was formed,  
w h i c h  was  r emoved  by centr i fugat ion at 
10,000 x g for 10 min. 

Step IV-O-(Diethylaminoethyl) (DEAE) cel- 
lulose chromatography: The enzyme prepara- 
t ion f rom step III was purif ied fur ther  by 
co lumn chromatography  as fol lows:  DEAE-  
cellulose (cellex-D, standard capaci ty ,  Bio-Rad 

Laboratories ,  R ichmond ,  Calif.) was washed 
3 t imes with 0.001 M NaC1 solut ion.  It then 
was equi l ibrated for 24 hr in the cold (2-5 C) 
with 25 t imes its vo lume  of  the same solut ion.  
The suspension of  the absorbant  was poured 
gently in to  a co lumn (1.5 x 50 cm) f i t ted at the 
b o t t o m  with a coarse fr i t ted disk. Af te r  some 
of the suspension had set t led by gravity, pres- 
sure was applied gradually to a m a x i m u m  of  
2 lb /sq  in. f rom a ni t rogen gas tank and was 
mainta ined unti l  the  co lumn ht  of  16 cm was 
achieved. The enzyme prepara t ion f rom step III 

LIPIDS, VOL. 10, NO. 6 



AORTIC CHOLESTERYL ESTER HYDROLASE 325 

- -  1 2 0 . 0  

0,3 

e~ 
~ o . 2  

~ 0.1 

I0 20 30 40 

-- I I O . O  

- I O 0 . 0  

- 9 0 . 0  

-- 80.0 

- r o . o  ~ 
60.0 "4 

! 
- -  5 0 . 0  t ~  ~ 

- 40.0 ~ ~ 
- 3 0 . 0  

-- 2 0 . 0  

-- I 0 . 0  

Froe t ion  No. 

FIG. 2. Sephadex G-100 chromatography of the active fractions from 0-(diethylaminoethyl)-cellulose chro- 
matography. The proteins were filtered with 0.05 M NH4CI solution at a flow rate of 14 ml/hr, and 5.0 ml 
fractions were collected. Details of the column and its operation are given under "Experimental Procedures." 
The protein content of the effluent was determined by absorbance at 280 nm, and the enzyme activities were 
located by assay of the fractions. r = = Protein E280, o---o = synthetic activity, o- - -o = hydrolytic activity. 

was applied to this column. The protein was 
eluted with a linear gradient of  NaC1 solution 
generated from 0.005 M and 0.25 M NaC1 solu- 
tions (pH 7.4). Fractions of 5 ml each were col- 
lected at a flow rate of 30 ml/hr. The fractions 
within the peak of activity were pooled, 
dialyzed against double distilled water, and con- 
centrated by lyophilization to 5 ml. 

Step V-gel filtration with Sephadex G-I O0: 
The concentrated enzyme preparation from 
DEAE-cellulose column was applied to the 
Sephadex G-100 column (1.5 x 40 cm), and the 
e lu t i on  was carried out with 0.05 NH4C1 
(pH 7.4) solution at a flow rate of 25 ml/hr. 
Five ml fractions were collected by an auto- 
matic fraction collector. The enzyme prepara- 
tion obtained from the pooled fraction was 
concentrated by dehydration by polyethylene 
glycol treatment. 

Est imat ion of  Mol  W t  

Mol wt of the partially purified enzyme pro- 
tein "was estimated by the method of Andrews 
(20). Briefly, Sephadex G-200 (particle size 
40-120 #) was allowed to swell in 0.01 M potas- 

s ium phosphate buffer, pH7.0 ,  containing 
0.025 H NH4C1. The deaerated suspension was 
p a c k e d  u n d e r  g r a v i t y  in a c o l u m n  
(2.4 x 50 cm). The partially purified (specific 
activity, 600), dialyzed and concentrated en- 
zyme preparation, containing 40 units of the 
enzyme, was mixed with a number of proteins 
of known mol wt and applied to the gel as a 
solution in 2 ml same buffer. The elution rate 
was 14 ml/hr, and 2.5 ml fractions were col- 
lected at 4 C. Blue dextran 2000 (1 rag) was 
used to indicate the void volume, and the fol- 
lowing proteins were used as standard: aldolase, 
1 mg (mol wt 140,000-150,000); bovine serum 
albumin, 4 mg (mol wt 65,000-70,000); and 
Cytochrome C, 0.8 mg (horse heart, tool wt 
12,400). The posi t ion of the elution peaks of 
cholesteryl ester hydrolase, blue dextran, and 
standard proteins was determined either by 
direct absorption at 280 nm (bovine serum al- 
bumin), 412 nm (Cytochrome C), and 625 nm 
(blue dextran) or the appropriate enzyme assay. 

R E S U L T S  A N D  D I S C U S S I O N  

The results of a typical purification sequence 
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FIG. 3. 0-(diethylaminoethyl) (DEAE)-cellulose column chromatography of the whole extract from acetone- 
dried powder of rabbit aorta. The DEAE-cellulose column was equilibrated with 0.001 M NaC1 solution. The 
whole extract (56.0 mg protein) was applied. The column was eluted with a linear gradient (0.005-0.250 M) of 
NaCI. Fractions, each containing 5 mi were collected at a flow rate of 30 ml/hr. The elution of the protein was 
followed by measuring absorbance at 280 nm, and the elution of the enzymes was determined by the usual assay 
procedure. Lipase and nonspecific esterase were determined as described under "Experimental Procedures." 
Cholesteryl ester synthesizing and hydrolyzing activities were eluted with peak IV, and the recovery was 89%. 
= �9 = Protein E280, A - - A  = nonspecific esterase, o - - o  = lipase, . - - .  = cholesteryl ester synthesizing activ- 
ity, and a - -~ ,  = cholesteryl ester hydrolyzing activity. 
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FIG. 4. The hydrolysis of [4-14C] cholesteryl oleate by the enzymes eluted under peaks II and IV of 
Figure 3. The active fractions under peak II and Peak IV were pooled separately, dialyzed, and concentrated to 
5 ml. The rate of hydrolysis was determined with the substrates having albumin dispersed [4-14C] cholesteryl 
oleate at pH 7.4 and micellar [4-14C] cholesteryl oleate, pH 6.6. Enzyme equivalent to 1.0 mg protein was used 
for each determination. Incubations were at 37 C for 1, 2, and 3 hr. o- - -+  = Albumin dispersed substrate, 
pH 7.4 and o- - -o = micelles, pH 6.6. 

are given in Table I. The specif ic  activities of  
the final p roduc t  were be tween  100 and 140 
t imes higher than  tha t  o f  the  original material .  
DEAE-cellulose ch roma tog raphy  of  the  partial-  
ly pur i f ied  e n z y m e  prepara t ion  (40% ace tone  
precipi ta te)  gave results  as shown in Figure 1. 
As it may  be seen, the synthes iz ing  and hyd ro -  
lyzing activities were e lu ted  toge the r  wi th  

0.15 M buffer .  Similarly, b o t h  activities were 
e luted by gel f i l t ra t ion on Sephadex  G-100 as 
shown in Figure 2. The evidence s t rongly sug- 
gests tha t  the choles tery l  ester  synthesiz ing and 
hydro lyz ing  activit ies are associated wi th  the  
same prote in .  

DEAE-cellulose co lumn ch ro ma t o g rap h y  of  
the  whole  ext rac ts  gave e lu t ion  profiles of  pro-  
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FIG. 5. The effect of protein concentration of the whole extract upon the synthesizing and hydrolyzing 
activities of rat and rabbit aortas. Incubations were carried out with the usual emulsified substrate (synthesis) 
and miceUar substrate (hydrolysis). Incubations were at 37 C for 4 hr. A and B The whole extract equivalent to 
1-5 mg protein was used for the assay. C and D Supernatant, pH 5.7, was supplemented with bovine serum 
albumin equal to the amount of protein precipitated on the adjustment of the pH. Aliquots of the preparation 
containing 1-5 mg protein were used for the assay. �9 �9 = Rat and o-----o = rabbit. 

tein and the  enzymes  as shown in Figure 3. Pro- 
tein was e luted as 5 major  peaks wi th  a recov- 
ery of  80-90%. Cholesteryl  ester synthesizing 
and hydrolyz ing  activit ies were eluted simul- 
t a n e o u s l y  at NaC1 concent ra t ions  be tween  
0.14-0.175 M. Under  this peak IV, ca. 15% of 
the t o t a l  protein was e luted with  80-85% recov- 
ery of  the enzyme  activities. In these experi-  
ments ,  lipase was e luted at NaC1 concent ra t ions  
be tween  0 .09 -0 .14M (peak III), and non-  
specific esterase was e lu ted  be tween  0.3-0.08 M 
NaC1 concent ra t ions  (peak II). The prote in  of  
the peak II was found  to catalyze the hydro ly -  
sis of  0-ni t rophenyl  acetate  and albumin-  
dispersed choles teryl  oleate at pH 7.4. How- 

ever, it was inactive toward  the  micellar  choles- 
teryl  oleate at pH 6.6. On the o ther  hand,  the  
protein of  peak IV was most  active in hydro lyz-  
ing choles teryl  oleate at pH  6.6 and did no t  
hydro lyze  0-n i t rophenyl  acetate.  A compar ison 
of  hydrolysis  of  material  e luted in peaks II and 
IV is given in Figure 4. The results o f  these ex- 
per iments  suggest that  the  enzyme  acting on 
micellar substrate is dist inctly different  f rom 
the enzyme  hydro lyz ing  a lbumin dispersed sub- 
strate. The enzyme  eluted under  peak II seems 
to be nonspecif ic  and hydrolyzes  cholesteryl  
oleate.  The requi rements  for  o p t i m u m  act ivi ty  
of  this enzyme  are comparable  to the assay con- 
di t ion for aort ic  cholesteryl  ester hydrolase re- 
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TABLE II 

Specific Activities of Whole Aorta Extract Treated in Various Ways a 

Specific activity 

Rat Rabbit 

Treatment Synthetic Hydrolytic Synthetic Hydrolytic 

None 5.2 7.5 3.4 3.1 
Dialysis (20 hr) 5.5 6.8 " 3.8 3.0 
Heating (50 C, 10 min) 0.5 1.1 0.0 0.5 
Sephadex G-25 filtration 5.9 7.7 4.2 3.9 
pH adjustment (5.7) 10.1 12.5 6.6 4.6 

aThe enzyme activities were determined with the usual substrates. The whole extract 
was treated as described in the text. Incubations were at 37 C for 4 hr. Enzyme preparation 
equivalent to 2.0 mg protein was used in each case. The values represent Specific activity 
which is defined as the nmoles [4-14C] cholesterol esterified or liberated/mg protein/hr. 

TABLE III 

Rate of Esterification of [4-14C] Cholesterol 
(nmoles/mg protein/hr) with Various Fatty Acids by 

Rat and Rabbit Aorta Enzyme a 

Rate 

Fatty acid Rat Rabbit 

Oleic (18:1) 49.0 37.8 
Linoleic (18:2) 41.5 29.5 
Linolenic (18: 3) 27.5 24.7 
Arachidonic (20:4) 22.6 19.0 
Palmitic (16: 0) 19.6 13.6 
Stearic (18:0) 13.8 7.6 
Butyric (4:0) 0.0 0.0 

aThe substrates were prepared as described in the 
text. All assay mixtures contained 2.05 /~moles 
[4-14C] cholesterol, 6.22/~moles free fatty acids, 4.10 
/zmoles sodium taurocholate, and 0.05 M phosphate 
buffer, pH 6.1. Partially purified enzyme (1 mg pro- 
tein) was used for all determinations. Incubations were 
at 37 C, and the amount of esterified [4-14C] choles- 
terol was determined initially and at intervals of 1, 2, 
and 3 hr. The values given are the mean of duplicate 
experiments. Taking the esterification with oleic acid 
as 100%, the relative percent values for other acids 
were calculated. 

po r t ed  by o t h e r  laborator ies  (1,2). 

Inhibition of Synthetic Activity 

It was observed tha t  assay wi th  increasing 
amoun t s  of  crude  enzyme  prepara t ion  resul ted  
in increasing inh ib i t ion  of  the  syn the t i c  activ- 
i ty;  at a p ro te in  concen t r a t i on  o f  4.0 mg,  100% 
(rabbit)  and 66% (rat)  inh ib i t ion  was observed 
(Fig. 5A). No such inhib i t ion  o f  hydro ly t i c  ac- 
tivity was observed at higher  p ro te in  concen t ra -  
t ion (Fig. 5B). Subsequent ly ,  in e f for t s  to  re- 
move the  inh ib i to ry  e f fec t ,  the  crude ex t rac t  
was dialyzed against 100 volumes  distilled 
water  for  12 hr,  changing water  every 4 hr,  or 
heat  t r ea ted  ( 6 0 C  for  1 0 m  in) ,  or  f i l tered 
th rough  Sephadex  G-25. None of  the above 
t r e a t m e n t s  inc reased  specific activity for  

synthesis .  The results  (Table II) suggested tha t  
the inh ib i tory  ef fec t  was no t  due to the  pres- 
ence of  a small molecular  subs tance  or the  asso- 
ciation of  the enzyme  wi th  o the r  macro-  
molecules.  However ,  when  the  crude ex t rac t  
was acidif ied (adjusted to  pH 5.7) and the  re- 

sul tant  prec ip i ta te  r emoved  by cen t r i fuga t ion ,  
the superna tan t  was f o u n d  to have higher 
specific activity for  synthesis  (Fig. 5C). It was 
observed fu r ther  tha t ,  if the  precipi ta te  was al- 
lowed to  develop for  30 rain, the  inh ib i to r  was 
r emoved  and the  assay wi th  the  superna tan t  
was linear wi th  p ro te in  concen t r a t i on  (Fig. 5D). 

The precipi ta te  (as a so lu t ion  in 0.05 M NaC1), 
on addi t ion  to  the  assay wi th  the  superna tan t ,  
res tored  the  inh ib i to ry  ef fec t .  In the  case of  rat  
enzyme ,  wi th  1.0 mg supe rna tan t  p ro te in ,  the  
precipi ta te  equivalent  to  1 , 2 ,  and 3 mg pro te in  
p rodu ced  12, 43,  and 64% inhib i t ion ,  respec-  
tively. With rabbi t  en zy me  prepara t ion ,  it was 
33, 78, and 100%, respect ively .  

The modi f ica t ion  o f  an en zy me  activi ty by a 
macromolecu le  ra ther  than  by  a small molecule  
represents  a s o m e w h a t  un ique  m e t h o d  of  regu- 
lat ion.  It seems ra ther  strange tha t  the  inh ib i to r  
did no t  affect  the  hydro ly t i c  act ivi ty,  since 
b o t h  syn the t i c  and hydro ly t i c  activities are pos-  
sibly the  func t ions  of  the  same enzyme.  To ac- 
coun t  for  this,  two  possibil i t ies are suggested.  
The en zy me  has two  active sites, one for each 
func t ion ;  the  inh ib i to r  affects  only  the  syn- 
the t ic  site and n o t  the  o ther .  Alternat ively and 

more  likely, the  inh ib i to r  is an e f fec to r  for  the  
subst ra te ,  ra ther  t han  tha t  o f  the  enzyme.  In 
the  syn the t i c  reac t ion ,  the  inh ib i to r  may  b ind  
the  free fa t ty  acid and make it unavailable for  
the  e n z y m e  act ion.  

Estimation of Mol Wt of Enzyme 

A gel f i l t ra t ion pa t t e rn  o f  the  partial ly puri-  
fied en zy me  pro te in  along wi th  a p ro te in  of  
k n o w n  mol  wt was carried out .  The es t imate  o f  
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the  mol  wt of  the  o the r  p ro te in  came very close 
to their  k n o w n  mol  wt. The mol  wt of  the  puri- 
f ied pro te in  es t imated  f r o m  the  e lut ion vo lume 
in one  gel f i l t ra t ion was ca. 140,000. This was a 
good approx ima t ion ,  since the  p ro te in  was 
e luted very close to aldolase which  is k n o w n  to  
have a tool wt of  144,000. The es t imated  mol  
wt of  pancreas  enzyme  is 65,000 as r epo r t ed  by Sterol 
Hyun,  et al. (9). The pancreat ic  e n z y m e  is 
shown to  fo rm a d imer  (mol  wt 135,000) on 
t r ea tmen t  wi th  ace tone .  Thus,  the  es t imated  
m o l  wt of  aor ta  e n z y m e  ex t rac ted  f rom 
ace tone-dr ied  powder  is close to  tha t  r epo r t ed  
for  the  d imer  of  pancreat ic  choles tery l  ester  
hydrolyase .  In the  present  s tudy ,  no a t t emp t s  
were made  to  iden t i fy  the m o n o m e r i c  and 
dimeric forms of  the  enzyme .  

Specificity of Enzymes 

Ester if icat ion of  [4-14C] choles terol  wi th  
oleic acid (18:1) ,  l inoleic acid (18:2) ,  l inolenic  
acid (18:3),  arachidonic  acid (20:4) ,  palmit ic  
acid (16:0) ,  stearic acid (18:0) ,  and bu tyr ic  
acid (4:0) was measured  (Table III). As may be 
seen in Table III, oleic acid was mos t  ef fect ive  
in ester i f icat ion of  choles terol ;  wi th  increasing 
unsa tura t ion ,  progressively less es ter i f ica t ion 
was observed.  Arachidonic  acid was f o u n d  to  be 
half  as effect ive as oleic acid. The sa tura ted  
fa t ty  acids were even less effect ive.  Palmit ic  
acid was ca. 40% as effect ive as oleic acid; 
stearic acid ester i f ied poor ly ,  and butyr ic  acid 
was no t  es ter i f ied at all. The results  o f  esterifi-  
cat ion of  a n u m b e r  of  sterols wi th  [1-14C] 
oleic acid are given in Table IV. It is evident  Oleate 
tha t  choles terol  and choles tanol  are es ter i f ied Linoleate 

Linolenate 
equally well wi th  oleic acid. Epicholes tero l ,  Palmitate 
wi th  the  3(OH) in the  a -pos i t ion ,  is pract ical ly Stearate 
no t  esterif ied at all. Other  sterols,  differing Laurate 
f rom choles terol  in the  ring s t ructure  or, wi th  Acetate 
modi f i ed  side chain,  es ter i f ied to an ex t en t  
25-35% tha t  o f  choles terol .  

The conf igura t ion  of  the  A/B ring junc tu re  is 
o f  great impor t ance ,  the  5fill s terol  being esteri-  
f led to  only  21-26% of  the  ex t en t  of  the  
5a l l  sterol.  Side chain subs t i tu t ion  or  add i t ion-  
al  u n s a t u r a t i o n  reduces  es ter i f ica t ion by  
65-81%. 

The , subs t ra te  specif ic i ty  of  hydro lyz ing  
activity was s tudied  by compar ing  the  rate of  
hydrolys is  o f  choles teryl  esters  o f  various fa t ty  
acids. Since the  critical micellar concen t r a t ions  
of  mos t  of  the  choles teryl  esters wi th  sod ium 
taurochola te  and  leci thin  were no t  known ,  al- 
bumin  dispersed subst ra tes  (pH 6.6) were pre- 
pared and used as descr ibed under  "Exper i -  
menta l  P rocedures . "  Also,  since radioact ive es- 
ters of  choles tero l  wi th  various fa t ty  acids were 
no t  commerc ia l ly  available, unlabeled esters 

TABLE IV 

Rate of Esterification of Various Sterols with 
[1-14C] Oleic Acid by 

Rat and Rabbit Aorta Enzyme a 

Sterol esterified 
(nmoles/mg protein/hr) 

Rat Rabbit 

Cholesterol 47.7 34.5 
Epicholesterol 2.2 0.0 
Cholestanol 44. 5 36.0 
Corpostanol 11.8 7.6 
Desmosterol 16.5 12.0 
/3-Sitosterol 9.6 8.0 
Ergosterol 10.0 10.5 

aThe substrates were prepared as described in 
the text. Assay mixtures contained 2.05 btmoles sterol, 
6.22 #moles [1-14C] oleic acid, 4.10 /~moles sodium 
taurocholate, and 0.05 M phosphate buffer, pH 6.1. 
Partially purified enzyme (40% acetone precipitate) 
was used for all determinations. Incubations w e r e  
carried out at 37 C, and the amount of s tery l -  
[ 1-14C] oleate was determined initially and at inter- 
vals of 1, 2, and 3 hr. The values given are the mean of 
duplicate experiments. Taking the esterification of 
cholesterol as 100%, the relative percent values for 
other sterols were calculated. 

TABLE V 

Rate of Hydrolysis of Various Cholesteryl Esters by 
Rat and Rabbit Aorta Enzymes a 

Cholesterol liberated 
(nmoles/mg protein/hr) 

Cholesteryl ester Rat Rabbit 

16.2 13.0 
20.7 14.4 
14.0 9.6 
13.5 9.5 
12.5 8.8 
10.0 8.0 
12.2 10.2 

aAlbumin-dispersed substrates were prepared as 
described in "Experimental Procedures." The assay 
mixture contained 1.30 #moles cholesteryl ester, 2.58 
gmoles sodium taurocholate, 0.5 mg bovine serum al- 
bumin, and 0.075 M phosphate buffer, pH 6.6. Par- 
tially purified enzyme (40% acetone precipitate) was 
used for all determinations. Incubations were carried 
out at 37 C, and the activity was measured by deter- 
mining free and esterified cholesterol at 2, 4, and 6 hr 
of incubation. The values expressed are the mean of 
duplicate experiments. Taking the hydrolysis of eho- 
lesteryl ester as 100%, the relative percent of hydroly- 
sis for other esters were calculated. 

were used,  and the  free and the  ester  choles-  
t e r o l  were de t e rmined  chemical ly  by the  
m e t h o d  of  Sperry and Webb (21). Even t h o u g h  
the assay wi th  a lbumin-dispersed choles tery l  
oleate did no t  give m a x i m u m  act ivi ty,  the  com-  
parison of  the  rate of  hydrolys is  of  various 
esters unde r  these cond i t ions  may be consid-  
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ered valid. The results  are given in Table V. As 
shown  in the  table,  the  rate of  hydrolys is  was 
highest  wi th  l inoleate ,  fo l lowed by  oleate ,  
l inolenate ,  pa lmi ta te ,  ace ta te ,  s tearate ,  and 
laurate.  

The e n z y m e  shows l i t t le specif ic i ty  for  
e i ther  (wi th  regard to  the  s terol  or f a t ty  acid).  
All six of  the  ~(OH) sterols t es ted  in this s tudy  
were able to  serve as subs t ra tes  for  the  syn- 
the t ic  act ivi ty.  Similarly, a l though  m a x i m u m  
ester i f ica t ion was observed wi th  oleic acid and 
choles teryl  l inoleate  was hyd ro lyzed  to  the  
greatest  ex t en t ,  the  e x z y m e  seems to  be fairly 
nonspec i f ic ,  func t ions  wi th  several long chain 
fa t ty  acids for  synthesis ,  and can hyd ro lyze  
choles teryl  esters differ ing in fa t ty  acid mo ie ty .  
This is no t  surprising; since the  in te rconvers ions  

of  choles te ro l  and choles tery l  esters are in- 
volved mainly  in the  process  o f  abso rp t ion  and 
t ranspor t  of  choles tero l  and perhaps  fa t ty  acids,  
it may  be advantageous  for  the  organ to  be able 
to fo rm the  esters f rom whichever  fa t ty  acid 
happens  to be present  in excess  and hyd ro lyze  
whichever  ester  is available. 
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Effect of Temperature upon Linolenic Acid Level in Wheat and 
Rye Seedlings 
TIBOR FARKAS, Institute of Biochemistry, and E~VA DI~RI-HADLACZKY and ADONISZ BELEA, 
Institute of Genetics, Biological Research Center, Hungarian Academy of Sciences, 6701 Szeged, Hungary 

ABSTRACT 

The fatty acid composition of leaves 
of nine wheat and one rye species was 
studied in relation to temperature both 
under laboratory and field conditions. 
Seedlings exposed to cold (2 C) either in 
laboratory or on field had higher levels of 
linolenic acid in their lipids than their 
greenhouse (22 C) germinated controls. 
The increase of the level of linolenic acid 
was accompanied by a decrease in the 
level of linoleic acid in field grown spe- 
cies. A relationship seems to exist be- 
tween sensitivity to cold and accumula- 
tion of linolenic acid; those species resist- 
ant to cold displayed greater increase in 
their linolenic acids than those more sen- 
sitive to chilling temperatures. This re- 
sponse in cold resistant species was quite 
rapid, two days of cold exposure resulted 
in a significant increase of linolenic acid. 
The possible mechanisms responsible for 
the observed changes are discussed. 

INTRODUCTION 

It repeatedly has been observed that dif- 
ferent organisms, ranging from bacteria to ver- 
tebrates, adjust the composition of their fats to 
the environmental temperature (1-9). Ability to 
control the unsaturation of fats may be impor- 
tant to tolerate some effects of low tempera- 
tures. It can be hypothesized that species un- 
able to increase the unsaturation of their fats 

are handicapped when the  environment be- 
comes cold. This is suggested also by the obser- 
vations of De La Roche, et al., (10) and Thom- 
son, et al. (11) showing that cold hardiness may 
be connected with increased production of lino- 
lenic acid in Secale cereale vat. Sangeste and 
Triticum aestivum L. var. Rideau, respectively. 
On the other hand, Lyons, et al., (12) demon- 
strated high amounts of linolenic acids in mito- 
chondrial lipids of chilling resistant plants and 
the presence of a break in the slope of Arr- 
henius plots of some mitochond~ial enzyme ac- 
tivities of certain chilling sensitive plants. In 
this paper, an attempt is made to find correla- 
t ion between the linolenic acid production and 
cold hardiness in members of genus Triticum 
and some of their related species. Members of 
this genus were selected for this investigation 
not only because these plants exhibit a wide 
range of cold adaptiveness (from extreme resis- 
tance to extreme sensitivity) but  also because 
of their great nutrit ional importance. 

MATERIALS AND METHODS 

The investigations were carried out on 
species listed in Table I. The sowing on the ex- 
perimental field took place on October 10, 
1973. The temperature decreased to 14-16 C 
below zero in early November, and the seed- 
lings, having 2-3 leaves at that time, were ex- 
posed to that cold without snow cover for ca. 
10-12 days. The temperature increased subse- 
quently to ca. 0 C and remained nearly con- 
stant for another 3 months. The plant samples 

TABLE 1 

List of Investigated Species a 

Genus Species Varietas Convarietas Pioid level 

Secale cereale 
Tritieum monococcum 
Triticum timopheevi typica 
Triticum turgidum ssp. carthlicum 
Triticum turgidum ssp. dicoccum 
Triticurn turgidum gentile 
Triticum turgidum buceale 
Triticum aestivum 
Triticum aestivum ssp. spelta album 
Triticale 

t 
Kisvardai 

Kavkaz 

No. 364 

Diploid 
Diploid 
Tetraploid 
Tetraploid 
Tetraploid 
Tetraploid 
Tetraploid 
Hexaploid 
Hex aploid 
Hexaploid 

aSeed samples of Secale and Triticum species were obtained from Institute of Genetics, 
Biological Research Center, Szeged, Hungary. Seed of Tritieale were obtained from A. Kiss 
of Vegetable Crops Research Institute, Kecskemdt, Hungary. 
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were taken for fatty acid analyses in late Janu- 
ary or early February. The controls were ger- 
minated in a greenhouse at 22 C in early Janu- 
ary, 1974. Usually 50 seeds were placed into 
filter paper, wet with 5 ml water, in Petri dishes 

of  20 cm in diameter. When the second or third 
leaves appeared, the seedlings were sampled for 
the determination of their fatty acid composi- 

tions. In some other investigations, the seeds 
were germinated in a dark room illuminated by 
a 100 W bulb (11,000 lux). 

After the appearance of the third leaves, the 
seedlings were divided into two groups: one 
group was placed into a refrigerator set to 

+2 + 1 C and illuminated by a 100 W bulb for 
2 days, while the other remained at room tem- 
perature. 

The leaves were cut into small pieces and 
homogenized in an all glass Potter homogenizer, 
and the fats were extracted and purified accord- 
ing to Folch, et al., (13). The total fats were 

transmethylated in sealed ampoules under CO 2 
in the presence of 5% hydrochloric acid in ab- 
solute methanol at 80 C. Methyl esters were ex- 
t r a c t e d  q u a n t i t a t i v e l y  with hexane and 
weighed. 

The gas chromatographic analyses were per- 
formed on a JGC-1100 instrument equipped 
with flame ionization detector. The column 
(6 ft, stainless steel) was packed with 15% 

ethylene glycol succinate on 100-120 mesh Gas 
Chrom P (Applied Science Laboratories, State 
College, Pa.). Identification of peaks was ac- 
complished using standard mixtures of Applied 
Science Laboratories no. K-108 and branched 
chain mix-L. Quantitation was performed by 
triangulation technique. The accuracy of deter- 

minations was better than 2.5% in the case of 
major fatty acids and ca. 20% in the case of 
minor components. 

R ESU LTS 

Fatty Acid Compositions of Leaf Lipids of 
Wheat Seedlings 

Linolenic, linoleic, and palmitic acids, in 
that order, were the major fatty acids in all 
species investigated. Stearic, oleic, and palmit- 
oleic acids were only minor components. Fat ty 
acids appearing before palmitic acids were not 
included in the calculations. 

Linolenic, linoleic, and palmitic acids were 
the major fatty acids also in winter wheat seed- 
l ings  (T. a e s t i v u m )  and in rye seedings 
(S. cereale), investigated by De La Roche, et al., 
(10) and Thomson, et al., (11), respectively. 

Effect of Temperature upon the Fatty Acid 
Compositions of Seedlings 

Table 1I compares the fatty acid composi- 
tions of species grown either in a greenhouse 
(22 C) or on the experimental field. The fats of 
species germinated and grown on the experi- 
mental field were, in the most cases, consider- 
ably richer in linolenic acid than those grown in 
a greenhouse. On the other hand, there was a 
substantial decrease in the level of palmitic, 
oleic and linoleic acids. Palmitoleic and stearic 
acids displayed a less consistent behavior. 

The increase in the level of linolenic acid, as 
compared to the greenhouse controls, varied be- 
tween 10-90%. The highest values were ob- 
served in species which are most resistant to 
cold (S. cereale, T. aestivum ssp. spelta, T. 
dicoccum, T. timopheevi), while those more 
sensitive to chilling temperatures (Triticale, T. 
turgidurn var. gentile) gave a less pronounced 
response. 

Effect of Cold upon Fatty Acid Compositions 
of Seedlings under Laboratory Conditions 

The seedlings on the experimental field were 
exposed to cold for a long time before the 
a n a l y s e s  were carried out. To determine 
whether the accumulation of  unsaturated fatty 
acids takes place within an even shorter period 
of time, warm germinated seedlings were ex- 
posed to a temperature of +2-+ 1 C for only 
2 days. Cold resistant (T. aestivum ssp. spelta 
and S. cereale) and cold sensitive (T. turgidum 
var. gentile and T. turgidum ssp. carthli- 
cure) species were selected for this investiga- 
tion to detect possible differences in the re- 
sponse. 

From Table III, it is evident that the effect 
of exposure to cold on the fatty acid composi- 
tions of cold resistant species is apparent al- 
ready after two days. 

These species were capable of increasing the 
level of  linolenic acid and, in addition, of  oleic 
and linoleic acid in their fats by ca. 12-15% 
during this time. On the other hand, changes in 
the fatty acid compositions of cold sensitive 
species were only negligible. 

DISCUSSION 

This paper reports the ability of  a number of 
wheat species to increase the level of octadeca- 
polyenoic acids in their leaf lipids in response 
to decreasing temperature. Similar results were 
obtained on Cynidum caldarium (14), alfalfa 
roots (15,16), S. cereale (11) and T. aestivum 
(10,17). Moreover, we have shown that the re- 
sponse of the seedlings to cold is quite rapid; 
2 days of exposure to +2 C of warm germinated 
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species were sufficient to cause a considerable 
increase in the level of these fatty acids. The 
magnitude of the response seems to be corre- 
lated with the ability of plants to withstand low 
temperatures. Species which are known to sur- 
vive extreme low temperatures (T. aestivum sp. 
spelta, S. eereale, T. dico~'cum, T. timopheevi) 
had the highest increase in their linolenic acid 
levels, compared to greenhouse grown controls, 
while those more sensitive to cold (T. turgidum 
var. gentile, T. turgidum ssp. carthlicum ) gave 
less pronounced response to the decreasing tem- 
perature, both under field and laboratory con- 
ditions. As there seems to be no correlation be- 
tween linolenic acid level of the greenhouse 
grown species and sensitivity to cold, as it 
would be expected on the basis of investiga- 
tions of Lyons, et al., (12), it may be inferred 
that differences in the ability to accumulate 
linolenic acid in response to cold may be an 
important factor in determining cold hardiness 
of these plants. 

The exact mechanism by which the seedlings 
increase the proportion of linolenic acid in their 
lipids is not clear as yet. We did not separate 
the total lipids extracted from the plants into 
different lipid classes. Published data show that 
monogalactosyl diglycerides (MGDG) and phos- 
phatidyl cholines (PC) are usually rich in lino- 
l e n i c  ac id ,  while digalactosyl diglycerides 
(DGDG) and phosphatidyl ethanolamines (PE) 
no t  (14,16). Consequently, an increase in 
the proportion of the former compounds could 
have evoked the observed changes in cold ex- 
posed plants. This, however, does not seem to 
be probable in the light of investigations of 
Kuiper (16) and De La Roche and Andrews 
(17). These authors have demonstrated that, 
not only the amount of the MGDG and PC, but  
also of PE and DGDG have increased in cold 
exposed alfalfa and Rideau wheat, respectively. 
It also has been demonstrated that the seedlings 
of T. aestivum, grown either at 2 C or at 24 C, 
have identical phospholipid compositions. The 
lipid content of the seedlings investigated in 
this study was not determined, and, therefore, 
we do not know what the actual concentration 
of the different fatty acids was. On the basis of 
the literature (10), however, a net accumulation 
of linolenic acid is expected. 

Linolenic acid generally is considered to be 
formed by stepwise desaturation of stearic acid 
(18-20). Another possibility which attributes its 
formation from dodecatrienoic acid by chain 
elongation (21,22) must also, however, be con- 
sidered. In this case, the plants produce dodeca- 
noic acid first then desaturate it to dodecatri- 
enoic acid. This system does not synthesize 
oleic or linoleic acids. 
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TABLE III 

Effect of Cold Exposure on the Fatty Acid Compositions (wt %) of 
Wheat and Rye Seedlings a 

T. aestivum Secale T. turgidum T. turgidum 
ssp. spelta cereale v. gentile ssp. carthlicum 

Fatty acid +22C +2~1C +22C +2-+1C +22C +2+1C +22C +2+1C 

16:0 13.4 16.7 23.5 14.0 14.2 18.9 17.7 18.1 
16:1 3.4 2.6 1.8 2.3 6.2 2.7 3.3 1.9 
X 1 13.7 1.2 0.2 0.6 4.3 2.5 
18:0 2.9 2.8 0.8 3.1 3.9 2.6 2.6 1.8 
18:1 5.3 7.1 6.3 7.2 6.6 6.1 4.6 5.7 
18:2 20.2 23.5 26.5 27.2 21.9 24.1 23.6 25.0 
18:3 40.9 46.0 40.6 45.3 42.7 42.9 46.0 47.0 

aThe seedlings, germinated and kept at 22 C until the appearance of the second or third 
leaves, were exposed to 2• 1 C for 2 days. 

The observa t ion  tha t  the  increase in t he  level 
o f  l inolenic acid in all species exceeded  the  de- 
crease of  the  level o f  l inoleic acid (Table II) sug- 
gests tha t  a considerable  p r o p o r t i o n  of  l inoleic 
acid might  have been  p roduced  by  this la t ter  
pa thway .  The fact  tha t  this has no t  been  ob- 
served wi th  the  species exposed  to  cold only  for  
a few days (Table III) can be expla ined  by  as- 
suming tha t  the  con t r ibu t ion  of  these  two  path-  
ways in de te rmin ing  l inolenic acid level in the  
plants  may be d i f fe rent  in d i f ferent  stages of  
cold accl imat izat ion.  In early phase of  cold ac- 
c l imat izat ion,  the  fo rma t ion  o f  l inolenic acid 
f rom stearic acid can keep pace wi th  increased 
demands  for  its p roduc t ion .  In la t ter  phase of  
cold accl imat izat ion,  the  dehydrogena t ion  of  
lauric acid, ins tead of  s tearic acid, may become  
more  i m p o r t a n t  in cold resis tant  species. The 
accumula t ion  of  stearic acid in cold sensitive 
species (T.  t u r g i d u m  var. bucca le ,  T. t u r g i d u m  
var. gen t i l e )  u p o n  pro longed  cold exposure  
(Table II) is in te rp re ted ,  so that  even desatura-  
t ion of  this f a t ty  acid was impai red  in cold. 

The enzyme ,  desaturase,  requires,  among  
o t h e r  c o f a c t o r s ,  the  presence  o f  oxygen  
(18,19,23) .  It has been  suggested tha t  the  
higher  level o f  l inolenic acid observed at lower  
t empera tu res  is to  be a t t r ibu ted  to  increased 
amoun t s  of  dissolved oxygen  at a f ixed desatur-  
ase activity (23). In the  active p h o t o s y n t h e t i c  
t issue, however ,  oxygen  cannot  be expec ted  to  
be rate l imit ing for  the  desaturase  reac t ion ,  as it  
is p roduced  con t inuous ly  in the  course of  the  
pho tosyn thes i s .  In our  invest igat ions,  we f o u n d  
d i f ferent  l inolenic  acid levels in d i f ferent  seed- 
lings under  comparab le  i l luminat ion  and tem-  
pera ture  condi t ions .  On the  basis o f  the  above 
considera t ions ,  we believe tha t  d i f ferences  in 
the  level or  activity of  desaturases could have 
been  responsible  for  the  observed increase of  
l inolenic acid in the  cold exposed  seedlings. 
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Erucic Acid Metabolism by Rat Heart Preparations 
CHAK-KI CHENG and SHRI V. PANDE, Laboratory of Intermediary Metabolism, 
Clinical Research Institute of Montreal, Montreal, Quebec, Canada H2W 1 R7 

ABSTRACT 

Rat heart preparations metabolized 
erucic acid at much slower rates than 
palmitic acid. This applied for activation 
reaction, for the conversion of acyl-CoA 
to acylcarnitine, and for the util ization of 
acyl group for oxidation.  As compared to 
palmityl-CoA, erucyl-CoA exhibited a 
lower affinity for carnitine palmityltrans- 
ferase (EC 2.3.1.23), the respective appar- 
ent Michaelis constants were 43 and 83 
/aM. Presence of erucyl-CoA or erucyl- 
carnitine slowed the mitochondrial  oxida- 
t ion of palmityl  groups apparently be- 
cause of the slower oxidat ion of erucyl 
groups. However, presence of erucate did 
not inhibit the activation of palmitate.  
Heart mitochondria obtained from rats 
fed rapeseed oil (50 cal %) or corn oil diet 
for 3 days showed similar abilities for the 
coupled oxidation of various substrates 
and similar carnitine palmityltransferase 
activities. Thus, a suggestion of gross 
m i t o c h o n d r i a l  malfunction following 
rapeseed oil consumption was not con- 
firmed. 

INTRODUCTION 

Erucic acid (cis-13-docosenoic acid) is a 
constituent of rapeseed oil, an edible oil used 
for product ion of margarine, shortenings, and 
salad oils (1). Use of rapeseed oil as a dietary 
component  is of concern, because a high intake 
of this fat produces myocardial  abnormalities in 
various animal species investigated (2). Feeding 
rapeseed oil to rats soon causes an accumula- 
t ion of cardiac lipid, mostly as triglycerides, 
and necrotic lesions appear in the hearts after a 
prolonged feeding period (3). The significant 
factor involved in the pathogenicity of rapeseed 
oil appears to be the erucic acid (4). We have 
studied the myocardial  metabolism of  erucate 
to elucidate the mechanisms of its pathophysio-  
logical effects at the biochemical level. Some 
reports on the oxidat ion of erucic acid in heart 
mitochondria have appeared recently (5,6). 

MATERIALS AND METHODS 

Reagents 

Palmitic acid and palmityl-CoA were ob- 
tained from the Horrnel Insti tute,  Austin, 

Minn., and P-L Biochemicals, Milwaukee, Wisc., 
respectively. Erucic acid, erucic anhydride,  and 
erucylchloride were purchased from NuoChek- 
Prep,  Elysian, Minn. [1-14C] Palmitic acid was 
purchased from Amersham/Searle,  Arlington 
Heights, Ill.; L-carnitine hydrochloride was 
from General Biochemicals, Chargrin Falls, 
Ohio; DL-carnitine (ca rboxyl -14C)hydrochlo-  
ride was from ICN Pharmaceutical, Cleveland, 
Ohio, and other biochemicals were from Sigma, 
St. Louis, Mo., or P-L Biochemicals. L-Palmityl- 
carnitine was synthesized as previously de- 
scribed (7). 

Synthesis of Erucyl-S-CoA and L-Erucylcarnitine 

Erucyl-S-CoA was prepared according to 
Stadtman (8), except that  erucic anhydride was 
dissolved in te t rahydrofuran and the reaction 
was allowed to proceed at 50 C, since, at 0 C, 
no detectable synthesis occurred. Purification 
of  the erucyl-CoA (precipitated by acidification 
of the reaction mixture to pH 1 with HC1) 
involved removal of  te trahydrofuran by evapo- 
ration and washing four times with ether/petro- 
leum ether (1:1). Spectral analysis of the 
product  (in water, pH 6) indicated the ratio of 
molar absorptivity at 232 nm (thiolester bond) 
to that at 260 nm (adenine ring) to be 0.53 
which is characteristic of  acyl-CoA esters. L- 
erucylcarnitine was synthesized from erucyl- 
chloride and L-carnitine hydrochloride based 
upon the procedure of A1-Arif and Blecher (9), 
except that  the erucylcarnitine was extracted 
with butanol  after the ether washings; it was 
74% pure as determined by ester group analysis 
(10). 

Animal and Diets 

Eight week old male Wistar rats, obtained 
from Bio Breeding Laboratories of Canada, 
Ltd., were housed individually in metal cages 
with water and diets available ad libitum. Two 
groups of  4 rats were fed diets containing 50 cal 
% rapeseed oil or corn oil for a period of 3 
days. The diets contained, as a percentage by 
wt, 30% casein, 35% cornstarch, 1% vitamin 
mixture, 4% salt mixture (11), 5% alphacel, and 
25% of rapeseed or corn oil. The rapeseed oil 
contained 34.3% erucic acid, and it was a 
product  of  Cooperative Vegetable Oil Ltd., 
Altona,  Canada. Corn oil and other dietary 
ingredients, including salt and vitamin mixtures, 
were obtained from Nutrit ional Biochemicals, 
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TABLE I 

Activation of Erucic and Palmitic Acids by Rat 
Heart Homogenate a 

Palmitate Erueate Hydroxamate formed 
(mM) (mM) (nmoles/min per mg protein) 

1 to 6 --- 17-19 
-- 0.15 1.2 
--- 0.20 1.9 
--  0.25 1.7 
--  0.50 1.0 
2.0 0.15 20.3 
2.0 0.20 20.7 
2.0 0.25 21.0 

aActivation of fatty acids was followed by hy- 
droxamate formation (16). Reaction mixtures in a 
final volume of 500 vliter contained: 50 ~moles 
Tris-HCl (pH 7.4), 250 #moles NH2OH, 2 ~amoles 
MgC12, 7.5 #moles ATP, 0.24 /~mole CoA, 2.5/~moles 
dithiothreitol, and fatty acids as shown. Reaction was 
initiated by the addition of 180 ttg protein from rat 
heart homogenate. Incubations were for 60 min at 37 
C. Hydroxamate color was extracted with 0.5 ml of 
1 : 1 0  diluted (in ethanol) Hill reagent (16). 

Cleveland,  Ohio.  The  v i t amin  m i x t u r e  p rov ided  
( in  m g / 1 0 0  g diet) :  v i t amin  A c o n c e n t r a t e  (200  
un i t s /mg) ,  4 .5;  v i t amin  D c o n c e n t r a t e  (400  
un i t s /mg) ,  0 .25 ;  a - t o c o p h e r o l ,  5.0; ascorb ic  
acid,  45 .0 ;  inos i to l ,  5.0;  chol ine  ch lor ide ,  75 .0 ;  
m e n a d i o n e ,  2 .25;  p - a m i n o b e n z o i c  acid,  5.0; 
n iac in ,  4 .5 ;  r ibof lavin ,  1.0; p y r i d o x i n e  h y d r o -  
chlor ide ,  1.0; t h i a m i n e  h y d r o c h l o r i d e ,  1.0; cal- 
c ium p a n t o t h e n a t e ,  3.0; b io t in ,  0 .020 ;  folic 
acid,  0 .090 ;  and  v i t amin  B-12, 0 .00135 .  

Other Methods 

H o m o g e n a t e  of  rat  hea r t  was p r epa red  in 
0 .25 M sucrose  us ing a P o l y t r o n  homogen ize r .  
M e t h o d s  for  t he  i so la t ion  o f  m i t o c h o n d r i a  f r o m  
hea r t  w i th  Nagarse and  p r o t e i n  e s t i m a t i o n  were  
as previous ly  descr ibed  (7).  Details  of  e n z y m e  
assay sys tems  and  cond i t i ons  for  m i t o c h o n d r i a l  
ox ida t ions  are given in the  legends to figures and  
tables .  Fo r  ca rn i t ine  pa lmi ty l t r ans fe rase  assay, we 

ascer ta ined  t ha t  w h e n  iden t ica l  e n z y m e  incuba-  
t i o n  cond i t i ons  were e m p l o y e d ,  t he  s p e c t r o p h o -  
t o m e t r i c  m e t h o d  (12)  gave t he  same resul ts  as 
t hose  o b t a i n e d  b y  the  rad ioac t ive  p rocedu re  
(13) .  

RESULTS AND DISCUSSION 

The  a m o u n t  of  myoca rd i a l  free f a t t y  acids 
increases cons ide rab ly  in  ra ts  given d ie ta ry  
rapeseed  oil (14) .  A d m i n i s t r a t i o n  o f  14 C-erucic 
acid has  s h o w n  a c c u m u l a t i o n  of  e ruca te  in  t he  
free f a t t y  acid f r ac t ion  of  ra t  l iver (15) .  These  
obse rva t ions  suggested t h a t  erucic  acid accumu-  
l a t ion  migh t  be  a consequence  of  t he  l imi t ing  
abi l i ty  for  t he  ac t iva t ion  o f  e ruca te ,  and  t he  
resul ts  of  ou r  e x p e r i m e n t s  s u p p o r t  this  possibil-  
i ty .  Thus ,  u n d e r  o p t i m a l  cond i t i ons  (de te r -  
m i n e d  separa te ly ) ,  h o m o g e n a t e s  of  ra t  h e a r t  
ac t iva ted  e ruca te  at on ly  10% of  the  ra te  of  
p a l m i t a t e  ac t iva t ion  (Tab le  I). Because of  t he  
m u c h  s lower  ac t iva t ion  of  e ruca te ,  i t  was of  
in te res t  to  d e t e r m i n e  if  i ts  p resence  would  
i nh ib i t  t he  ac t iva t ion  of  o t h e r  long  cha in  f a t t y  
acids. This  is to  be  expec t ed  i f  t he  same e n z y m e  
is involved  in t he  ac t iva t ion  of  d i f fe ren t  long  
cha in  f a t t y  acids. In l ine  w i t h  this ,  ou r  p rev ious  
e x p e r i m e n t s  had  s h o w n  t h a t  t he  presence  of  
s lowly ac t iva ted  p h y t a n a t e  i n h i b i t e d  t he  activa- 
t i o n  o f  p a l m i t a t e  (17) .  However ,  no  evidence  
for  an  i n h i b i t i o n  of  pa lmi t a t e  ac t iva t ion  b y  
e ruca te  cou ld  be  o b t a i n e d ;  ins tead ,  u n d e r  t he  
c o n d i t i o n s  of  h y d r o x a m a t e  assay (Table  I) ,  t h e  
presence  of  e ruca te  and  pa lmi t a t e  t o g e t h e r  
s h o w e d  an  addi t ive  effect  u p o n  h y d r o x a m a t e  
f o r m a t i o n  t h a t  was seen cons i s t en t ly  in  several 
d i f fe ren t  expe r imen t s .  

The  c o n c e n t r a t i o n s  of  e ruca te  e m p l o y e d  in 
t h e  e x p e r i m e n t  of  Table  I were  m u c h  less t h a n  
t hose  of  pa lmi ta t e ,  because  excess of  e ruca te  
i tse l f  was i n h i b i t o r y  for  ac t iva t ion .  Using radio-  
act ive assay (18) ,  i t  was possible  to  examine  t he  
e f fec t  of  e ruca te  u p o n  14C-pa lmi ta te  ac t iva t ion  

TABLE II 

Effect of Erucate upon Activation of Paimitate a 

[ 1-14 C ] Palmitate Erucate Palmityl-CoA formed 
Experiment (#M) (#M) (pmoles) 

II 

l 3 --- 27 
3 3 ,27 
3 10 2'7 
3 50 18 
1 --- 21 
1 5 20 
1 20 1'7 

aActivation was measured by the radioactive assay procedure (18) in a final volume of 
400 /~liter. Reactions were started by the addition of 2 gg protein from rat heart homog- 
enate and terminated by adding 250 tlliter 0.5 M H2SO 4 after 5 min incubation at 37 C. 
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FIG. 1. Lineweaver-Burk plots of carnitine palmi- 
tyltransferase activities against concentrations of (A) 
erucyl-CoA and (B) palmityl-CoA. The assay was 
according to Bieber, et al., (12) in a final volume of 
200 taliter with 10 tag protein from rat heart rnitochon- 
dria. L(-)-carnitine (final concentration 1.1 mM) was 
used to initiate the reaction at 28 C; control curets 
were without carnitine. V is expressed as nmoles of 
CoA formed/min per mg protein. 

at below saturating concentrations of palmitate. 
Table II shows that even under these conditions 
a three- to fivefold molar excess of erucate did 
ndt affect palmityl-CoA formation. Some in- 
hibition was evident at higher levels of erucic 
acid, but this might have been due to the 
known (19) unspecific inhibition of fatty acyl- 
CoA synthetase (EC 6.2.1.3) by an excess of 
long chain unsaturated fatty acids. 

Following activation, utilization of fatty 
acids for oxidation requires conversion of fatty 
acyl-CoA to the acylcarnitine ester. Therefore, 
the ability of erucyl CoA to serve as a substrate 
for mitochondrial carnitine palmityltransferase 
(EC 2.3.1.23) was examined, and, for compari- 

Milo, Mito, IllfO, e . _ a ,  c ._a,,  
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FIG. 2. Oxidation of palmityl-CoA and erucyl-CoA 
by rat heart mitochondria (mito.). Oxygen uptake was 
followed polarographieally with a Clark oxygen elec- 
trode (7). To 1.7 ml medium (0.23 M mannitol, 70 
mM sucrose, 20 mM Tris-HCl, 20 tam EDTA, 5 mM Pi, 
2 mM L-carnitine, 5 mM ADP, 1 mM matate, pH 7.2) 
saturated with air at 28 C was added freshly isolated 
mitochondria (0.5 mg of protein) from rat heart. 
Other additions were made as shown. Numerals below 
the tracings refer to the rate of oxygen consumption 
in natoms/min/mg protein. 

son, similar experiments were carried out with 
palmityl-CoA as well. Results of kinetic experi- 
ments (Fig. 1) showed that the apparent Km 
values with erucyl-CoA and palmityl-CoA were 
83 /aM and 43 /~M, respectively; and the 
corresponding Vmax values as nmoles of CoA 
formed/min/mg protein were 38 and 59. Thus, 
compared to palmityl-CoA, erucyl-CoA was in 
every way a poorer substrate for the carnitine 
palmityltransferase of rat heart mitochondria. 

Figure 2 shows that, while palmityl-CoA, in 
the presence of carnitine, increased the oxygen 
consumption rate of heart mitochondria by 
290% (from 80 to 312 natoms oxygen/min/mg 
protein, Fig. 2, curve A), erucyl-CoA increased 
the oxygen consumption rate by only 100% 
(Fig. 2, curve B) and a mixture of both 
acyl-CoA esters increased oxygen uptake to a 
rate between those of the individual CoA esters 
(curve C, Fig. 2). Likewise, the utilization rate 
of equimolar acyl-CoA mixture was an average 
of the rates seen with individual CoA esters. 
Thus, slower oxidation of erucyl-CoA dimin- 
ished the concurrent oxidation of palmityl 
groups, perhaps by competing for the same 
enzyme system. Qualitatively, our results with 
acyl-CoA esters are similar to those reported 
recently by Christophersen and Bremer (6) and 
Swarttouw (5), except that, under the condi- 
tions of our experiments, the stimulation of 
oxygen consumption rate by erucyl-CoA ap- 
proached one-third of that seen with palmityl- 
CoA. In the experiments of Christophersen and 
Bremer (6), the oxygen uptake rate stimulated 
by erucylcarnitine was only 10% of that with 
patmitylcarnitine. In our experiments, carnitine 
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TABLE III 

Effect of Dietary Erucic Acid upon Oxidative 
Metabolism of Rat Heart Mitochondria a 

Diet 

Substrate Rapeseed oil Corn oil Probability b 

Rate of 02 uptake c in the presence 
of ADP and malate 

Pyruvate (8 ~umoles) 416 + 30 d 437 • 9 NS 
Glutamate (10/~moles) 306 • 28 358 • 5 NS 
Palmityl-CoA + carnitine 147 • 4 162 • 17 NS 
Erucyl-CoA + carnitine 66 • 5 71 • 8 NS 

Carnitine 
palmityltransferase activity e 

Palmityl-CoA 49 4- 1 49 • 1 NS 
Erucyl-CoA 25 • 1 24 • 0 NS 

aRats were fed diets containing 50 cal % rapeseed oil (34.3% erucic acid content) or corn 
oil for 3 days. Each group had four rats. 

bCalculated according to Student's t-test. NS = not significant (P > 0.05). 
CMeasured as described previously (7) and in legend to Fig. 2 (in natoms/min per mg 

protein). 
dMean -+ standard error of the mean. 
eAssayed by the radioactive method (13) at 37 C; activity expressed as nmoles of 14C- 

acylcarnitine formed/min/mg protein. 

esters  of  e ruca te  and  pa lmi t a t e  gave resul t s  
ind i s t ingu i shab le  f r o m  those  seen w i t h  corre- 
spond ing  esters  of  CoA plus ca rn i t ine ,  and  these  
resul ts  were no t  mod i f i ed  b y  the  s u b s t i t u t i o n  o f  
adenos ine  d i p h o s p h a t e  (ADP)  b y  2 ,4-d in i t ro-  
p h e n o l  (da ta  no t  shown) .  

Hou t smul l e r ,  et al., (14)  r epo r t ed  t h a t  rape-  
seed oil feeding t o  ra ts  resu l ted  in m a r k e d  
i m p a i r m e n t  o f  t he  abi l i ty  to  oxidize  var ious 
subs t ra tes .  Because the  o x i d a t i o n  ra tes  of  nor-  
mal  m i t o c h o n d r i a  o b t a i n e d  b y  these  investiga- 
to rs  were e x t r e m e l y  low as c o m p a r e d  to  wha t  
we observe  in ou r  e xpe r i m en t s ,  t he  d ie ta ry  
e x p e r i m e n t s  have been  r epea t ed  to  d e t e r m i n e  if  
t he  r epo r t ed  m i t o c h o n d r i a l  m a l f u n c t i o n  is, in- 
deed,  a t rue  p a t h o g e n i c  e f fec t  o f  d ie ta ry  erucic  
acid.  Groups  of  4 rats  were  fed a diet  of  50 cal 
% rapeseed  off or  a co n t r o l  die t  of  co rn  oil and  
sacr if iced 3 days la te r  w h e n  cardiac l ipidosis ,  
i n d u c e d  by  rapeseed  oil diet ,  is k n o w n  to  r each  
peak  i n t e n s i t y  (2 ,14) .  Hear ts  i so la ted  f r o m  the  
r apeseed  oil-fed ra ts  were visibly pale,  un l ike  
t hose  f r o m  the  con t ro l  group.  A c o m p a r i s o n  o f  
the  m i t o c h o n d r i a l  o x i d a t i o n  rates  w i t h  var ious  
subs t ra tes  and  ca rn i t ine  pa lmi ty l t r ans fe rase  ac- 
t ivi t ies  (Tab le  III)  showed  no s igni f icant  differ-  
ences  b e t w e e n  t he  rapeseed  and  corn  oil-fed 
rats.  Resp i r a to ry  con t ro l  and  A D P / o  ra t ios  w i t h  
py ruva t e  or  g l u t a m a t e  in  these  t w o  g roups  of  
an imals  were also alike ( d a t a  no t  shown) .  Thus ,  

t he  sugges t ion  (14)  of  a m a r k e d  f u n c t i o n a l  
damage  in hea r t  m i t o c h o n d r i a  due to  u p t a k e  of  
erucic  acid is n o t  suppor t ed .  

F r o m  ou r  results ,  it appears  t h a t  ac t iva t ion  
m a y  c o n s t i t u t e  t he  ra te - l imi t ing  r eac t ion  in the  
overall  m e t a b o l i s m  of  e ruca te  in hear t .  Inas- 
m u c h  as t he  presence  of  e rucy l -CoA s lowed the  
u t i l i za t ion  of  pa lmi ty l -CoA for  ox ida t ion ,  i t  is 
l ikely t h a t  the  a c c u m u l a t i o n  of  ac t iva ted  f a t t y  
acids due to s lower  o x i d a t i o n  p r o m o t e s  tr iglyc- 
eride synthes is  as suggested b y  Chr i s t ophe r sen  
and  Bremer  (6) .  We cons ider  i t  p r o b a b l e  t h a t  
t r ig lycer ide  depos i t i on  in hear t ,  fo l lowing rape-  
seed oil c o n s u m p t i o n ,  resul ts ,  no t  on ly  f r o m  
increased  synthes is ,  b u t  also f r o m  s i m u l t a n e o u s  
i n h i b i t i o n  of  l ipolysis due  to  the  a c c u m u l a t i o n  
o f  free erucic acid. It is es tabl i shed  t h a t  h igh  
c o n c e n t r a t i o n s  of  free f a t t y  acids i nh ib i t  hor-  
mone-sens i t ive  l ipase in ad ipose  t issue (20)  and  
recen t  evidences  suggest t h a t  such  regu la to ry  
mechan i sms  also are p resen t  in  hea r t  (21).  As is 
k n o w n  for  adipose  tissue, cycl ic  AMP act ivates  
l ipolysis in  hear t  as well  (21) ,  and  it is of 
in te res t  in  this  c o n n e c t i o n  t h a t  inges t ion  of  
rapeseed  oil decreases  adenyl  cyclase act ivi ty  in 
hear t  (22) .  A l t h o u g h  a sho r t  t e r m  feeding  o f  
rapeseed  oil (3 days at  50 cal %) did no t  a l ter  
m i t o c h o n d r i a l  f u n c t i o n  to any  no t i ceab l e  de- 
gree, i t  is possible  t h a t  excess free erucic  acid 
even tua l ly  plays a role  in t he  d e v e l o p m e n t  of  
myoca rd i a l  lesions,  seen in ra ts  sus ta ined  on  
rapeseed  oil diets ,  because  e levated  free f a t t y  
acid c o n c e n t r a t i o n s  have  been  suggested ( 2 3 ) t o  
be invo lved  in myoca rd ia l  necrosis .  
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Identification and Quantitation of Cholanoic Acids in Hepatic 
and Extra-Hepatic Tissues of Rat I 
SUK YON OH 2 and JACQUELINE DUPONT, Department of Food Science and Nutrition, 
Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

Tissues of  rats were examined for the 
presence of cholanoic acids. Quantitation 
of extraction, deconjugation, and isola- 
tion were verified by use of radioactive 
standards. Identification was made by 
thin layer and gas liquid chromatographic 
comparison to standards and mass spec- 
t r o m e t r y .  All tissues examined were 
f o u n d  to contain several conjugated 
cholanoic acids. Liver contained primarily 
cholic acid and peripheral tissues primari- 
ly dihydroxy compounds, mainly hyode- 
oxycholic acid. 

INTRODUCTION 

Preliminary evidence for the presence of 
cholanoic acids in tissues other than liver has 
been presented (1). Identification and quantita- 
tion of cholanoic acids in tissues of the rat are 
described herein. 

MATERIALS AND METHODS 

Materials: All reagents used were of analyti- 
cal grade. Cholesterol 1, 2-3H(50 mCi/mMole) 
and 4-14C(55mCi/mMole)  were purchased 
from New England Nuclear Corporation, Bos- 
ton, Mass. Lithocholic-24-14C (LC, 3a-mono- 
h y d r o x y - 5 / 3 - c h o l a n o i c ,  5.37 mCi/mMole); 
24-14C-cholic(C, 3~, 7oq 12a-trihydroxy-5/3- 

1 Presented at the AOCS Fall Meeting, Philadelphia, 
September 1974. 

2 Present address: Research Section, Cleveland 
Clinic, Cleveland, Ohio 44106. 

cholanoic,  4.22 mCi/mMole); and 24-14C- 
taurocholic sodium salt (TC, 4.11 mCi/mMole) 
were obtained from Mallinkrodt, St. Louis, Mo. 
Nonradioactive bile acid standards were ob- 
tained from Supelco, BeUefonte, Pa., as were 
materials for gas liquid chromatography (GLC). 

Precoated silicic acid thin layer chromatog- 
raphy (TLC) plates were purchased from Ana- 
labs, North Haven, Conn. The plates were 
cleaned by running in redistilled benzene and 
activated by heating at 105 C for 30 min. The 
solvent system used was benzene:isopropanol: 
acetic acid (30:10:1) (2). To visualize TLC 
bands, the plates were sprayed with 10% phos- 
phomolybdic acid in ethanol. Radioactivity was 
determined using a liquid scintillation solution 
(T-Cocktail) consisting of  4 g 2, 5 diphenyl- 
o x a z o l  (PPO) and 5 0 m g  4-di-2(5-phenyl- 
oxazolyl)-benzene (POPOP) in 1 liter toluene. 

Radiopurity of all standards and the 3H- 
cholesterol used for rat injection was confirmed 
by TLC. The counting instrument was a 
Nuclear-Chicago Unilux II liquid scintillation 
system on line with an Olivetti Programma 101 
computer. 

Animals: Four month old female rats (CFE 
Strain from Carworth, Portage, Mich.) were in- 
jected intraperitoneally (IP) with 15.0/aCi of 
1,2-3H cholesterol. The animals were killed by 
decapitation 5-10 days after the injection, and 
tissue samples (liver, kidney, muscle, adipose, 
etc.) were excised and stored at -20 C until they 
were analyzed. It was considered that tissue 
cholesterol and cholanoic acids would have in- 
corporated a sufficient portion of the adminis- 
tered dose in that time to be detectable by the 

TABLE 1 

Recovery of Purified Standards Added to Muscle or Liver Prior to 
Homogenization by Extraction with Different Methods a 

Methods: HCL-EtOH extract b Alcoholic KOH c Folch d 
Tested compounds (%) (%) (%) 

14C_l'auro c holic 82.1 12.2 5.5 
14C.Cholestero I 92.0 89.9 89.3 
14C.Cholic acid 91.6 81.0 79.4 
14C.Lithocholi c 88.8 

aMeans of six samples 
bRef. 5. 
CRef. 3 
dRef. 4. 
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TABLE II 

Recovery after Hydrolysis of 14C from 14C-Carbonyl-Labeled Taurocholate and 
14C-Cholic Acid Added to Liver and Muscle 

341 

14C_taurocholi c 14C.cholic 
dpm 

In total extract 7345 
In non-saponifiable 18 
In acidic extract 6710 
On TLC a band of taurocholic acid 630 
Percent deeonjugation 91.35 

4580 
56 

4005 

aTLC = thin layer chromatogram. 

methods to be described. 
Extraction: Recovery of bile acids and cho- 

les te ro l  by three extraction methods was 
checked. To each of triplicate samples of 2 g 
liver, skeletal muscle, and adipose, a known 
amount of 14C_lithocholic, -cholic, -taurocholic 
acid, or -cholesterol was added prior to homog- 
enization and carried through the whole extrac- 
tion process. The procedures tested were an al- 
coholic KOH digestion modified from AbeU, et 
al., (3), the Folch chloroform-methanol proce- 
dure (4), and the acidic ethanol method of  
Manes and Schneider (5). 

Decon/ugation: A conjugated standard, 
14C_taurocholate (carbonyl labeled) was added 
to 2 g liver, muscle, and adipose tissues before 
extraction. Radioactivity was counted from an 
aliquot of  the extract prior to and after hydrol- 
ysis with 20% KOH in ethylene glycol at 220 C 
(5). Verification of complete deconjugation was 
noted by the appearance and disappearance of  
cholanoic acid bands on TLC plates and by re- 
covery of 14C-cholic acid from the acidic ex- 
tract. 

Isolation: Since the acidic lipids consist of 
free fatty acids and cholanoic acids (fatty acids 
are in ca. 103 greater concentration than chol- 
anoic acids), it is particularly important to sepa- 
rate cholanoic acids from the mixture for subse- 
quent GLC and mass spectrometric analysis. 
Among several known methods, TLC was the 
choice for separation because of its simplicity 
and effectiveness. Free cholanoic acids were ap- 
pried on TLC plates, followed by elution with 
chloroform-methanol and reisolation with re- 
peated TLC to separate cholanoic acids from 
the mixture  of acidic lipids. 

Derivatization: The cholanoic acids prepared 
by TLC were methylated (6), and trifluor- 
acetates of  methyl esters were prepared (7). 
Since mild conditions yield partial derivatives 
(enol esters of 3 Keto-A4bile acid) as side prod- 
ucts, the amount of reagent, time, and tempera- 
ture were slightly elevated from Sj~ivall's proce- 
dures for this study. Trifluoroacetates were ana- 

Tissues ( I - 2  grams minced} 

1 
Extroctlon of I- 
Total Lipide Homogenization (with 40  ml EtOH 

in 0.5 N HCI } 

Incubation (I  hour at 3 7 0 C )  

[ Cenfrifugotion (for IO rain at 
L L,ooo g} 

Rigorous Saponification ( 20% KON i n  Ethylene Glycol 
for 30 rain , Ot 220 ~ C] 

Extraction o~f Non Sop Extroctlon of Acidic Lipide 

t 
Zok Colorimetr c Counting Counting TLC 

Dete rmlnolion ~ '~  G~C 
Counting 

1 
MS 

FIG. 1. Methodologic procedures for tissue chola- 
noic acid analysis. TLC = thin layer ehromatogram, 
GLC = gas liquid chromatogram, and MS = mass spec- 
trometry. 

Std .  Rat Muscle 

FFA 
, c  
oc f 
CDC I 
HDC 

C ~ .====~. 

I I 
I 
I t 
I I 
[ J 

Benzene : Ieoproponol  : A c e t i c  Acid  ( 5 0 : I 0 : 1  

Rf  

I 0.74 
I 0 .71  
I 0 . 6 5  I 
I 0 . 5 6  
I 
I 0 . 4 6  

FIG. 2. Diagram of Silica Gel G thin layer chromat- 
ographic plate with left column spotted with a mix- 
ture of standard cholic (C), hyodeoxycholic (HDC), 
chenodeoxycholic (CDC), deoxycholic (DC), and lith- 
ocholic (LC) adds. The remainder of the plate was 
spotted with rat muscle extract and the left half of the 
plate sprayed with 10% phosphomolybic acid in 
ethanol. The unsprayed portion of the plate, sur- 
rounded by a dotted line, was scraped and eluted with 
methanol- FFA = free fatty acids and Std = standard. 

lyzed within a few days after preparation, be- 
cause signs of decomposition appeared on stor- 
age for more than 48 hr at room temperature. 
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FIG. 3. Tracings of HP 402 gas liquid chromato- 
grams of standard lithocholic (LC), deoxycholic (DC), 
chenodeoxycholic (CDC), hyodeoxycholic (HDC), 
c h o l i c  (C), and 7-keto-lithocholic acid trifluo- 
roacetoxy methyl esters at a column temperature of 
240 C and similar derivatives obtained from rat liver, 
adipose, and muscle with 7-keto-lithocholic acid 
added. Peak 1 represents dihydroxy cholanoic acid 
(probably hyodeoxycholic) and peak 2, cholic acid. 

GLC: A glass U-tube 6 ft  x 2 m m  was silan- 
ized  and packed  wi th  3% O V - 2 1 0  on  8 0 - 1 0 0  
mesh  s i l icone support  and c o n d i t i o n e d  at 2 6 0  C 
for 2 4  hr. A Hewlet t -Packard m o d e l  4 0 2  instru- 
ment  equ ipped  wi th  dual  hydrogen  f lame detec-  
tors  and an e lec tron ic  digital integrator was 
used.  Operat ing  cond i t ions  were:  in jec t ion  port 
2 8 0  C, de tec tor  2 7 5  C, and he l ium carrier gas 
4 0  ml /min .  Temperature  o f  the  oven  was varied 
as described in "Resul ts ."  Ethy l  acetate  was 
used to  dissolve samples ,  and 7 -ke to - l i thocho l i c  
acid was used as an internal  standard.  The area 
response  o f  7 -ke to - l i thocho l i c  or each individ-  
ual t r i f luoroaeetate  o f  bile acid m e t h y l  esters 
was quant i tat ive  over a wide  range o f  load 
( 0 . 5 - 5 0 / l g )  and was related d irect ly  to  the ab- 
so lute  wt  (not  m o l  w t )  o f  the  parent unsubst i -  
t u t e d  steroids.  Quant i ta t ion  in the  submicro-  
gram range was made b y  calculat ing the inten-  
s i ty  o f  the  o u t p u t  f rom the  digital integrator 
compared  wi th  that  o f  the  internal  standard,  
7 -ke to - l i thocho l i c  acid. 

GLC-mass spectrometry:  The mass spec-  
trometer  used was an AEI,  MS 12 on line w i t h  a 
B e c k m a n  GC 45 gas chromatograph  via a mole -  
cule separator  o f  the  jet  t y p e .  The  ins trument  
c o m b i n a t i o n  o f  gas chromatography  and mass 
spec tr o me tr y  provides  the  use  o f  a gas chro- 
matograph as an inlet  s y s t e m  and a mass spec-  
t rometer  as detector .  A 4 ft  glass U-tube 
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T A B L E  I V  

A p p r o x i m a t e  Q u a n t i t i e s  o f  T o t a l  C h o l a n o i c  A c i d s  in 
H e p a t i c  a n d  N o n h e p a t i c  Tissues o f  R a t  

Tissue # g / g  Tissue 

Liver  158  -+ 47  a 
Ske le t a l  musc l e  8.1 + 3.1 
A d i p o s e  6 .3  -+ 1.4 
K i d n e y  25 .5  + 1.6 
P a n c r e a s  34 .3  
Bra in  18.5  

a M e a n  + s t a n d a r d  e r r o r  o f  2-3 ra ts .  

column,  otherwise the  same as used in the  H/P 
402,  was used. 

Ca. 99-99.5% of  the  hel ium is removed  in 
the  molecule  separator,  and ca. 50-60% o f  the  
sample enters the  ion source of  the  mass spec- 
t rome te r  (8). The energy of  bombard ing  elec- 
t rons was kept  be tween  20-23 ev and the  cur- 
rent  at 40 or  6 0 p  amp. A scan speed of  ca. 
5-8 sec for the  mass range 50-600 was used. 
The co lumn tempera ture  was kept  at 100 C for  
the  first 5-10 min to  el iminate most  materials 
volati le at low tempera ture ,  and then  the  tem-  
pera ture  was increased to  150 C prior  to the  
start of  t empera ture  programing.  The valve in to  
the  molecule  separator  of  the  mass spect rom- 
eter was opened  when  the co lumn tempera tu re  

~~ LIv,, eil~ A~,d, 2~oe 

t ~  mac 

2 ~  R ,  L tgae ~ec 

zz~c 
la%~ c 

FIG. 4. Tracings of Beckman GC-45 gas liquid 
chromatograms of standard lithocholic (LC), deoxy- 
cholic, chenodeoxycholic, hyodeoxycholic (HDC), 
and cholic acid (C) trifluoroacetoxy methyl esters with 
temperature held at 150 C for 5 min, then programed 
to increase to 235 c; and similar derivatives obtained 
from rat liver, adipose, muscle, lung, and kidney. 

reached 170-175 C. By this procedure ,  it was 
possible to e l iminate  all volati le contaminants  
and to have good GLC peaks o f  cholanoic  acids. 
At the  end of  the  sample run, the  valve to  the  
molecule  separator  was closed and a s tandard 
sample in t roduced  (9) in to  the  ion source.  
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FIG. 6. Mass spectrum of the trifluoroacetoxy methyl ester derivative of standard chenodeoxycholic acid. 

RESULTS 

Extraction: The recovery values of the three 
labeled bile acids and cholesterol are given in 
Table I. From these results, it is apparent that 
the HCl-ethanolic extraction (5) was proved to 
be the choice method for, not only cholanoic 
acids, but cholesterol. The low recovery of 
14C_taurocholi c acid by the Folch method was 
expected since most of the conjugated bile 
acids are found in the upper phase (10). 

Recovery of conjugated bile acid from the 
alcoholic KOH digestion was very low, while 
free bile acid was recovered well. The proton- 
ated conjugated bile acids are sufficiently non- 
polar to be extracted from an aqueous solution 
by n-butanol (11), but the nonaqueous solvent 
should be 10-20 volumes larger than the water 
volume. These conditions are not met by a 50% 
aqueous ethanol solution partitioning with 
1 volume of ethyl ether as we proceeded. 

Hydrolysis: Since the nature of conjugated 
bile acids in tissues is not known in detail, it is 
simpler to work with free bile acids. Some loss 
of bile acids, particularly with biological ex- 
tracts, occurs during vigorous alkaline hydroly- 
sis. Table II shows the satisfactory deconjuga- 
tion of taurocholic acid and assured minimal 
loss of bile acid due to the strong hydrolysis 
conditions. Subsequent to these experiments, 

all tissues were processed as described in 
Figure 1. 

Chromatography: Figure 2 shows a diagram 
of the separation patterns of muscle acidic 
steroids on TLC plates. Photographs of similar 
separations from pig tissues have been pub- 
lished previously (1). 

Aliquots of the acidic extracts from rat tis- 
sues after administration of 3H-cholesterol were 
applied on TLC plates. Bands on the plate cor- 
responding to standard bile acid bands were 
scraped off, eluted, and counted for detection 
of radioactivity. 

Figure 3 shows H/P 402 GLC chromato- 
grams of free bile acid standards, with 7-keto- 
lithocholic as an internal standard added before 
derivatization and chromatograms of liver, 
skeletal muscle, and adipose. Trihydroxy bile 
acid is the primary type in the liver while the 
dihydroxy compounds are predominant in the 
peripheral tissues. Table III shows the quan- 
tities of cholanoic acids found in various tis- 
sues. Table IV shows the recovery of radioactiv- 
ity in TLC cholanoic acid bands and the GLC 
analysis of the same samples. Resolution by 
TLC was not as precise as GLC. The separation 
of chenodeoxycholic (CDC) and hyodeoxy- 
cholic (HDC) acids by GLC was acceptable if 
both compounds were present in substantial 
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FIG. 7. Mass spectrum of trifluoroaeetoxy methyl ester derivatives of a preparation from rat liver. 

amounts. If only one was present, however, its 
identity was not absolute by retention time. 
The regions of TLC plates eluted for counting 
did not precisely coincide with standards of de- 
oxycholic acid (DC) and CDC. Since DC is 
found only as the result of bacterial action in 
the gut lumen, it is likely that most of the 
radioactivity in this region is due to CDC. 

GLC-mass spectrometry: Figure 4 shows 
Beckman GC 45 gas chromatograms of standard 
trifluoroacetoxy methyl cholanoates and liver, 
muscle, kidney, and lung. The retention times 
may differ from one run to the next but each 
bile acid derivative was resolved at a specific 
temperature. This technique was found very 
useful to get rid of impurities. The retention 
temperature of individual bile acid peaks was as 
f o l l o w s :  l i t h o c h o l i c ,  1 8 8 - 1 9 0  C; DC, 
198-200 C; CDC, 205 C; HDC, 210 C; and 
cholic acid, 220 C. 

Figures 5 and 6 present mass spectra of stan- 
da rd  m e t h y l  3a -mono( t r i f l uo roace toxy ) -  
c h o l a n o a t e  (lithocholic acid) and methyl 
3 a-7 a- di (t r i f l  uo r acetoxy)-cholanoate (CDC 
acid) using our instrumentation. Figure 7 shows 
liver and Figure 8 muscle spectra. Table V 
shows the occurrences of major role peaks from 
Sj6vall (9), our standards, and various tissue 
cholanoic acid preparations. Comparing with 

mass spectra of Sj/AvaU's pure standard bile 
acids and with those found in this study, tissue 
cholanoic acids showed most of the role peaks. 
Since the influence of temperature on the frag- 
mentation patterns of bile acids has been poor- 
ly understood and the GC fragments of SjSvall's 
study indicated that there were many missing 
m/e peaks, some missing m/e peaks in our pres- 
ent spectra could be due to different fragmenta- 
tion due to different conditions of the gas chro- 
matography-mass spectrometry combined sys- 
tem from others. The present data revealed, 
therefore, enough clues to reason that these 
GLC peaks are due to cholanoic acid derivatives 
rather than other compounds in the tissues. 

DISCUSSION 

The results of this study show that cholanoic 
acids are present in many and probably all tis- 
sues of the rat. Apparent reasons for the fact 
that this has not been shown before are the 
very small quantiti ty present, the difficulty of 
separating cholanoic acids from a large excess 
of fatty adds, and the amphoteric nature of 
naturally occurring conjugated acids. 

Cholic acid was the primary compound in 
liver while dilaydroxy cholanoic acids (mainly 
HDC) are predominant in extra hepatic tissues. 
Okishio, e ta l . ,  (l 2) found that cholic acid con- 
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T A B L E  V 

C o m p a r i s o n  o f  Major  Peaks  o f  Mass S p e c t r a  o f  S t a n d a r d s  a n d  Tissue C h o l a n o i c  A c i d s  to  T h o s e  o f  Sj6val l  (9)  

m / e  

Sj6vall  O u r  
s t a n d a r d s  

GC a ( m o n o  + 
D i - O H  T r i - O H  f r a g m e n t s  Di -OH)  Liver  L u n g  Muscle  K i d n e y  

4 8 6  
4 8 4  X X X X 
3 7 2  X X X X X 
3 7 0  X X X X X 
3 6 9  X X X X X X X 
36"/ X X X X X X X 
3 4 2  X X X 
3 2 9  X X X X X 
327  X X X X X X 
3 1 6  X X X X X X 
2 7 6  X X X X X 
2 5 7  X X X X X X X 
2 5 5  X X X X X X X X 
2 4 9  X X X X X 
231  X X X X X 
2 1 5  X X X X X X X X 
2 1 3  X X X X X X X X 
157 X X X X X X X 
1 5 4  X X X X X X X X 
149  X X X X X X X X 
142  X X X X X X X 
129  X X X X X X X X 
105  X X X X X X X X 

88  X X X X X X X X 

a G C  = gas c h r o m a t o g r a p h i c .  
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s t i tu tes  ca. 70% of  t he  bi le  acids of  l iver and  
po r t a l  b l o o d  and  45% in pe r iphe ra l  b lood .  Hyo-  
d e o x y c h o l i c  acid m a d e  up  44% of  t he  bi le  acids 
of  pe r iphe ra l  b lood .  These  obse rva t ions  are con-  
s i s ten t  w i t h  t he  poss ib i l i ty  t h a t  h y o d e o x y c h o l i c  
acid is f o r m e d  in t h e  pe r iphe ra l  tissues. 

The  ev idence  ind ica t ing  t h a t  r ad ioac t iv i ty  
der ived f r o m  r ing- labeled cho les t e ro l  was f o u n d  
in cho lano ic  acids is based  u p o n  t he  use of  
1,2 3H-choles terol .  Kr i t chevsky ,  et  al., (13 )  re- 
p o r t e d  loss o f  t r i t i u m  f r o m  6 a -3H-choles te ro l .  
Hepner ,  et  al., (14)  r e p o r t e d  appea rance  o f  40% 
of  t he  t r i t i u m  in  b o d y  wa te r  fo l lowing  adminis -  
t r a t i o n  of  2 ,4-3H-labeled  bile acids. Panveli-  
walla,  et  al., (15)  r e p o r t e d  loss of  20% of  the  
label  w h e n  a m i x t u r e  of  t he  2 ,4-3H epimers  of  
chol ic  acid was used. The  3,4 and  6,7 ca rbons  
of  t h e  r ing s t r u c t u r e  are involved  in var ious  en- 
z y m a t i c  reac t ions ,  and  t he  s t e r e o c h e m i s t r y  of  
these  reac t ions  can a c c o u n t  for  loss o f  the  
t r i t i u m  label  (16) .  We have  f o u n d  t h a t  adminis -  
t r a t i o n  o f  1,2-3H cho les te ro l  s i m u l t aneous l y  
w i th  4 -14C-choles te ro l  resul ts  in  r a d i o h o m o -  
gene i ty  o f  bi le  acid specif ic  ac t iv i ty  in  min ia -  
t u r e  swine  for  up  to  16 days  fo l lowing  s imul-  
t a n e o u s  i n j e c t i o n  (unpub l i shed ) .  While ex- 
change  of  t r i t i u m  is possible ,  i t  is un l ike ly  t h a t  
t h e  lost  3H would  a c c o u n t  for  labe l ing  of  bi le  
acids i so la ted  b y  TLC.  

The  low c o n c e n t r a t i o n  o f  these  c o m p o u n d s  
in e x t r a h e p a t i c  t issues is cons i s ten t  w i t h  t he i r  
k n o w n  de t e rgen t  and  tox i c  effects.  F u r t h e r  
s tudies  are in  progress  to  gain some ins ight  i n to  
possible  f u n c t i o n s  of  cho l ano i c  acids in  cells. 
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ABSTRACT 

Rat liver microsomes were extracted 
with a buffered 0.15 M KC1 and 0.25 M 
sucrose solution and fractionated by cen- 
trifugation into a particulate component 
and a supernatant containing a protein 
factor necessary for fatty acid desatura- 
tion. The A6 fatty acid desaturation ac- 
tivity of the extracted microsomes was re- 
duced significantly, and the readdition of 
the supernatant restored the enzymatic 
activity to the original value of the whole 
microsomes. A protein diet or a fat-free 
diet increased the A6 desaturation activ- 
ity of the whole microsomes. The activat- 
ing effect was evoked upon the particu- 
late components of the enzymatic desatu- 
ration system and not  upon the protein 
factor present in the supernatant. Fasting, 
refeeding, and refeeding plus glucagon 
and theophylline treatments of rats also 
modified the A6 desaturation activity of 
whole liver microsomes. The effect also 
was evoked on the A6 desaturation sys- 
tem tightly bound to the microsomal 
membrane but not on the protein factor 
of the supernatant. Accordingly, the pro- 
tein factor of the supernatant is con- 
sidered to be different from the cyanide 
sensitive factor and the desaturase. 

I NTRODUCTION 

Stearyl-CoA is converted to oleyl-CoA by rat 
liver microsomes in a reaction requiring both 
oxygen and an electron donor, such as nicotin- 
amide adenine dinucleotide, reduced form 
(NADH) or nicotinamide adenine dinucleotide 
phosphate, reduced form (NADPH) (1). The 
reactio~ is inhibited by cyanide (1). Linoleic 
acid and other fatty acids also are desaturated 
by liver microsomes in a reaction requiring 
adenosine 5'-triphosphate (ATP), CoA, Mg ++, 
NADH or NADPH, and oxygen (2-6). These 
reactions also are inhibited by cyanide (7). 

The activity of the desaturases is controlled 

1Member of the Carrera del Investigador of the 
Consejo Nacional de Investigaciones Cient(ficas y 
T~cnicas, Argentina. 

by dietary conditions and the hormonal status 
of the animals (6,8-11). Moreover, it has been 
established that the enzyme system involved in 
the desaturation reaction of stearic to oleic acid 
has at least three integral components of the 
microsomal membrane: a flavoprotein, cyto- 
chrome b5 and a terminal component called 
cyanide sensitive factor (1,12-14). The amount  
of the cyanide sensitive factor is modified by 
the diet and limits the overall desaturation rate 
(I 5). A similar system is considered to function 
with other fatty acids (16). Moreover, recent 
studies demonstrate that microsomal desatura- 
t ion of linoleic to ~-linolenic acid; 6-1inoienic to 
octadeca-6,9,12,15-tetraenoic acid; palmitic to 
palmitoleic acid; and steric to oleic acid require 
a protein factor loosely bound to the micro- 
somal membrane (16,17, and A. Catal~, A.M. 
Nervi, and R.R. Brenner, unpublished results). 
This factor is detached easily from the micro- 
some by gentle extraction with KC1 or sucrose 
solutions of low ionic strength (I6,17, and A. 
Catal~, A.M. Nervi, and R.R. Brenner, unpub- 
lished results). The effect is shown using either 
free fatty acids with CoA and ATP or the acyl- 
CoA thioesters (A. Catalg, A.M. Nervi, and R.R. 
Brenner, unpublished results). 

The exact nature and specific function of 
this factor are still unknown.  Therefore, it is 
important to determine whether the regulatory 
functions of dietary components and hormones 
are evoked on this protein factor or on the 
enzymatic system firmly bound to the micro- 
some. The present paper reports that dietary 
changes and glucagon modify the enzymatic 
activity of the particulate system in the desatu- 
ration reaction but do not  alter the activity of 
the extrinsic protein factor. 

MATERIALS AND METHODS 

Chemicals 

1-14C-linoleic acid (57 mCi/mm01e) and 
1-14C-a-linolenic acid (58 mCi/mmole) were 
provided by the Radiochemical Centre, Amer- 
sham, England. Both acids were 99% pure. ATP 
disodium salt, CoA grade 1, NADH disodium 
salt grade II, and glutathione were purchased 
from Boehringer Argentina, Buenos Aires, Ar- 
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gentina. Glucagon and theophylline were pro- 
vided by Sigma Chemical Co., St. Louis, Mo. 

Treatment of Animals 

Wistar rats were used in all experiments. 

Effect of Hyperproteic Diet 

The procedure of Peluffo, et al., (18) was 
used to investigate the effect of a hyperproteic 
diet upon the activity of microsomal fractions. 
Adult male rats weighing 250-300 g and main- 
tained on a Purina chow were divided into two 
groups. One group of 5 animals was force-fed a 
25% suspeflsion of casein (25 kcal/100 g body 
wt/24 hr) during 48 hr. The total daily food in- 
take was administered at 6 hr intervals. Tile 
control group of 5 animals was fed the Purina 
chow during the same period of time. Then the 
animals were killed by decapitation without 
anesthesia. The livers of the animals of each 
group were pooled and microsomes separated as 
described elsewhere. 

Effect of Fat-Free Diet 

Both young and adult male rats were used. 
One month old rats were divided into two 
groups of five animals each. The first group was 
fed a fat-free diet ad libitum for 10 weeks. The 
composition of the diet was the same as de- 
scribed previously (19). It contained 19% de- 

fatted casein, 77% sucrose, 4% minerals, and 
vitamins. The second group was used as control 
and was maintained on the standards Purina 
chow. After the stated period of time, the ani- 
mals were  killed, livers of  each group were 
pooled, ancl microsomes separated, as described 
below. Six month old rats maintained on a stan- 
dard Purina chow were divided into two groups 
of five animals each. The first group was main- 
tained on the fat-free diet, while the second 
group was ~fed the standard Purina chow. They 
were maintained on these diets for 8 months. 
As before, animals were killed, livers of differ- 
ent groups pooled, and microsomes separated. 

Effect of Fasting, Refeeding and Glucagon 
Administration 

Adult female rats weighing 250-300 g and 
maintained on a standard Purina chow were 
used. The rats were divided into three groups of 
three animals each. All rats were fasted for 
48 hr. From the beginning of the refeeding 
period, one of these last groups was adminis- 
tered glucagon plus theophylline. Glucagon was 
administered in a dose of 2 0 0 / l g / 8 h r / 1 0 0 g  
body wt by intraperitoneal injection. Theophyl- 
line also was injected intraperitoneaUy in a dose 
of 2 mg/8"hr/100 g body wt. After 8 months, 
the rats were killed, the livers of each group 
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pooled, and microsomes separated. 

Isolation of Microsomes 

Immediately after death of the animals, 
livers were excised rapidly and immersed in ice- 
cold homogenizing solution (17). The compo- 
sition of the homogenizing solution was 0.15 M 
KC1, 62 mM phosphate buffer (pH 7), 1.5 mM 
glutathione, and 0.25 M sucrose. The livers 
were homogenized (4:1 v/w) in the cold with 
this solution and centrifuged at 800 x g for 10 
min. The supernatant then was centrifuged at 
10,000 x g for 30 rain and, after decanting, at 
110,000 x g for 1 hr. to yield the microsomal 
precipitate. Microsomes were suspended in the 
homogenizing solution (2:1 v/v) and protein 
estimated by the Biuret reaction (20). This sus- 
pension constitutes the whole microsomes (M). 

Subfractionation of Microsomes 

Microsomes were subfractionated by the 
procedure described by A. Catal~, A.M. Nervi, 
and R.R. Brenner (unpublished results). Micro- 
somes were suspended in a cold solution con- 
taining 0.15 M KC1, 0.25 M sucrose; 41.7 mM 
KF; 1.5 mM glutathionine; 5 mM MgC12; and 
41.7 mM phosphate buffer (pH 7) (17). The 
ratio 5 mg microsomal protein to 3 ml extrac- 
tion solution was used. The mixtures were 
shaken gently at 0-4 C for 15 rain and then 
centrifuged at 110,000 x g for 1 hr. In this way, 
two fractions were obtained: a particulate frac- 
tion consisting of the extracted microsomes 
(Me), and the supernatant (Sp) containing the 
"soluble" protein factor that is necessary for full 
desaturation activity of the microsomes (16). 
The reconstitution of the whole microsomal 
system was performed when necessary by addi- 
tion of  3 ml Sp to 5 mg of Me protein suspen- 
sion. This was the approximate ratio present in 
the original microsomes (A. Catal~, A.M. Nervi, 
and R.R. Brenner, unpublished results). 

Assay for Oxidative Desaturation of Fatty Acids 

The oxidative A6 desaturation activity of 
whole microsomes (M) and microsomal subfrac- 
tions was measured by estimation of the per- 
cent conversion of 1-14C linoleic acid to 6- 
linolenic acid or 1-14C 0~-linolenic acid conver- 
sion to octadeca-6,9,12,15-tetraenoic acid. A 
mixture of 3 nmoles labeled acid and 97 nmoles 
unlabeled acid carefully measured were incu- 
bated with 5 mg microsomal protein of either 
M or Me, or 5 mg of Me plus 3 ml Sp and co- 
factors in a total volume of 3.2 ml for 25 min 
at 35 C. The concentration of the cofactors in 
the incubation solution was 1.3 mM ATP, 
0.06 mM CoA, 0.87 mM NADH, 5 mM MgC12, 
1.5 mM glutathione, 41.7 mM KF, 41.7 mM 
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TABLE I 

Behavior of Extracted Microsomes and Protein Factor 
Obtained from Rats Maintained on Hyperproteic Diet 

on A6 Desaturation of Linoleic Acid a 

A. NERVI, A. CATALA, R. BRENNER, AND R. PELUFFO 

TABLE II 

Behavior of Extracted Microsomes and Protein Factor 
Obtained from Young and Adult Rats Maintained on 
Fat-Free Diet, on "X6-Desaturation of Linoleic Acid a 

Linoleic acid desaturation c 
Fractions b (%) 

Mn 11.1 
Mp 26.1 
Men 3.5 
Mep 12.0 
Men + Spn 11.0 
Mep + Spp 25.8 
Men 4- Spp 10.8 
Mep + Spn 25.4 

aMierosomes of rats fed on Purina chow or casein 
were separated and extracted as specified in the text. 

bMn = whole microsomes from rats maintained on 
Purina chow, Mp = whole mierosomes from rats main- 
tained on hyperproteic diet, Men = extracted micro~ 
somes from rats maintained on Purina chow, Mep = 
extracted microsomes from rats maintained on hyper- 
proteie diet, Spn = supernatant containing the protein 
factor from rats maintained on Purina chow, and 
Spp = supernatant containing the protein factor from 
rats maintained on hyperproteic diet. 

CDesaturation of linoleic acid to a-linolenie acid 
was measured by incubation with 5 mg protein of 
either M or Me or 5 mg Me plus 3 mt Sp, 100 nmoles 
labeled linoleic acid, and cofaetors at 35 C during 25 
rain. For other details see the text. Desaturation of 
Spn and Spp were not measurable. 

p h o s p h a t e  b u f f e r  ( p H 7 ) ,  0 .15 M KC1, and  
0.25 M sucrose .  

The  i n c u b a t i o n  was s t o p p e d  by t h e  add i t i on  
o f  2 ml  10% K O H  in m e t h a n o l .  Af t e r  saponi f i -  
ca t ion ,  the  f a t t y  acids were e x t r a c t e d  and  con-  
ver ted  to  m e t h y l  es ters  as descr ibed  e l sewhere  
(5). The  d i s t r ibu t ion  o f  the  rad ioac t iv i ty  be- 
tween  subs t r a t e  and  p r o d u c t  was m e a s u r e d  by  
gas l iquid  r a d i o c h r o m a t o g r a p h y  in a Pye appa-  
r a tus  e q u i p p e d  w i th  a p r o p r o t i o n a l  c o u n t e r  (5).  
The  f a t t y  acids were iden t i f i ed  by  the i r  r e ten-  
t ion  t imes  an d  by c o m p a r i s o n  wi th  a u t h e n t i c  
s tandards .  

Linoleic acid desaturation c 

RESULTS AND DISCUSSION 

In this  work ,  we have t a k e n  advan tage  o f  t he  
d i f fe rences  in the  A6  de sa tu r a t i on  act ivi t ies  o f  
the  m i c r o s o m e s  o f  f as ted  ra ts  and  rats  ma in -  
t a ined  on  a ba lanced  diet ,  on  a h y p e r p r o t e i c  
diet and  on  a fa t - f ree  diet to de tec t  w h e t h e r  
con t ro l l ing  e f fec t s  o f  these  fac tors  are evoked  
on  t he  par t i cu la te  part  or  on  the  " s o l u b l e "  pro-  
rein f rac t ion  o f  ra t  liver m i c r o s o m e s .  

Effect of Hyperproteic Diet 

Table  I shows  the  ef fec t  o f  a h y p e r p r o t e i c  
diet u p o n  t h e  ac t iv i ty  o f  M, Me, and  (Me + Sp). 
Previous  s tud ies  have i nd i ca t ed  r epea t ed ly  t h a t  

Young Adult 
Fractions b % % 

Mn 15.1 7.8 
Mf 18.5 19.5 
Men 6.5 6.3 
Mef 10.5 12.5 
Men + Spn 14.1 8.0 
Mef + Spf 16.0 19.5 
Men + Spf 15.8 8.6 
Mef + Spn 18.0 22.0 
Men young + Spn adult 16.9 
Mef young + Spf adult 19.4 
Men adult + Spn young 7.9 
Mef adult + Spf young 20.5 

aMicrosomes of rats fed on Purina chow or fat-free 
diet separated and extracted as specified in the text. 

bAbbreviations and other details as in Table 1. In 
addition: Mf = whole microsomes from rats fed a fat- 
free diet, Mef = extracted microsomes from rats fed a 
fat-free diet, and Spf = supernatant containing a pro- 
tein factor from rats fed a fat-free diet. 

CDesaturation of Spn and Spf not measurable. 

a h y p e r p r o t e i c  diet  increases  l inoleic acid de- 
s a tu r a t i on  act iv i ty  o f  rat  liver m i c r o s o m e s  
(11 ,18 ,20 ) .  This  resul t  is c o n f i r m e d  in Table  I. 
F u r t h e r m o r e ,  Table I shows  tha t  the  whole  
m i c r o s o m e s  o f  ra ts  fed e i ther  a ba lanced  diet  
(Mn)  or a h y p e r p r o t e i c  diet  (Mp)  are deact i -  
va ted  w h e n  Sp is ex t r ac t ed .  The  r e a dd i t i on  o f  
the  c o r r e s p o n d i n g  s u p e r n a t a n t s  reac t iva tes  b o t h  
Me pract ica l ly  to the i r  or iginal  values.  Par- 
t icular ly  i m p o r t a n t  is the  e f fec t  o f  the  c rossed  
add i t i on  of  the  s u p e r n a t a n t s  to  the  e x t r a c t e d  
m i c r o s o m e s .  It  is f o u n d  t ha t  t he  add i t ion  o f  t he  
s u p e r n a t a n t  f r o m  the  an imal  m a i n t a i n e d  on  a 
n o r m a l  diet (Spn)  reac t iva tes  the  e x t r a c t e d  
m i c r o s o m e s  of  ra ts  fed  a h y p e r p r o t e i c  diet  
(Mep) to  thei r  original  value (Mp) and  n o t  to 
Mn. A similar  t h i n g  occurs  w h e n  s u p e r n a t a n t  

c o n t a i n i n g  t h e  p ro t e in  f ac to r  f r o m  ra ts  
m a i n t a i n e d  on  h y p e r p r o t e i c  diet  (Spp)  is a dde d  
to  e x t r a c t e d  m i c r o s o m e s  f r o m  ra ts  m a i n t a i n e d  
t ha t  t he  i n d u c t i o n  e f fec t  o f  t h e  h y p e r p r o t e i c  
diet is evoked  on  the  pa r t i cu la te  pa r t  o f  t he  
de sa tu r a t i on  s y s t e m  a nd  n o t  on  t h e  p ro t e in  
fac tor .  

on  Pur ina  c h o w  (Men) ,  s ince Spp increases  
the  d e s a t u r a t i o n  o f  Men to  t h e  value  o f  t h e  
original  m i c r o s o m e s  o f  n o r m a l l y  fed rats  (Mn) 
and  n o t  to  Mp. The re fo re ,  t hese  resu l t s  sugges t  

Effect of Age and Fat-Free Diet 

C a s t u m a ,  e t  al., (6) p roved  t h a t  a fat-free 
diet  or  an essent ia l  f a t t y  acid-free diet  e n h a n c e s  
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TABLE IlI 

Effect of Fasting, Refeeding, and Glucagon Treatment upon A6 Desaturation Activity of 
Protein Factor and Extracted Microsomes 
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a-Linolenic acid desaturation b 

Fasted and refed 
Fasted and + glucagon 

Fractions a Fasted refed + theophylline 

M 
Me 
Me + Sp 
Me fasted + Sp refed 
Me refed + Sp fasted 
Me refed + Sp (refed + 

glueagon + 
+ theophylline) 

Me (refed + 
glucagon + 
+ theophylline) + Sp refed 

20.1 36.4 11.4 
12.4 29:2 5.8 
19.0 36.8 12.9 

21.5 
33.5 

35.5 
12.5 

aM = whole microsomes, Me = extracted mierosomes, and Sp = supernatant containing 
protein factor. 

bDesaturation of a-linolenic to octadecatetraenoic acid was measured by incubation of 
5 mg protein of either M or Me or 5 mg Me plus 3 ml Sp, 100 nmoles of labeled a-linolenic 
acid, and cofactors at 35 C during 25 min. For more details see the text. Sp of fasted, refed, 
and refed + glucagon + theophylline treated animals was not measurable. 

t he  A6  de sa tu r a t i on  act iv i ty  of  rat  l iver micro-  
somes.  Table  II conf i rms  the  ac t iva t ion  ef fec t  
of  a fat-free diet  and  also shows t h a t  th is  act iva-  
t ion  is evoked  e i the r  in y o u n g  or  adu l t  animals .  
Moreover ,  l iver mic rosomes  o f  aged an imals  
m a i n t a i n e d  o n  a ba l anced  diet  have  less desatu-  
r a t ion  act iv i ty  t h a n  y o u n g  animals ,  as has b e e n  
f o u n d  by  Peluffo ,  et al., (21) .  This  e x p e r i m e n t  
again d e m o n s t r a t e s  t ha t  l iver m i c r o s o m e s  of  
e i the r  y o u n g  or  adul t  animals ,  m a i n t a i n e d  on  a 
ba l anced  diet  or one  a fa t - f ree  diet  are deact i -  
va ted  par t ia l ly  when  t hey  are e x t r a c t e d  and  
cen t r i fuged  by  t he  descr ibed  p rocedure .  The  de- 
s a tu ra t ion  act ivi t ies  of  the  e x t r a c t e d  micro-  
somes  are r eac t iva t ed  to  t he  original  value  w h e n  
the  c o r r e s p o n d i n g  Sp is r e a d d e d  to  the  Me. 
S imi l a r l y  to  Table  I, Table  II shows f rom 
crossed add i t ions  of  Sp to Me t h a t  any  Sp, 
e i ther  f r o m  y o u n g  or aged an imals  m a i n t a i n e d  
on  a fat-free diet  or  a ba l anced  diet ,  ac t iva tes  
the  d i f fe ren t  Me to  ca. t he i r  original  values.  
There fore ,  we r e a c h  t he  same conc lus ion  as 
before  t h a t  t he  ac t iva t ion  o f  t he  A6 desa tura-  
t ion  by  a fat-free diet  a p p a r e n t l y  is c o n c e r n e d  
wi th  the  t igh t ly  b o u n d  m i c r o s o m a l  e n z y m a t i c  
sys tem and  n o t  wi th  the  easily solubi l ized pro-  
te in  fac tor .  

Effect of Fasting, Refeeding, and Glucagon 
Treatment 

Earlier  e x p e r i m e n t s  have s h o w n  t h a t  the  A6  
desa tu ra t i on  act iv i ty  of  l iver m i c r o s o m e s  pre-  
pared  f r o m  fas ted  ra ts  was s igni f icant ly  lower  
than  t h a t  of  m i c r o s o m e s  f r o m  animals  fed con-  

t i nuous ly  on  a ba l anced  diet  (10 ,11) .  Refeeding  
res tores  the  act iv i ty  of  t he  A6  desa turase  to  
n o r m a l  values (10 ,11) .  Moreover ,  r ecen t ly  de 
G d m e z  D u m m ,  et al., (22)  f o u n d  t h a t  g lucagon 
in jec t ion  dur ing  the  re feed ing  pe r iod  inh ib i t s  
the  r eac t iva t ion  of  the  A6 de sa tu r a t i on  reac-  
t ion .  There fo re ,  these  deac t iva t ion - reac t iva t ion  
effects  also were inves t iga ted  to  give add i t iona l  
ev idence  to  t he  previous  results .  In this  case, 
the  changes  of  the  A6 d e s a t u r a t i o n  ac t iv i ty  
were m e a s u r e d  in the  convers ion  of  ot-linolenic 
a c i d  t o  o c t a d e c a - 6 , 9 , 1 2 , 1 5 - t e t r a e n o i c  acid. 
Table  III conf i rms  t h a t  48  hr  re feed ing  w i th  a 
fat-free diet  p rovokes  an  increase  of  A6 desa tu-  
r a t ion  act iv i ty  of  t he  whole  microsomes .  Ex-  
t r ac t ed  m i c r o s o m e s  o f  any  t y p e  o f  ra t  s h o w e d  
lower  e n z y m a t i c  ac t iv i ty  t h a n  whole  micro-  
somes  and  as h a p p e n e d  wi th  the  e x p e r i m e n t s  
shown  in Tables  I and  II, r e a d d i t i o n  of  the  cor-  
r e spond ing  s u p e r n a t a n t s  c o n t a i n i n g  the  p r o t e i n  
fac to r  r e s to red  ca. the i r  or iginal  levels. Crossed 
e x p e r i m e n t s  in w h i c h  the  s u p e r n a t a n t s  of  one  
type  of  ra t  are added  to  the  e x t r a c t e d  micro-  
somes  o f  a n o t h e r  t ype  of  ra t ,  s h o w e d  again t h a t  
any  s u p e r n a t a n t  was ind i sc r imina t e ly  able to  
res tore  the  A6 de sa tu r a t i on  act iv i ty  of  the  ex- 
t r ac t ed  mic rosomes  to  ca. t he i r  or iginal  values.  
There fo re ,  fas t ing  and  refeeding,  as well as glu- 
cagon t r e a t m e n t ,  also evoked  the i r  deac t iva t ion-  
ac t iva t ion  e f fec ts  u p o n  the  mic rosoma l  desa tu-  
r a t i on  sys t em and  n o t  u p o n  t he  p ro t e in  f ac to r  
t ha t  is n o t  in tegral  to  t he  m e m b r a n e .  In con-  
sequence ,  all these  resul t s  seem to  be com-  
pa t ib le  w i th  the  h y p o t h e s i s  t h a t  the  " s o l u b l e "  
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pro te in  fac tor  is no t  a regulatory c o m p o n e n t  
controUed by dietary changes.  The cont ro l lable  
part of  the  A6 desa tura t ion  sys tem must  be one  
of  t he  c o m p o n e n t s  f i rmly b o u n d  to  t he  micro-  
somal membrane .  In the  case of  s tearyl -CoA 
desatura t ion ,  Oshino and Sato ( 1 5 ) h a v e  shown  
that ,  of  the  three microsomal  c o m p o n e n t s :  
c y t o c h r o m e  b 5 reductase ,  c y t o c h r o m e  b s ,  and 
the cyanide sensitive factor ,  the last one  would  
be diet induct ib le  and p robab ly  the  desatura-  
t ion enzyme  itself  (23).  Since our  " so lub le"  
pro te in  factor  is necessary for  b o t h  A6 and A9 
desaturat ions  (A. Catal~, A.M. Nervi, and R.R. 
Brenner ,  unpub l i shed  results) ,  t he  present  work  
adds new evidence to  the  pos tu la te  tha t  this 
fac tor  is not  the  cyanide sensitive f ac to r  or t he  
desaturat ing enzyme.  The specific f unc t i on  of  
the  p ro te in  fac tor  is still unknown .  
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Nonsteroidal Secondary and Tertiary Amines" Inhibitors of 
Insect Development and Metamorphosis and A24-Sterol 
Reductase System of Tobacco Hornworm 
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ABSTRACT 

Several new branched and straight 
chain secondary and tertiary amines were 
shown to have inhibitive effects upon 
development and metamorphosis and the 
A24-sterol reductase system in larvae of 
the tobacco hornworm similar to those 
previously observed with a number of 
azasteroids. Certain of the amines which 
are related structurally to compounds 
with juvenile hormone activity in insects 
also blocked development and metamor- 
phosis in three other species of insects. 
These compounds are lethal or inhibit 
development in all larval stages and thus 
differ in action from compounds with 
juvenile hormone activity where the prin- 
cipal effect is to block the penultimate or 
ultimate molt. 

INTRODUCTION 

Certain 25-azasteroids block the A24-sterol 
reductase enzyme system(s) involved in the 
conversion of plant sterols to cholesterol, block 
other pathways of steroid metabolism in in- 
sects, and are potent inhibitors of insect growth 
and development (1,2). To determine the mini- 
mal structural requirements for this type of 
inhibitory activity, we synthesized and tested 
compound I (Fig. 1), which lacks the A and B 
rings of the steroid nucleus. Although not as 
potent as the more active azasteroids, this 
compound inhibited insect growth and develop- 
ment and the A24-sterol reductase enzyme 
system of the tobacco hornworm, Manduca  
sex ta  (L.). Since compound I possessed activity 
similar to that of the azasteroids which appear 
to disrupt the ecdysone regulated processes of 
molting and metamorphosis by interfering with 
hormone biosynthesis or metabolism (2), we set 
out to determine whether even simpler com- 
pounds might have such inhibitory activities. In 
concurrent research, we also were attempting to 
design and synthesize compounds structurally 
related to chemicals with insect juvenile hor- 
mone (JH) activity that might have an action in 
relation to the JH-regulated processes analogous 

IARS, USDA. 

to that observed for the azasteroid inhibitors. 
We now report the synthesis of a number of 

new straight and branched chain compounds 
related to chemicals with insect JH activity that 
block growth and development as well as 
steroid metabolism in certain species of insects. 
Most of these chemicals differ in action from 
compounds with insect JH activity in that they 
are lethal to all larval stages and are usually 
more active during early larval development 
than during the penultimate and ultimate 
molts. 

EXPERIMENTAL PROCEDURES 

Instrumentation 

Mp were observed on a Kofler block, and IR 
spectra were obtained with a Perkin-Elmer 
model 221 prism-grating spectrophotometer. 
Gas liquid chromatographic (GLC) analyses 
were made on a Barber-Colman model 10 
chromatograph; the GLC systems were 0.75% 
SE-30 and 1.0% OV-17 coated on Gas-Chrom P. 
NMR spectra were recorded at 60 Mc with a 
Varian A-60A NMR spectrometer with deuter- 
ated chloroform as the solvent and TMS as an 
internal standard. The mass spectra were mea- 
sured by using a LKB model 9000 gas chro- 
matograph mass spectrometer (LKB Produkter 
AB, Stockholm, Sweden). The samples were 
introduced directly into the ionization cham- 
ber, except for compounds XI and XII which 
were introduced through the GLC system, and 
the ionization energy was 70 ev. 
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I I ~ C H 2 N ( C H 3 )  2 
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FIG. 1. Amide and amine structures. 
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Materials and Chemical Synthesis 

Unisil (Clarkson Chemical Co., Williamsport, 
Pa.) and Woelm neutral grade II alumina (Alu- 
mina Woelm, Alupharm Chemicals, New Or- 
leans, La.) were used for column chromato- 
graphic separations. The intermediate acid used 
for the preparat ion of compound I was pre- 
pared by ozonolysis of vitamin D2 (3,4) and 
chromic acid oxidat ion .  A Wolf-Kishner reduc- 
tion of the resulting keto-acid gave the inter- 
mediate ~-7a-dimethyloct ahydro-l-H-indene-1- 
acetic acid. The reaction of  this acid with 
thionyl  chloride gave the acid chloride which 
was immediately allowed to react with diazo- 
methane to give the diazoketone. An Arndt-  
Eistert rearrangement of the diazoketone using 
the modified procedure of Wilds and Meader 
(5) gave the benzyl ester of  an acid with its 
chain length increased by one carbon from that 
of  the initial acid. An alkaline saponification of  
this ester and a repeat of Wilds and Meader's 
procedure yielded the acid of  the desired chain 
length to prepare the amine I in 30% overall 
yield from vitamin D2. 

The intermediate farnesenic acid required 
for the preparations of compounds III  and IV 
was prepared from farnesol, as previously re- 
ported (6). The 11-methoxy-3,7,11-trimethyl- 
dodecanoic acid used for the synthesis of  
compound VI and VII was prepared by solvo- 
mercuration-demercuration of farnesol in the 
presence of  methanol according to the method 
of Brown and Rei (7) followed by hydrogena- 
t ion in absolute ethanol with Raney nickel 
catalyst at room temperature and atmospheric 
pressure. The methoxy farnesol was oxidized to 
the acid in acetone with an 8 N solution of 
chromic acid in dilute sulfuric acid. The 7- 
ethyl-3,11-dimethyltr idecanoic acid intermedi- 
ate for compound VIII was prepared in a 50% 
overall yield by hydrogenation and hydro- 
genolysis of a mixture of isomers of methyl  
10 - e p o x y-  7 -e thyl-3,11 -dimethyl-2,6-t ride cadi- 
enoate in acetic acid with olatinum oxide as a 
catalyst. Since the resultihg product  showed 
hydroxyl  absorption by IR analysis, the crude 
mixture was heated to 75 C in 37% hydrogen 
bromide-acetic acid solution, and the reaction 
products were rehydrogenated in ethanol with 
10% palladium on charcoal as a catalyst. The 
saturated ester was chromatographed on activ- 
i ty  Grade II alumina to give the purified ester, 
which, upon saponification and acidification, 
gave the acid. 

Compounds I-XVI were prepared in 60-80% 
yield according to the general method by 
reaction of the appropriate acids with thionyl  
chloride to give the respective acid chloride. 
For  the preparation of acid chlorides with 

olefinic bonds, the acids were refluxed in 
benzene for 2 hr with a slight excess of thionyl  
chloride and a stream of  nitrogen passing 
through the solvent. The other  acids were 
refluxed overnight without nitrogen. Reaction 
of the respective acid chlorides with monoeth-  
ylamine or dimethylamine yielded the amide, 
which subsequently was reduced to the amine 
with l i thium aluminum hydride in te t rahydro-  
furan. When necessary, the compounds were 
purified by column chromatography.  The struc- 
ture of intermediates and final products were 
confirmed by IR, NMR, and mass spectroscopy. 
The purity of the final products as determined 
by GLC and thin layer chromatography (TLC) 
was >98% (compound III consisted of 74 and 
26% of the E,E and Z,E isomers, respectively). 

Mass spectra of all compounds I-XVI showed 
a strong M + peak, except for compounds VI 
and VII which showed weak M + and a very 
strong peak at M-32 (CH3OH). The spectra of 
the N,N-dimethyl amides II and VI showed base 
peaks at m/e 127 and 114, respectively. The 
peak at m/e 127 results from f-cleavage to the 
carbonyl accompanied with transfer of hydro-  
gen, while the base peak at m/e 114 occurring 
in the spectra of VI results from 3,-cleavage. 
/3-Cleavage accompanied with transfer of  a 
hydrogen atom is also a major fission occurring 
in the spectra of VI as indicated by the peak at 
m/e 87 with an intensity nearly equal to that  
occurring at m/e 114. The spectra of all other 
amides gave base peaks at m/e 87. The spectra 
of all amines, except compound III, exhibited 
base peaks at m/e 58 that resulted from the 
simple fission of the carbon-carbon bond adja- 
cent to the nitrogen atom (a-cleavage). The 
base peak for compound III occurs at m/e 98 
(3'-cleavage). Addit ional  physical properties are 
given in Table I. 

Biological Test Systems 

The larval test systems for the yellow fever 
mosquito, Aedes aegypti (L.), the confused 
flour beetle, Tribolium confusum Jacquelin 
duVal, and the house fly,  Musca domestica L., 
were those previously used to  assess the inhibi- 
tive effects of ecdysones and synthetic ana- 
logues upon growth and metamorphosis (8) 
with the following exceptions. In the tests with 
the yellow fever mosquito,  the compounds 
were assayed against both  first- and fourth- 
instar larvae, and the test insects were observed 
caref}ally during the terminal molts for JH 
effects, e.g. decrease in the number of adults 
emerging from the pupal stage, partially 
emerged adults unable to affect complete 
emergence from the pupal case, and adults that  
die on the water at emergence. The compounds 
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TABLE I 

Physical Properties of Amides and Amines 
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Index of 
Compound Mp, C r e f r a c t i o n  a 

NMR 

N,N-Dimethyl resonances 
or N-methylene r e s o n a n c e s  M o l e c u l a r  

~i ion 

I 1.4875 
II 1.4650 
III 1.4857 
IV 1.4641 
V 1.4489 
VI 1.4683 
VII 1.4524 
VIII 1.4500 
IX 1.4610 
X 55-56 
XI 1.4432 
XII 1.4463 
XIII 33-35 
XIV 71-73 
XV 1.4492 
XVI 26-28 

2.21 (s) 251 
3.00 (s) 263 
2.21 (s) 249 

2.97, 3.00 269 
2.21 (s) 255 

2.98, 3.02 b 299 
2.21 (s) b 285 
2.21 (s) 283 

2.94, 2.99 227 
3.0-3.6 (m) 227 

2.21 (s) 213 
2.4-2.9 (m) 213 

2.97, 3.00 269 
3.0-3.6 (m) 269 

2.21 (s) 255 
2.4-2.90 (m) 255 

aRecorded at 19 C. 
bThe methoxy resonance appeared at 6 

init ially were tes ted  at 1.0, 2.5, 5.0, and 10.0 
ppm on first-instar larvae and at the  three 
highest concent ra t ions  on  fourth- instar  larvae. 
Compounds  tha t  caused 75% morta l i ty  or  
inhibi t ion  of  deve lopment  at the  lowest  of  
these concent ra t ions  were retested at lower  
concentrat ions .  

The test  wi th  the  confused f lour  beetle was 
essentially the same as that  previously de- 
scribed, except  that  the  test  sys tem consisted of  
40 newly ha tched  larvae on 2 g diet and the  
compounds  were tes ted  at 0.05,  0.10, 0.25,  and 
0.50% (dry wt). The pupae were held on 
t rea ted  diet unti l  emergence,  and the  insects 
were observed for JH effects,  such as supernu- 
merary larval molts ,  "g ian t "  larvae, pupal-adult  
in termediates ,  and second pupae.  The larval 
skin was removed  f rom pupal-adult  in termedi-  
ates, and the  insects were examined  microscopi-  
cally for  morphogene t ic  effects,  such as the  
presence of  pupal  cuticle,  u rogomphi ,  and 
pupal genitalia (9). In addi t ion  to  the  larval 
tests, confused f lour  beet le  pupae col lected 
overnight  (5-22 hr  old at the  t ime of  t r ea tment )  
were t reated topical ly  wi th  the  test compounds .  
Doses of  1.0, 2.5, 5.0, and 10.0 gg /pupa  in 0.1 
/~liter ace tone  solut ion were adminis tered wi th  
a microappl icator .  The test insects were exam- 
ined microscopical ly  and assessed for  JH (mor-  
phogenet ic)  effects as described above.  

Larvae of  the  tobacco  h o r n w o r m  used in the  
tests were reared on an artificial  diet as previ- 
ously described (10). Sitosterol,  the  sole added 
dietary sterol,  was coated  on the dry compo-  
nents  of  the  larval diet to  achieve a concentra-  

3.2. 

t ion  of  0.026% wet wt  (0.2% dry wt),  and the 
test compounds  were coated on the  dry compo-  
nents  o f  the  diet at appropr ia te  concent ra t ions  
in the  same manner  used to  coat  the  dietary 
sitosterol.  The hornworms  were examined  for 
JH effects,  including changes in p igmenta t ion ,  
"giant  larvae,"  and inhibi t ion of  me tamor -  
phosis, and also for the  specific effects  previ- 
ously observed with  the  azasteroid inhibitors,  
such as disrupt ion of  the early larval molts ,  the  
fo rmat ion  of  precocious  " four th- ins tar  pre- 
pupae , "  and abnormal  prepupal-pupal  forms 
(1,2, 11). 

Assay of Effects of Test Compounds upon Sterol 
Metabolism in Tobacco Hornworm 

The sterols were isolated f rom tobacco  
h o r n w o r m  prepupae and analyzed by co lumn 
chromatography  and by TLC and GLC as 
previously described (10). Ident i f ica t ion and 
quant i ta t ion  of  sterols were carried out  by GLC 
analysis on 1.0% OV-17. The relative percent-  
ages o f  cholesterol  and desmosterol  in the  
sterols f rom t rea ted  insects indicated bo th  the 
degree of  dealkylat ion o f  si tosterol  by the  
insect and inhibi t ion of  the A24-sterol  reduc- 
tase enzyme.  

RESULTS A N D  DISCUSSION 

C o m p o u n d  I, which differs structural ly f rom 
the more  po ten t  azasteroid inhibi tors  by the 
lack of  the  A and B rings of  the  steroid nucleus,  
was only about  one- ten th  as active as the most  
active azasteroids (2) in the  mosqu i to  test  
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T A B L E  I1 

R a n g e  o f  C o n c e n t r a t i o n s  o f  A m i d e s  a n d  A m i n e s  in Larval  Diet  o r  M e d i u m  
R e q u i r e d  T o  Inh ib i t  D e v e l o p m e n t  o r  Kill 7 5 %  o f  the  Test  Insec t s  

Yel low fever  m o s q u i t o  

F i r s t - ins ta r  F o u r t h - i n s t a r  C o n f u s e d  f l o u r  T o b a c c o  h o r n w o r m  
C o m p o u n d  p p m  p p m  bee t le ,  % p p m  

I 5 . 0 - 1 0 . 0  > 1 0  0. I 0 - 0 . 2 5  1 3 0 - 2 6 0  
II > 1 0  1 .0-2 .5  0 . 1 0 - 0 . 2 5  > 5 2 0  
I l l  > 1 0  > 1 0  0 . 1 0 - 0 . 2 5  > 5 2 0  
IV 1 .0-2 .5  2 .5 -5 .0  0 . 2 5 - 0 . 5 0  > 5 2 0  
V 1 .0-2 .5  2 .5 -5 .0  0 . 2 5 - 0 . 5 0  3 3 - 6 5  
Vi > 1 0  5 . 0 - 1 0 . 0  > 0 . 5  > 5 2 0  
Vl l  > 1 0  > 1 0  0 . 2 5 - 0 . 5 0  3 3 - 6 5  
VIII 0 . 5 - 1 . 0  2 .5 -5 .0  0 . 2 5 - 0 . 5 0  6 5 - 1 3 0  
I X 1.0-2 .5  > I 0 0 . 1 0 - 0 . 2 5  > 5 2 0  
X 2 . 5 - 5 . 0  > 1 0  > 0 . 5  > 5 2 0  
XI 2 . 5 - 5 . 0  > tO 0 . 1 0 - 0 . 2 5  16 -33  
XII 1 .0-2 .5  > 1 0  > 0 . 5  1 3 0 - 2 6 0  
XIII 0 . 2 5 - 0 . 5 0  2 . 5 - 5 . 0  0 . 2 5 - 0 . 5 0  > 5 2 0  
XIV > 1 0  > 1 0  > 0 . 5  > 5 2 0  
XV 0 . 1 0 - 0 . 2 5  2 . 5 - 5 . 0  0 . 1 0 - 0 . 2 5  6 5 - 1 3 0  
XVI 0 . 1 0 - 0 . 2 5  2 . 5 - 5 . 0  > 0 . 5  33 -65  

(Table II). When tested in the larval diet, 
compound I was also considerably less active 
against Tribolium larvae than the more potent 
azasteroids and was toxic to young larvae. This 
compound then differs in action from the 
azasteroid inhibitors for which the typical 
effect of the minimum lethal concentration is 
to block the larval to pupal molt in Tribolium 
(2). Compound I was not active against house 
flies at 375 ppm, the highest test concentration 
used in these studies. However, in the tobacco 
hornworm larva, I was ca. equal in inhibitory 
activity to 22,25-diazacholesterol, the first 
azasteroid tested on this insect (12), and thus is 
ca. one-thousandth as active as the most potent 
of the azasteroid inhibitors on the hornworm 
(2). It is also a A24-sterol reductase inhibitor in 
the hornworm. At 130 ppm, it reduced the 
cholesterol level to less than 5% of the total 
tissue sterols as compared to 80-85% found in 
control insects, and increased the desmosterol 
content from the normal range of 1.0-1.5% to 
ca. 50% of the total sterols present in this insect 
(Table III). Compound I also caused the typical 
azasteroid effects in the hornworm; the forma- 
tion of precocious "fourth-instar prepupae" 
and abnormal pupae that appear to be pre- 
pupal-pupal intermediates. At higher concentra- 
tions, it blocked development in the early larval 
stages, and the lethal effect usually occurred at 
the time of molt (1,2, 1 l). 

Compound lI, the N,N-dimethylamide of 
farnesenic acid, was the first aza-JH chemical 
synthesized and tested. It exhibited JH activity 
in the mosquito tests and the Tribolium assays 
(Table II). In the yellow fever mosquito larva, it 
was less active against first-instar than fourth- 
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instar larvae, and, in the latter stage, it blocked 
metamorphosis and adult emergence. When it 
was added to the diet of the confused flour 
beetle, it caused JH effects, such as extending 
the length of  time in the larval stage, supernu- 
merary larval molts, "giant"  larvae, and the 
formation of  pupal-adult intermediates with 
pupal cuticle and urogomphi. When applied 
topically to Tribolium pupae, compound II 
caused the typical ]H effects. A number of 
terpenoid amides structurally related to II 
previously have been shown to have JH activity 
(13). The unsaturated dimethylamine llI  was 
less active than II on fourth-instar mosquito 
larvae (Table II), but it still showed a low level 
of JH activity at the highest test concentration. 
Although compound IIl caused distinct JH 
effects when applied topically to Tribolium 
pupae, it did not cause the typical JH effects 
when tested in the Tribolium larval diet. In- 
stead, it was lethal to young larvae ~and caused 
75% mortality at concentrations of 0.10-0.25%. 
These results were unexpected, since we have 
observed that Tribolium larvae generally toler- 
ate a number of the more active JH compounds 
in the diet at concentrations from on.e-thousand 
to ten-thousand times that required to cause JH 
effects and to block completely the pupal-adult 
molt or metamorphosis in the test insects. 

Compounds IV and V, the respective satu- 
rated derivatives of II and III, were both more 
active against first-instar mosquito larvae than 
against fourth-instar larvae (Table II). The 
lethal effects of these compounds upon fourth- 
instar larvae usually occurred prior to or at the 
time these insects molted to pupae and resulted 
in larval or early pupal mortality, rather than 
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TABLE 111 

Effect of Amides and Amines Fed in Combination with Sitosterol 
upon Sterol Composition of Tobacco Hornworm Prepupae 
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Percent of total sterols a 
Concentration 

Compound ppm Cholesterol Desmosterol 

I i 3 0  4 . 4  5 0 . 4  
I1 520 80.5 1.5 
Ill 520 19.1 39.7 
IV 520 65.1 1.0 
V 1 3 0  1 3 . 6  45.2 
VI 520 89.0 1.5 
Vii 65 4.7 65.1 
VIII 65 5.6 58.2 
IX 520 82.8 1.4 
X 520 79.4 1.6 
XI 33 18.0 17.0 
XII 130 69. I 4.4 
XIII 520 80.2 1.2 
XIV 520 75.8 3.8 
XV 65 39.3 30.5 
XVI 65 8.4 62.5 

aRemainder of sterol in insect was unchanged dietary sterol. 

the  inhibi t ion of  metamorphos is  observed for 
compounds  with JH activity.  The saturated 
N,N-dimethylamide  IV caused JH effects when 
applied topical ly to flour beetle pupae but  was 
not  nearly as active as the unsaturated dimeth-  
ylamide II. Al though  the  saturated d imethyl-  
amine V was lethal when applied topical ly  to 
f lour beetle pupae, its effects  were quite  differ- 
ent  f rom those observed for compounds  with 
JH activity. The pupae took  on a grayish-brown 
color  in the thoracic  region, part icularly on the  
legs, and many of  the t reated pupae did not  
develop further.  At lower doses, a number  of  
the adults only  partially emerged f rom their  
pupal cuticle,  but,  when the cuticle was re- 
moved and these insects examined  microscopi-  
cally, no morphogenet ic  effects  were observed. 
However,  these partially emerged adults had 
varying numbers  of  the segments of  their  legs 
missing, and this effect  also was observed in 
fully emerged adults f rom pupae treated with  
lower doses of  the compound .  Similar effects  
previously had been observed for compound  I 
when it was applied topical ly  to Tribolium 
pupae. Neither  IV nor  V showed JH activity 
when tested in the diet of  Tribolium; instead 
they were lethal to young  larvae. 

Since a me thoxy  group at C l l  has been 
shown either to enhance or  decrease the JH 
act ivi ty of  certain farnesenic acid derivatives, 
depending upon the  species of  insect (14), 
compounds  VI and VII were prepared and 
evaluated. The 1 1-methoxy-N,N-dimethylamide  
VI was less inhibi tory  than IV for both  first- 
and fourth-instar  mosqui to  larvae and was less 
active on young  than on mature  larvae. In the 

lat ter  stage, it caused typical  JH effects and 
b locked metamorphosis .  C o m p o u n d  VII,  the  
1 1-methoxy derivative of  V, exhibi ted reduced 
lethal activity for bo th  first- and fourth-instar  
mosqu i to  larvae (Table II). Al though  VI caused 
JH effects when applied topical ly  to Tribolium, 
it was considerably less active than IV. Com- 
pound VII  was ca. equal  in act ivi ty to V when 
tested by topical  applicat ion to Tribolium and 
caused the same type of  lethal  effects  described 
for V rather than  the  typical  JI{ effects  
observed for VI. Nei ther  of  these compounds ,  
however ,  caused JH effects when tested in the  
diet of  Tribolium. 

The N,N-d imethy lamine  VIII,  which has the  
saturated carbon skele ton of  the  first natural 
insect (Cecropia)  JH to be isolated and charac- 
terized (1 5), was more active against first-instar 
ye l low fever mosqu i to  larvae than compounds  
I-VII (Table II). It was also more  effect ive 
against young  larvae than against fourth- instar  
larvae, and, in the lat ter  stage, it caused larval 
or  early pupal mor ta l i ty ,  rather  than the typical  
JH effects. Compound  VIII  did not  cause JH 
effects in Tribolium ei ther  when it was added 
to the larval diet or  when it was appfied 
topical ly  to pupae. Instead, in the lat ter  test,  
the  c o m p o u n d  brought  about  lethal effects  
similar to those observed for c o m p o u n d  V. 

Since certain straight chain alcohols and 
methy l  ethers have been demons t ra ted  to have 
JH act ivi ty (9), a number  of  C12 and C15 
straight chain amides and amines were synthe-  
sized and tested.  All four  C t2  compounds  IX, 
X, XI, and XII were more active against 
first-instar mosqui to  larvae than against fourth-  

LIPIDS, VOL. 10, NO. 6 



358  W. ROBBINS, M. THOMPSON, J. SVOBODA, T. 

instar larvae (Table II). The dimethylamide IX 
and the monoethylamine XII were as active 
against the young larvae as the farnesane 
derivatives IV and V, and compound XII was 
also the most active of this series against 
fourth-instar mosquito larvae. The C15 com- 
pounds XIII, XV, and XVI were the most active 
of the test compounds against first-instar mos- 
quito larvae (Table II). The 2 amines, XV and 
XVI, were more active than their corresponding 
amides, and the least active of the four C 15 
compounds, the monoethylamJde XIV, caused 
less than 75% mortality in both first- and 
fourth-instar mosquito larvae at the highest test 
concentration. None of the straight chain C12 
and C15 compounds exhibited JH activity in 
the mosquito tests, the Tribolium larval test, or 
in the topical test with Tribolium pupae. 

The secondary and tertiary amines and 
amides generally were not very effective against 
the immature house fly. Only 6 of the com- 
pounds were sufficiently active in the house fly 
test to cause 75% or greater mortality at the 
maximum test concentration of 375 ppm. Of 
these, 2 of the branched chain compounds, VII 
and VIII, and 3 of the straight chain com- 
pounds, IX, XII, and XVI, were lethal at 
150-375 ppm. The C 15 straight chain dimethyl- 
amine XV, which was the most active of the 
series in the house fly test, was lethal at 75-I 50 
ppm. 

Although the branched and straight chain 
compounds were considerably less effective 
upon tobacco hornworm larvae than the most 
potent azasteroids, a number of these chemicals 
were quite active inhibitors of growth and 
development in the hornworm (Table II). Only 
the amines had inhibitive effects upon horn- 
worm larval development and the most active 
inhibitor, the C 12 alkyl dimethylamine XI, was 
lethal to 75% of the hornworm larvae at 16-33 
ppm. The branched chain amines, V, VII, and 
VIII, and the straight chain amine, XII, caused 
the typical azasteroid effects in the hornworm 
larva, whereas the other three inhibitory 
straight chain amines, XI, XV, and XVI, ap- 
peared to bring about their lethal effects prior 
to the fourthqarval instar. None of the corre- 
sponding amides inhibited hornworm develop- 
ment or caused JH effects at the maximum test 
concentration. 

The unsaturated branched chain compound 
III was the only amine of the series that did not  
inhibit development in hornworm larvae at 520 
ppm (Table II). However, III did inhibit the 
A24-sterol reductase of the hornworm at this 
concentration and caused a reduction of the 
tissue cholesterol level to less than 20% and an 
increase in the desmosterol content to nearly 
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40% (Table III). All of the branched and 
straight chain amines that inhibited develoP- 
ment, except compound XII, were A24-sterol 
reductase inhibitors in the hornworm, whereas 
none of the corresponding amides had an 
appreciable effect upon this enzyme system 
(Table III). Compounds VII, VIII, and XVI 
were particularly active A24-sterol reductase 
inhibitors. At 65 ppm, these amines reduced 
the cholesterol content in hornworm tissues to 
less than 9% and increased the desmosterol to 
nearly 60%. These branched and straight chain 
amines are the first nonsteroidal acyclic com- 
pounds thus far found to have A24-sterol 
reductase activity. 

Certain azasteroid inhibitors disrupt steroid 
metabolism and the hormone regulated PrOC- 
esses of development, molting, and metamor- 
phosis in several species of insects (1,2). A 
number of the secondary and tertiary branched 
and straight chain amines reported in this paper 
exhibit activities similar to the azasteroids in 
the tobacco hornworm and inhibit development 
and metamorphosis in three other species of 
insects. Preliminary biochemical studies with 
compound XI and other straight chain amines 
on Tribolium larvae suggest that these com- 
pounds interfere with sterol metabolism and 
inhibit the A24-sterol reductase activity in this 
insect. Whether or not the branched and 
straight chain amines also interfere with the 
pathways of metabolism of the steroid molting 
hormones of insects, as apparently do the 
azasteroids (2), remains to be determined. 
Other possible explanations for the effects of 
these inhibitory amines upon the early larval 
stages of insects are that they disrupt insect JH 
metabolism or that they function as anti-JH. 

This study demonstrates the feasibility of 
developing nonsteroidal acyclic compounds 
that block steroid metabolism, molting, and 
metamorphosis in the tobacco hornworm and 
certain other insects. It also reports the design 
and synthesis of compounds patterned after 
chemicals with JH activity that are more active 
on the early larval stages of insects than at the 
penultimate or ultimate molts. This research 
thus provides new molecular models that 
should p e r m i t  us to expand the kinds of 
compounds which may be used to disrupt the 
hormone regulated processes of insects and may 
lead to new types of chemicals for safe, 
selective insect control. 
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APPENDIX I 
IUPAC EQUIVALENT NAMES 

I =  

I1 = 

III = 

IV = 
V =  
VI = 

VII = 

VIII = 

I X =  
X= 
XI = 
XII = 
XIII = 
XIV = 
XV= 
XVI = 

N, N, 6 ,7  a-Tetramethyloctahy dro-l-H-indene- 
l-butanamine 
(E, E )- N,N-Dimethy 1- 3,7,11 -trimethyl-2,6-10- 
dodeeatrienamide 
(E, E)-  N,N-Dimethyl-3,7,11-trimethyl-2,6,10- 
dodecatrienamine 
N,N-Dimethyl-3,7,1 l-trimethyldodecanamide 
N,N-Dimethyl-3,7,1 l-trimethyldodecanamine 
N, N- D i m ethyl- 11-methoxy-3,7,11-trimethyl- 
dodecanamide 
N,N-Dimethyl-11-methoxy-3,7,1 l-trimethyl- 
dodecanamine 
N, N- Dimethyl-7-ethyl- 3,11 -dimethyltridecan- 
amine 
N,N-Dimethyldodecanamide 
N-Ethyldodecanamide 
N,N-Dimethyidodecanamine 
N-Ethyldodecanamine 
N,N-Dimethylpentadecanamide 
N-Ethylpent adecanamide 
N,N-Dimethylpentadecanamine 
N-Ethylpentadecanamine 

REFERENCES 

1. Svoboda, J.A., and W.E. Robbins, Lipids 6:113 
(1971). 

2. Svoboda, J.A., M.J. Thompson,  and W.E. Rob- 
bins, Ibid. "/:553 (1972). 

3. Heilbron, I.M., R.N. Jones, ICM. Samant, and F.S. 
Spring, J. Chem. Soc. 1936:905. 

4. Windaus, A., and W. Grundmann, Ann. Chem. 
524:295 (1936). 

5. Wilds, A.L., and A.L. Meader, Jr., J. Org. Chem. 
13:763 (1948). 

6. Bowers, W.S., M.J. Thompson,  and E.C. Uebel, 
Life Sci. 4:2323 (1965). 

7. Brown, H.C., and M.-H. Rei, J. Amer. Chem. Soc. 
91:5646 (1963). 

8. Robbins, W.E., J.N. Kaplanis, M.J. Thompson,  
T.J. Shortino, and S.C. Joyner, Steroids 16:105 
(1970). 

9. Bowers, W.S., and M.J. Thompson,  Science 
142:1469 (1963). 

10. Svoboda, J.A., M.J. Thompson,  and W.E. Rob- 
bins, Life Sci. 6:395 (1967). 

11. Robbins, W.E., J.A. Svoboda, M.J. Thompson, 
and J.N. Kaplanis, in "The Control of Lice and 
Louse-Borne Diseases," Scientific Publication 
263, Pan American Health Organization, Washing- 
ton, D.C., 1973, p. 241. 

12. Svoboda, J.A., and W.E. Robbins, Science 
156:t637 (1967). 

13. Cruickshank, P.A., and R.M. Palmere, Nature 
233:488 (1971). 

14. Henrick, C.A., G.B. Staal, and J.B. Siddail, J. Agr. 
Food Chem. 21:354 (1973). 

15. R/511er, H., K.H. Dahm, C.C. Sweely, and B.M. 
Trost, Angew. Chem. Intern. Engl. 6:179 (1967). 

[Received December 2, 1974] 

LIPIDS, VOL. 10, NO. 6 



SHORT COMMUNICATION 

Adaptive Changes in A9 Desaturase Activity in Rat Liver 

ABSTRACT 

The A9 desaturase activity and the 
14C radioactivity of the de novo syn- 
thesized fatty acids incorporated into 
microsomal lipids and serum triglycerides 
were measured under different nutrit ional 
conditions. The results obtained indicate 
a correlation between the values of the 
three parameters studied after starvation 
or after refeeding Purina chow or either a 
high carbohydrate or a high protein diet. 
These data suggest that liver lipogenesis 
and A9 desaturase activities respond to 
the same regulatory factors. 

INTRODUCTION 

Changes in the activity of the A9 desaturase 
under different nutrit ional and hormonal states 
have been described. The activity of this en- 
zyme is depressed by food deprivation (1-3) 
and diabetes (4-6) and returns to normal values 
on refeeding (7-8) and insulin treatment (4,9), 
respectively. The highest values of A9 desatu- 
rase activity were elicited by high carbohydrate 
diets, especially when fructose or glycerol were 
included in those diets (10). Fructose or glyc- 
erol feeding (11,12) enhances hepatic lipo- 
genesis, probably by increasing the hepatic 
concentration of a-glycerophosphate. The in 
vivo A9 desaturase activity apparently was 
induced by the increase in the endogenous or 
exogenous supply of saturated fatty acids. 
Dietary saturated fatty acids were able to 
restore the A9 desaturase activity depressed by 
the diabetic state and to increase the activity of 
the enzyme in normal rats (10). In this experi- 
ment, the A9 desaturase activity and the 14C 
radioactivity of the de novo synthesized fatty 
acids incorporated into microsomal lipids and 
serum triglycerides were measured under differ- 
ent nutritional conditions. 

EXPERIMENTAL PROCEDURES 

1-14C stearic acid (54.0mC/mmole), 99% 
radiochemically pure, was purchased from The 
Radiochemical Centre, Amersham, England. 

1-14C-acetic acid, sodium salt (5.0 mC/mmole) 
was purchased from Comision Nacional de 
Energia Atomica, La Plata, Argentina. Stearic 
acid, 99% pure, was obtained from Lipids 
Preparation Laboratory, Hormel Institute, Aus- 
tin, Minn. 

Male Wistar rats weighing 150-170 g were 
used throughout. The animals were maintained 
on a Purina chow diet and water ad libitum 
before use. Five groups of five animals each 
were used. A control group was continued on 
the same diet for the experimental period. The 
fasted group was fasted for 48 hr and allowed 
water ad libitum before being killed. A refed 
group was fasted for 48 hr and then refed with 
Purina chow for 24 hr. A high carbohydrate 
diet group was fed a diet containing 70% 
dextrin, 23% casein, 3% corn oil, 4% salt 
mixture (13), and vitamins (14) for 3 days 
before being killed. A high protein diet group 
was fed for 3 days on a diet containing 70% 
casein, 23% dextrin, 3% corn oil, 4% salt 
mixture, and vitamins. All groups of rats were 
injected intraperitoneally with 0.2 ml labeled 
solution containing 50 /aC of 1-14C sodium 
acetate. One hr after injection, the animals were 
killed by decapitation. Blood was collected, and 
the liver was separated and maintained in an ice 
bath until it was used for microsome isolation. 

The serum lipids were extracted by the 
method of Folch, et al., (15), and the triglyc- 
erides were separated from the original chloro- 
form-methanol extract by thin layer chroma- 
tography (TLC) (16) in petroleum ether-ether- 
acetic acid (80/20/1, v/v/v) and were extracted 
from the silica using chloroform-methanol (2/ I ,  
v/v). The amount of triglycerides, separated as 
described above, was determined by a glycerol 
analysis according to Snyder and Stephens (17). 
An aliquot of each sample was assayed for 
radioactivity in a Packard scintillation spec- 
trometer. 

One hepatic lobe was homogenized in a cold 
solution of 0.25 M sucrose (4/1, v/v). From this 
homogenate, washed microsomes were obtained 
according to Bock, et al., (18). The final pellet 
was resuspended in distilled water. From this 
suspension, lipids were extracted and assayed 
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for  radioact ivi ty .  Prote in  was de t e rmined  by 
the Lowry  m e t h o d  (19). 

Liver t issue was homogen ized ,  and the  
mic rosomes  were isolated by different ia l  cen- 
t r i fugat ion,  as previously descr ibed (20). Incu- 
ba t ion  p rocedure  for  1-14C stearic acid desatu-  
ra t ion was pe r fo rmed ,  as previously descr ibed 
(12). The convers ion of  labeled stearic acid to  
oleic acid was measured  by TLC of  the  fa t ty  
acid me thy l  esters on AgN03 impregna ted  silica 
gel plates (21). 

RESULTS 

The liver A9 desaturase activity measured  
under  d i f fe rent  nu t r i t iona l  cond i t ions  is given 
in Table I. As is clearly shown ,  48 hr  of  
starvation significantly depressed the  act ivi ty of  
the fa t ty  acid desaturase enzyme .  However ,  
when fas ted animals were fed  the  chow diet ,  a 
marked  s t imula t ion  of  A9 desa tura t ion  oc- 
curred within 24 hr. When animals previously 
fed a chow diet subsequent ly  were fed wi th  a 
high ca rbohydra t e  diet, A9 desa tura t ion  was 
s t imula ted  very significantly as compa red  wi th  
the  controls .  In cont ras t ,  a high pro te in  diet did 
no t  modi fy  significantly the  activity of  the  
enzyme  when  compared  wi th  the con t ro l  
group.  

Table II shows the  radioact iv i ty  of  de novo 
synthes ized  fa t ty  acids i nco rpo ra t ed  in to  micro-  
somal lipids and in to  se rum tr iglycerides of  rats 
under  d i f fe rent  nu t r i t iona l  condi t ions .  

The a m o u n t  of  radioact iv i ty  i nco rpo ra t ed  
in to  microsomal  lipids was depressed signifi- 
cant ly  during s tarvat ion and  increased to  ca. six 
t imes its normal  level by refeeding.  These 

results agree wi th  those  of  AUmann,  et  al., (3), 
demons t ra t ing  tha t  re feeding  starved animals 
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TABLE I 

In Vitro Oxidative Desaturation of Stearic Acid 
to Oleic Acid by Liver Microsomes 

Percent conversion b 

Group a 18:0 --~ 18:1 

Control (5) 6.5 + 2.1 
Fasted (5) 3.0 +- 0.8 

P < 0.01 
Refed (5) 17.3 + 5.6 

P < 0.01 
Fed high carbohydrate (5) 30.2 -+ 7.6 

P < 0.001 
Fed high protein (5) 6.7 -+ 1.4 

NS 

aNumbers in parentheses indicate the number of 
animals in each group. 

bprobability (P) values are related to controls. 
Data are the means + standard deviation. NS = not 
significant. 

permi ts  the  level of  fa t ty  acid syn the t i c  en- 
zymes  to  rise far above normal .  Meanwhile ,  the  
high ca rbohydra te  diet marked ly  increased the  
radioact ivi ty  f rom 14C aceta te  incorpora ted  
into fa t ty  acids, and,  as was previously de- 
scribed (22-24),  the  high pro te in  diet  did no t  
alter the  response  of  fa t ty  acid syn the t i c  
enzymes .  

The values of  the  14C radioact ivi ty  of  the  de 
novo syn thes ized  fa t ty  acids incorpora ted  in to  
serum tr iglycerides apparen t ly  indicate  a corre- 
la t ion wi th  those  above descr ibed changes.  

The results  r ep o r t ed  in the  present  paper  
show tha t  liver l ipogenesis act ivi ty depends  
upon  the  nu t r i t iona l  s tate  of  the  animals.  The 
fact  tha t  re feeding  or feeding a high ca rbohy-  
drate diet was associa ted wi th  an increase of  the  
liver l ipogenesis and wi th  a high activity of  A9 

TABLE II 

14C Radioactivity of De Novo Synthesized Fatty Acids Incorporated into 
Liver Microsomal Lipids and Serum Triglycerides 

Group a dpm/mg Microsomal protein b dpm/#mol Serum triglycerides c 

Control (5) 1,430 +- 580 7,651 
577 + 312 1,604 

Fasted (5) P < 0.02 

Refed (5) 9,192 +- 1,900 12,175 
P < 0.001 

Fed high carbohydrate (5) 14,077 + 3,900 29,302 
P < 0.001 

Fed high protein (5) 2,512 -+ 675 8,'707 
PNS 

aNumbers in parentheses indicate the number of animals in each group. 
bprobability (P) values are related to normal animals. Data are the means -+ standard deviations. 

NS = not significant. 
CEach value corresponds to the mean of five individual pooled samples. 
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desaturase suggests that both  metabolic activ- 
ities respond to the same regulatory factors. In 
the light of  these results, it is interesting to note 
that both enzymatic activities rise far above 
normal on refeeding. Further  work on this 
subject is in progress. 
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LETTER TO THE EDITOR 

Concerning Lipid Composition of Sapindus mukorossi Seed Oil 

Sir: A recent paper in this journal  (A. Sengu- 
pta, S.P. Basu, and S. Saha, Lipids 10:33 [1975])  
describes a s tudy of  the triglyceride structure of  
Sapindus mukorossi (family Sapindaceae) seed 
oil. In their thin layer chromatographic examina- 
t ion of this oil, Sengupta and coworkers ob- 
served the presence of a component more polar 
than ordinary triglycerides, and they speculate 
that this may be a triglyceride which contains 
estolide groups. Published work from our labo- 
ratory (K.L. Mikolajczak and C.R. Smith, 
Lipids 5:182 [1970] and earlier papers cited 
therein) and elsewhere (M.G. Kasbekar, R.R. 
Talekar, and N.V. Bring, i, Indian J. Chem. 
10:244 [1972] ;  D. Seigler, Phytochemistry 
13:841 [ 1974] ) has established that previously 
unrecognized cyanolipids occur in considerable 
amounts in seed oils of many sapindaceous 

species, including S. mukorossi. Cyanolipids are 
not glycerides, but  instead are derivatives of  
five-carbon hydroxyni t r i le  moieties esterified 
with long chain fat ty  acids. On the basis of  
previous experimental  results, we feel reason- 
ably certain that cyanolipids are responsible for 
the large spots below the triglycerides in thin 
layer chromatograms (Figs. 2 and 3) shown by 
Sengupta, et al., in their  paper (cited above). 

C.R. SMITH, JR. 
K.L. MIKOLAJCZAK 
Northern Regional Research Laboratory 
ARS, USDA 
Peoria, Illinois 61604 

[ Received February 24, 1975 ] 

ERRATUM 

An error occurred in the publicat ion of the 
article, "Comparison of Lipid Composit ion of 
Aedes aegypti and Aedes albopictus Cells Ob- 
tained from Logarithmic and Stat ionary Phases 
of  Growth"  by E. McMeans, T.K. Yang, L.E. 
Anderson, and H.M. Jenkin (Lipids 10:99-104, 
1975). The last sentence of the publication 
should read: "Results of studies by other in- 
vestigators using Grace's A. aegypti cells should 
now be a t t r ibuted to A. eucalypti cells." 
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Essential Fatty Acid Deficiency: Metabolism of 20:3(n-9) and 
22"3(n-9) of Major Phosphoglycerides in Subcellular Fractions 
of Developing and Mature Mouse Brain 
GRACE Y. SUN, The Department of Chemistry, University of Missouri, Kansas City, 
Missouri 64110, and H. WINN|CZEK, J. GO, and S.L. SHENG, The Ohio Mental Health and 
Mental Retardation Research Center, Cleveland, Ohio 44109 

ABSTRACT 

Essential fa t ty  acid deficiency was 
init iated in young and mature mice. The 
metabolism of 20: 3(n-9) and 22:3(n-9) in 
brain subcellular fractions was followed 
after the mice were switched from the 
deficient diet to a corn oil supplemented 
diet. After switching to the supplemented 
diet, the proport ions of (n-9) polyunsatu- 
rated fat ty acids in brain in both groups 
of  mice decreased with time. The rate of  
disappearance of (n-9) polyunsaturated 
fat ty  acids was faster in the young groups 
than in the mature group. In the develop- 
ing mice, the half-lives of  the (n-9) 
polyunsaturated fat ty  acids in the total  
ethanolamine phosphoglycerides of brain 
microsomal, synaptosomal,  and myelin 
fractions were 3, 10, and 15 days, respec- 
tively. In the mature group, the half-lives 
for 20:3(n-9) in diacyl-glycerophospho- 
rylethanolamine of microsome, synapto- 
some, and myelin fractions were 8-10, 10, 
and 22 days, respectively; and the half- 
lives for 22:3(n-9) in alkenylacyl-glycero- 
phosphorylethanolamine of the same sub- 
cellular fractions were 8-12, 28, and 
35-40 days, respectively. In general, the 
rate of disappearance of 2 0 : 3 ( n - 9 ) i n  
brain was faster in the diacyl-glycerophos- 
phorylethanolamine than in the alkenyl- 
a c y l - g l y  c e r o p  ho sphory le thano lamine .  
These results demonstrate  that  the metab- 
olism of (n-9) polyunsaturated fat ty  acid 
in brain phosphoglycerides during re- 
covery from essential fa t ty  acid defi- 
ciency not only varies with age, but  also 
depends upon individual phosphoglycer- 
ides present in each subcellular fraction. 

INTRODUCTION 

It has been well recognized that  during 
essential fa t ty  acid (EFA) deficiency, there is a 
decrease in the propor t ion  of  20:4(n-6) in the 
acyl groups of phosphoglycerides among vari- 
ous body tissues (1). The decrease in propor- 
t ion of 20:4(n-6) usually is marked by an 
increase of 20:3(n-9), a new fa t ty  acid pre- 

sumably derived from 18:1(n-9) during the 
deficient state. Past studies on lipid changes 
among various body tissues during EFA defi- 
ciency have been rather extensive (2). However, 
in the more recent investigations, changes in 
brain lipids during the deficiency have been 
studied (3-7). Unlike other  body tissues, the 
brain is especially rich in long chain polyunsatu- 
rated fat ty  acids (PUFA). Not only are specific 
acyl group profiles a t t r ibuted to individual 
phosphoglycerides,  they  are also different in 
the subcellular fractions (8). 

In a previous s tudy,  we have demonstrated 
that  the increase in proport ions of  (n-9) PUFA 
in brain was greater when the deficient diet was 
init iated during the early developmental period 
(9). The abil i ty of  brain tissue to  "recover" 
from EFA deficiency has been examined by 
White, et al., (10) with rats by measuring the 
decrease of  20:3(n-9) in brain after switching 
the animals to a corn oil supplemented diet. In 
the present investigations, we have further 
examined the metabolism of (n-9) PUFA in 
brain phosphoglycerides at a subcellular level 
during brain recovery from EFA deficiency. We 
intend to use this information to evaluate the 
metabolism of  these acyl groups in brain 
phosphoglycerides during the early develop- 
mental period and after maturation. 

MATERIALS AND METHODS 

Animal Subjects and Induction of EFA Deficiency 

Two experiments were performed with 
C57BL/10J mice which were purchased from 
Jackson Laboratory  (Bar Harbor, Maine). In the 
first experiment,  pregnant mice were obtained 
ca. 10 days prior  to delivery. After  being 
transferred to the laboratory,  they were individ- 
ually placed into plastic cages with stainless 
steel covers. All of  the animals received water 
and diet ad libitum. One group of  the pregnant 
mice was given a fat free diet and the other 
group was given a control  diet supplemented 
with corn oil (General Biochemicals, Chagrin 
Falls, Ohio). The fat ty acid-deficient diet con- 
tained the following ingredients (g/kg): casein, 
240; sucrose, 710; salt mix no. 2, U.S.P. XIII  
(catalog no. 170870), 39; vitamin supplement 
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FIG. 1. (A) A comparison of the brain and body wt of control and essential fatty acid (EFA) deficient mice 
at 21 days of age and at 10 and 40 days after supplementing with a corn oil diet. (B) A comparison of the brain 
and body wt of control and EFA deficient mice at 4.5 months of age. [] = control and [] = deficient. 

(GBI Technical Bulletin V-17), 10, and non- 
nutritive fiber, 9. The fatty acid-supplemented 
diet had the same composition as the deficient 
diet, except that corn oil (2%, w/w) was added. 
Chromatographic analysis of the fatty acid 
composition showed that the corn oil supple- 
mented diet contained 16:0, 13%; 18:0, 2%; 
18:1, 25%; and 18:2, 60%. After delivery, the 
litters were kept with the same mothers until  
21 days. After this period, the litters were 
weaned. At 21 days, 3 young mice from each of 
the dietary groups were sacrificed. The brains 
were dissected and individually homogenized in 
0.32 M sucrose. The remaining young mice in 
the deficient group then were switched to a 
control diet supplemented with corn oil. The 
weanlings in the control group also were given 
the corn oil supplemented diets at this time. At 
10 and 40 days after switching to the supple- 
mented diet, 3 mice from each dietary group 
were sacrificed. The brains were homogenized 
individually in 0.32 M sucrose, and the brain 
homogenates were further subjected to subcel- 
lular fractionation and lipid analysis. 

In the second experiment, mice were treated 
similarly, except that the pregnant mice were 
given Purina Lab Chow instead of the synthetic 
diets. After weaning, the young mice also were 
divided into two groups, one of which was 
given the fatty acid deficient diet and the other 

the corn oil supplemented diet. These young 
mice were reared on this dietary scheme for a 
period of 3 months, after which 3 mice from 
each dietary group were sacrificed. The brains 
were dissected individually and homogenized in 
0.32 M sucrose as described above. The remain- 
ing group of mice with the deficient diet then 
was switched to the corn off supplemented diet. 
After the dietary reversal, groups of three mice 
were sacrificed at 1, 3, and 5 weeks, and the 
brain homogenates were prepared similarly. 

Subcellular Fractionation of Brain Homogenates 

At the end of each period, the brains were 
dissected and individually homogenized in 20 
volumes of 0.32 M sucrose solution containing 
1 mM ethylenediaminetetraacetic acid (EDTA), 
1 mM MgCI2, and 15 mM Trls buffered at pH 
7.4. The brain homogenates were further sub- 
jected to differential and sucrose gradient cen- 
trifugation to obtain the myelin, synapto- 
some-rich, and microsomal fractions. The 
procedure for subcellular fractionation was 
essentially the same as described previously 
(11), except that discontinuous sucrose gradi- 
ent was used for isolating the synpatosome-rich 
fractions. The synaptosome-rich fraction was 
obtained by isolating the material at the 0.8 M 
and 1.2 M sucrose interphase after gradient 
centrifugation. Purity of the synaptosome-rich 
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TABLE I 

Acyl Group Composition of Ethanolamine Phosphoglycerides in 
SYnaptosome-Rich Fraction of Mouse Brain during Essential Fatty Acid Deficiency 

(21 Days of Age) and at 10 and 40 Days after Dietary Reversal a 

21 Days 10 Days reversal 40 Days reversal 

Fatty acids C D C D C D 

Percentage, wt 

16:0 7.0 5.0 5.8 8.3 5.8 6,5 
18:0 22.0 23.3 22.7 23.3 23.1 23.1 
18:1  11 .5  10 .5  12 .7  13 .0  15.0 14.9 
20:1 1.1 1.2 2.4 1.9 3.7 3.4 
20:3(n-9) 3.5 1.5 
20:3(n-6) 0.7 0.6 
20:4(n-6) 21.4 20.7 19.5 19.1 17.5 17.4 
22:3(n-9) 1.6 0.7 
22:4(n-6) 7.3 6.0 7.9 6.3 6.9 5.9 
22:5(n-6) 2.8 3.2 4.5 3.8 2.8 2.7 
22:6(n-3) 25.7 24.8 23.9 22.3 25.7 26.1 

aValues are mean p0rcentages from three brain preparations. Variations did not exceed 
10% of the peak area. See text for details of experimental procedure. C = control diet, and 
D = deficient diet. 

TABLE II 

Acyl Group Composition of Ethanolamine Phosphoglycerides in 
Microsomal Fraction of Mouse Brain during Essential Fatty Acid Deficiency 

(21 Days of Age) and at 10 and 40 Days after Dietary Reversal a 

21 Days 10 Days reversal 40 Days reversal 

Fatty acids C D C D C D 

Percentage, wt 

16:0 10.2 5.8 12,9 13.5 7.4 7.7 
18:0 24.7 23.4 23.1 24.7 26.4 27.5 
18:1 7.1 6.8 6.5 6,5 10.2 10 .0  
20:1 0.7 1.1 1.1 0,7 2.6 2.2 
20:3(n-9) 3.6 1,3 
20:4(n-6) 17.7 17.7 15.8 17,4 14.5 14.3 
22:3(n-9) 1.4 0.4 
22:4(n-6) 8.3 6.1 6.1 5.4 5.4 4.8 
22:5(n-6) 3.0 3.6 5.1 4.5 3,7 3.1 
22:6(n-3) 28.0 28.8 29.2 27.5 30.0 30.6 

aValues are mean percentages from three brain preparations. C = control diet, and D = 
deficient diet. 

and puri f ied myel in  f ract ions  has been  assessed 
previously  (11). The p rocedure  for  isolating 
subcellular  m e m b r a n e  f rac t ions  was fo l lowed 
closely in each e x p e r i m e n t  in order  to  ob ta in  
good reproduc ib i l i ty  in lipid analysis. 

Analysis of Lipids from Brain Subcellular Fractions 

The m e m b r a n o u s  pellet  f rom each subcellu-  
lar f rac t ion  was fu r the r  suspended  in 7 ml 
water ,  and  to ta l  l ipids were ex t r ac t ed  by 
ch lo ro fo rm-me thano l ,  2:1 (v/v). A small por-  
t ion  o f  the  to ta l  l ipid ex t rac t  was applied to  a 
th in  layer  plate which  was coa ted  wi th  Silica 
Gel G suspended  in 0.01 M Na2CO 3 (Brink- 

m a n n  I n s t r u m e n t ,  Wes tbury ,  N.Y.).  Individual  
phospho l ip ids  were  separa ted  by react ional  two  
d imensional  th in  layer  c h r o m a t o g r a p h y  (TLC) 
(12) wi th  mod i f i ed  solvent  sys t em fo r  the  
second  d imens ion  (13). Af te r  solvent  develop-  
ment ,  l ipid spots  were  visualized by  spraying 
the  th in  layer  plates wi th  2 ' ,7 ' -d ich lorof loures -  
cein in e thano l  (Appl ied  Science Labora to ry ,  
State  College, Pa.). The phospho l ip id  spots  
were scraped f rom the  th in  layer  plates in to  
individual  tes t  t ubes .  They were  fu r the r  sub- 
j ec ted  to  alkaline methanolys i s  for  conver t ing  
the  acyl groups  to  f a t ty  acid me t h y l  esters (14). 
Analysis o f  fa t ty  acid me thy l  esters  was 
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TABLE III 

Acyl Group Composition of Ethanolamine Phosphoglycerides in 
Myelin Fraction Isolated from Mouse Brain during Essential Fatty Acid Deficiency 

(21 Days of Age) and at 10 and 40 Days after Dietary Reversal a 

21 Days 10 Days reversal 40 Days reversal 
Fatty acids C D C D C D 

Percentage, wt 
16:0 7.2 8.0 5.4 5.7 5.2 5.1 
18:0 13.1 12.9 14.0 16.3 13.6 13.8 
1 8  : 1 26.1 27.9 25.4 26.4 34.2 32.8 
20:0 3.5 2.7 
20:1 9.5 9.8 11.3 10.3 17.1 15.8 
20:3(n-9) 3.8 1.8 
20:3(n-6) 2.3 1.2 
20:4(n-6) 14.0 9.3 13.9 13.3 14.1 14.7 
22:3(n-9) 2.9 1.6 
22:4(n-6) 11.7 7.4 14.0 11.5 7.6 8.4 
22:S(n-6) 1.3 1.5 1.8 1.4 1.1 1.I 
22:6(n-3) 10.5 11.2 12.1 11.8 7.2 8.4 

aValues are mean percentages from three brain preparations. C = control diet, and D = 
deficient diet. 

achieved by gas liquid chromatography (GLC) 
with dual 6 ft columns packed with ethylene 
glycol succinate methyl silicone copolymer on 
Gas Chrom-P (Applied Science Laboratory). 
The conditions for analysis of  fatty acid methyl 
esters by a Hewlett Packard Research GLC were 
described previously (8). Integration of peak 
areas was done by means of a Hewlett Packard 
digital integrator. Repeated analysis of the same 
sample showed good reproducibility with varia- 
tions less than 5% of the peak area. Some 
variations did arise due to reliability in subcellu- 
lar fractionation, but such errors were always 
within 10% of the peak area. 

RESULTS 

Newborn mice from mothers fed a fat-defi- 
cient diet during the latter part of pregnancy 
were lower in brain and body wt when com- 
pared to controls from mothers fed a normal 
diet (Fig. 1). Other clinical symptoms indicat- 
ing EFA deficiency, such as scaling of  the skin 
and increased water consumption were already 
evident in the deficient group even at this early 
age. However, when the young mice were 
switched to a supplemented diet containing 
corn oil, their body growth was accelerated. 
Within 40 days after dietary supplement, the 
deficient mice had matched or exceeded slight- 
ly the control group in body wt. 

When the newborns were fed a fat-deficient 
diet until weaning time, 5-7% of 20:3(n-9)and 
22:3(n-9) was found in the ethanolamine phos- 
phoglycerides in brain (Tables MID. The actual 
proportion of the (n-9) acyl groups varied 
slightly with individual phosphoglycerides and 

subcellular fractions. In general, the ratio of 
20:3(n-9) to 22:3(n-9) was ca. 2:1 (Fig. 2). 
When the fat-deficient diet was initiated to the 
weanlings and was maintained for a period of  3 
months, there was 5-8% of  20:3(n-9) in the 
ethanolamine phosphoglycerides (Fig. 3). Fur- 
ther analysis of the acyl group composition of 
the two types of  ethanolamine phosphoglyc- 
erides revealed that the percent of  20:3(n-9) 
was higher in alkenylacyl-glycerophosphoryl- 
ethanolamine (GPE) than in diacyl-GPE (Fig. 
3). On the other hand, the proportions of  
20:3(n-9) in diacyl-GPE and diacyl-glycero- 
phosphorylserine (GPS) was relatively low (less 
than 2% of the total) (Fig. 4). In the phospho- 
glycerides from this group of  mice, we also have 
observed a general increase in the percent of 
oleic acid (18:1 (n-9)) (Tables IV-VI). 

Brain recovery from EFA deficiency by 
switching the animals to a diet supplemented 
with corn oil showed a decrease in the percent 
of  20: 3(n-9) and 22: 3(n-9) in the phosphoglyc- 
erides of brain subcellular fractions. In the 
group I mice, the proportions of 20:3(n-9) and 
22:3(n-9) in brain subcelhilar fractions de- 
creased by ca. one-half within 10 days after the 
dietary reversal (Tables I-III). In fact, we did 
not find any appreciable amount of the (n-9) 
PUFA fatty acids in the brain subcellular 
fractions when analysis was made at 40 days 
after dietary supplementation (Fig. 2). 

There were also obvious age-related changes 
in acyl group composition of  brain phospho- 
glycerides during the early developmental pe- 
riod. Therefore, for proper comparison of  
results with samples in the first group, the 
deficient mice were properly matched with 
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FIG. 2. The proportion of 20:3(n-9) and 22:3(n-9) in ethanolamine phosphoglycerides from synaptosome- 
rich, microsome, and myelin fractions during essential fatty acid deficiency and at 10 and 40 days after dietary 
reversal. The fatty acid deficient diet was initiated prenatally up to 21 days of age. m = 22:3(n-9) and m = 
20:3(n-9). 
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FIG. 3. The proportion of 20:3(n-9) in individual phosphoglycerides of the synaptosome-rich fraction in 
mature mouse brain (4 months of age) during essential fatty acid deficiency and at 1, 3, and 5 weeks after 
dietary reversal. Results are the mean percentages of acyl group composition from 3 samples. 

controls  of  the  same age. During deve lopment ,  
there  was an increase in the  propor t ions  of  18:1 
and 20:1 and a decrease in 20:4(n-6)  in most  
phosphoglycer ides  (Tables I-III). Acyl  group 
changes during deve lopment  were especially 
evident  wi th  the  e thano lamine  phosphoglyc-  
erides in the myel in  f rac t ion (Table III). 

When the  mature  mice which  had been  fed a 
deficient  diet for  3 months  and were subse- 
quen t ly  switched to  a cont ro l  diet supple- 
m e n t e d  wi th  corn oil, decreasing percent  o f  
(n-9) P U F A  fa t ty  acids also was observed 
during the  reversal. However ,  the  rate o f  dNap- 
pearance of  20:3(n-9)  in the  mature  brain was 
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FIG. 4. The proportion of 20:3(n-9) in diacyl-glycerophosphorylethanolamine and alkenylacyl-glycerophos- 
,)horylethanolamine in different subcellular fractions during essential fatty acid deficiency and at 1, 3, and 5 
weeks after dietary reversal. Results are the mean percentages of acyl group composition from 3 samples. 

TABLE IV 

Acyl Group Composition of Diacyl-Glycerophosphorylethanolamine (GPE) and Alkenylacyl-GPE in 
Myelin Fraction of Mouse Brain during Essential Fatty Acid Deficiency 

(4 Months of Age) and at 1, 3, and 5 Weeks during Recovery a 

Diacyl-GPE Alkenylacyl-GPE 

Fatty acids C D 1R 3R 5R C D 1R 3R 5R 

Percentage, wt 

16:0 8.0 7.8 7.2 9.1 9.1 2.7 2.0 2.8 2.7 1.8 
18:0 31.5 29.8 30.6 30.1 32.7 1.6 0.9 1.6 2.4 1.1 
18:1 23.4 27.7 30.3 25.5 20.6 34.9 41.0 39.1 34.9 32.6 
20:1 4.2 5.1 6.8 4.5 3.8 20.2 20.4 23.2 19.4 19.0 
20:3(n-9) 4.6 3.2 2.5 1.6 7.5 5.5 6.7 4.0 
20:4(n-6) 14.8 11.6 8.5 12.0 14.t 16.0 9.3 7.2 9.7 13.2 
22:3(n-9) 1.3 1.6 1.3 0.8 3.5 4.0 4.5 3.5 
22:4(n-6) 4.6 2.2 2.9 3.4 3.8 12.4 6.3 8.8 9.6 12.0 
22:5(n-6) 1.4 0.7 1.1 2.0 1.6 2.0 2.2 1.1 1.3 
22:6(n-3) 11.2 9.'/ 8.4 9.8 12.8 9.3 7.1 7.2 9.2 11.5 

aValues are mean percentages from 3 samples except for the controls (C) which are means from 6-9 samples. 
The variation in results did not exceed 10% of the peak area. C = control diet, D = deficient diet, and R = rever- 
sal from deficient diet to control diet. 

s lower  t h a n  t h a t  obse rved  in the  first  g roup .  
T h e  rate  o f  d i sappea rance  o f  2 0 : 3 ( n - 9 )  also 
varied wi th  ind iv idua l  p h o s p h o g l y c e f i d e s  and  
subceUular  f rac t ions .  At  3 weeks  a f te r  the  

d ie ta ry  reversal ,  t he  p r o p o r t i o n  o f  2 0 : 3 ( n - 9 ) i n  
d i a c y l - g l y c e r o p h o s p h o r y l c h o l i n e  (GPC) had  
b e c o m e  negligible,  b u t  a s igni f icant  p r o p o r t i o n  
o f  20 ;3 (n -9 )  was still p r e sen t  in the  d iacyl -GPE 
and  a lkeny lacy l -GPE,  especia l ly  in  t h e  m y e l i n  
f r ac t ion  (Table  IV). F u r t h e r m o r e ,  the  decrease  
in pe rcen t  o f  2 0 :3 (n -9 )  was usua l ly  fas te r  in the  

d iacyl -GPE t h a n  the  a lkeny lacy l -GPE.  
The  d i a c y l - g l y c e r o p h o s p h o r y l i n o s i t o l  (GPI) 

of  the  s y n a p t o s o m e - r i c h  f r ac t ion  n o r m a l l y  con-  
t a ined  a h igh  p r o p o r t i o n  o f  20 :4 (n -6 ) .  However ,  
the  decrease in pe r c e n t  of  20 :4 (n -6 ) ,  as well  as 
the  increase  in 20 :3 (n -9 ) ,  in the  diacyl-GPI dur-  
ing E F A  def ic iency  was no t  as ex tens ive  as t hose  
obse rved  wi th  o t h e r  p h o s p h o g l y c e r i d e s ,  s u c h  as 
t h e  d iacyl -GPE (Fig. 4). On  t h e  o t h e r  h a n d ,  we 
have  obse rved  a rap id  decrease  in the  p ropor -  
t i on  o f  20 :3 (n -9 )  in  d iacyl -GPI  a f te r  d ie ta ry  
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TABLE V 

Acyl Group Composi t ion o f  Diacyl-Glycerophosphoryle thanolamine (GPE) and Alkenylacyl-GPE in 
Synaptosome-Rich  Fraction Of Mouse Brain during Essential Fa t ty  Acid Deficiency 

(4 Months  of  Age) and at 1, 3, and 5 Weeks during Recovery 

371  

Diacyl-GPE Alkenylacyl-GPE 

Fat ty  acids C D 1R 3R 5R C D IR 3R 5R 

Percentage, wt  

16:0 9.1 9.3 8.3 9.6 9.5 5.1 3.0 3.6 4.1 6.1 
18:0 35.9 33.9 34.5 33.0 37.4 3.8 2.7 3.9 1.9 2.4 
18:1 11.7 11.5 14.9 12.9 12.1 14.6 16.9 18.6 15.2 14.3 
20:1 4.7 6.2 5.8 5.1 3.6 
20:3(n-9)  5.0 3.1 1.9 5.9 5.4 4.2 1.7 
20:4(n-6) 14.2 10.8 11.8 13.7 13.4 18.6 12.4 13.2 15.3 17.6 
22:3(n-9) 0.8 0.8 2.2 3.0 2.7 
22:4(n-6) 3.8 3.5 2.6 2.9 3.0 13.3 7.7 8.7 10.9 12.2 
22:5(n-6)  2.8 2.0 1.2 2.1 2.7 3.1 1.7 2.3 2.6 3.2 
22:6(n-3) 22.5 25.5 22.0 23.3 21.4 36.7 41.4 35.5 37.0 38.4 

aValues are mean percentages f rom 
The variation in results did not  exceed 
sal f rom deficient diet to control  diet. 

3 samples except  for the controls (C) which are means  f rom 6-9 samples. 
10% of  the peak area. C = control  diet, D = deficient diet, and R = rever- 

TABLE VI 

Acyl Group Composi t ion of  Diacyl-Glycerophosphoryle thanolamine (GPE) and Alkenylacyl-GPE in 
Microsomal Fraction o f  Mouse Brain during Essential Fat ty  Acid Deficiency 

(4 Months  of  Age) and at 1, 3, and 5 Weeks during Recovery  

Diacyl-GPE Alkenylacyl-GPE 

Fat ty  acids C D 1R a 3R 5R C D 1R a 3R 

Percentage, wt  

16:0 9.3 10.9 9.0 8.7 10.0 4.2 3.8 6.4 2.9 
18:0 34.9 33.1 32.0 34.1 33.9 2.6 3.1 6.4 2.1 
18:1 11.3 12.9 I2 .6  10.3 13.1 11.9 16.9 12.8 10.7 
20:1 0.8 0.9 1.0 6.2 6.9 6.1 6.3 
20:3(n-9)  4.2 2.8 1.3 4.7 2.4 1.9 
20:4(n-6) 12.6 9.6 10.6 11.5 10.6 14.5 11.9 11.1 15.2 
22:3(n-9)  0.8 1.7 1.7 1.6 
22:4(n-6) 3.0 2.0 2.9 3.6 3.2 9.8 7.3 7.4 9.1 
22:5(n-6) 2.0 1.2 2.3 2.8 3.5 2.6 1.5 3.3 3.3 
22:6(n-3) 26.6 25.4 27.1 27.1 25.8 48.1 43.1 42.7 45.0 

aMean values were obtained f rom two samples 
reversal f rom deficient diet to control  diet. 

r eve r sa l  (F ig .  4) .  

DISCUSSION 

T h e  m a i n  o b j e c t  f o r  c o n d u c t i n g  t h e  p r e s e n t  
e x p e r i m e n t  w a s  t o  m a k e  u s e  o f  t h e  2 0 : 3 ( n - 9 )  
a n d  2 2 : 3 ( n - 9 )  f a t t y  ac ids  s y n t h e s i z e d  d u r i n g  
E F A  d e f i c i e n c y  as a m a r k e r  f o r  s t u d y i n g  t h e  
m e t a b o l i s m  o f  l o n g  c h a i n  P U F A  in  b r a i n  
s u b c e l l u i a r  f r a c t i o n s .  In  p r e v i o u s  e x p e r i m e n t s ,  
we  h a v e  s t u d i e d  t h e  m e t a b o l i s m  o f  p h o s p h o -  
g l y c e r i d e s  i n  b r a i n  s u b c e l l u l a r  f r a c t i o n s  a f t e r  
i n t r a c e r e b r a l  i n j e c t i o n s  o f  l a b e l e d  p a l m i t a t e  a n d  
o l e a t e  ( 1 3 , 1 5 ) .  R e s u l t s  o f  t h e  e x p e r i m e n t s  w i t h  
l a b e l e d  p r e c u r s o r s  i n d i c a t e d  a n  e q u i l i b r a t i o n  o f  
r a d i o a c t i v i t y  o f  t h e  b r a i n  p h o s p h o g l y c e r i d e s  
a m o n g  t h e  s u b c e l l u l a r  f r a c t i o n s .  A l t h o u g h  

only. C = control  diet, D = deficient diet, and R = 

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

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

f r a c t i o n s  r e q u i r e d  a l o n g e r  p e r i o d  o f  7 - 1 4  d a y s .  
D u e  t o  t h e  s l o w  r a t e  o f  e q u i l i b r a t i o n  o f  r a d i o -  
a c t i v i t y ,  t h e  t u r n o v e r  o f  m y e l i n  l i p id s  c o u l d  
n o t  be  s t u d i e d  b y  t h e  p u l s e  l a b e l i n g  m e t h o d .  

A l t h o u g h  t h e  2 0 : 3 ( n - 9 )  a n d  2 2 : 3 ( n - 9 )  f a t t y  
a c i d s  p r e s e n t  in  b r a i n  d u r i n g  E F A  d e f i c i e n c y  
o c c u r r e d  i n  all o f  t h e  s u b c e l l u l a r  f r a c t i o n s ,  a 

g r e a t e r  p o r t i o n  o f  t h e m  w a s  f o u n d  in  t h e  t w o  
m a j o r  t y p e s  o f  e t h a n o l a m i n e  p h o s p h o g l y c -  
e r ides .  S ince  t h e  m y e l i n  m e m b r a n e s  a re  r i ch  in  
a l k e n y l a c y l - G P E ,  we  a l so  h a v e  o b s e r v e d  a 

m a r k e d  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  ( n - 9 )  
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TABLE VII 

Ratios of 20:3(n-9)/20:4(n-6) in Phosphoglycerides of Mouse Brain Subcellular Fractions 
during Essential Fatty Acid Deficiency (4 Months of Age) and at 1, 3, and 5 W e e k s  

after Dietary Reversal a 

Subcellular Weeks after 
fractibns dietary reversal Diacyi-GPC Alkenylacyl-GPE Diacyl-GPE 

Synaptosomes 0 0.35 0.48 0.46 
1 0.17 0.41 0.26 
3 0 0.27 0.14 
5 0 0 . 1 0  0 

0 0 . 3 6  0 . 3 9  0.44 
1 0.12 0.22 0.26 
3 0 0.13 0.11 
5 0 0 0 

0 0.30 0.81 0.40 
1 0.17 0.76 0 . 3 8  
3 0 0 . 6 9  0 .21  
5 0 0 . 3 0  0 .11  

Microsomes 

Myelin 

aThe ratios were derived from data in Tables IV-VI. GPE = glycerophosphorylethanol- 
amine, GPC = glycerophosphorylcholine. 

PUFA in the myelin during EFA deficiency 
(Table IV). 

When the fat-deficient mice were switched 
to a control diet supplemented with corn oil, 
they readily recovered from the deficiency as 
indicated by the acceleration in body wt gain 
and the disappearance of the (n-9) PUFA in the 
phosphoglycerides among body organs. In 
1971, White, et al., (10) also reported complete 
rehabilitation of body size of rat upon switch- 
ing to the supplemented diet. In their study, 
brain recovery with respect to dietary reversal 
was not  studied as a function of time. The 
percent of (n-9) PUFA present in the mature 
brain also decreased upon dietary reversal but 
seemingly at a slower rate than the developing 
brain. In the group of fat-deficient young mice 
given a supplemented diet after weaning, the 
proportions of 20:3(n-9) and 22:3(n-9) de- 
creased by half within 10 days after dietary 
reversal (Fig. 2). During the rapid brain devel- 
opment,  a measurement of the decrease of (n-9) 
PUFA in the myelin fraction was complicated 
by the amount of myelin synthesized between 
21-60 days. According to the data, Norton and 
Poduslo obtained on the rats (16), this period 
may have accounted for an increase of ca. 30% 
of the adult myelin sheath. Therefore, we have 
used this factor for making a correction in 
determining the half-life of the myelin lipids. 
With this correction, the estimated half-life for 
the (n-9) PUFA of ethanolamine phosphoglyc- 
erides in myehn is 10-15 days. On the other 
hand, the (n-9) PUFA of ethanolamine phos- 
phoglycerides in the microsomal and synapto- 
somal fractions showed shorter half-lives of 3 
and 10 days, respectively, without accounting 
for the rate of synthesis. 

In the second group of mice, i.e. mice were 
induced EFA deficiency at weaning for a period 
of 3 months, results indicate that  the rate of 
disappearance of (n-9) fatty acids in the brain 
phosphoglycerides is slower than that observed 
in the young mouse brain. There is also a 
difference in turnover rate of acyl groups of the 
diacyl-GPE and alkenyl-acyl-GPE. The half-lives 
estimated for 20:3(n-9) of diacyl-GPE and 
alkenylacyl-GPE in the synaptosomal fractions 
are 10 and 28 days, respectively. The half-lives 
for diacyl-GPE and alkenylacyl-GPE in the 
myelin fraction are 22 and 35-40 days, respec- 
tively. In the microsomal fraction, a half-life of 
8-10 days is estimated for the turnover of 
20:3(n-9) in both diacyl-GPE and alkenylacyl- 
GPE. 

I n  T a b l e  V I I ,  t h e  r a t i o s  o f  
20:3(n-9)/20:4(n-6) of the three major phos- 
phoglycerides are expressed as a function of 
t ime during brain recovery from EFA defi- 
ciency. Holman (17) had initiated the use of 
this ratio to denote the degree of deficiency in 
tissue lipids during EFA deficiency. It is shown 
in this table that the deficient index was small 
in the case of diacyl-GPC. This is expected, 
because the diacyl-GPC in brain normally con- 
tains only a small proportion of the PUFA (14). 
During dietary reversal, the disappearance of 
20:3(n-9) is related also to an increase in the 
proportion of 20:4(n-6), thus causing a rapid 
decrease of the ratio. Data in Table VII further 
demonstrates that the decrease of ratios with 
time was in the general order: microsomes > 
synaptosomes > mylein. Results from the pres- 
ent experiments are in good agreement with 
those from the intracerebral injection of labeled 
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f a t t y  acid p recursors  (13 ,15) .  Di f fe rences  in 
t u r n o v e r  o f  b ra in  p h o s p h o g l y c e r i d e s  at  a subcel -  
lu lar  level have b e e n  r e p o r t e d  also b y  in jec t ing  
14C-ace ta te  i n t r a p e r i t o n e a l l y  i n t o  deve lop ing  
ra ts  (18) .  In  a p rev ious  s t u d y ,  Mead and  
D h o p e s h w a r k a r  (19)  e x a m i n e d  t he  m e t a b o l i s m  
of  f a t t y  acids in  b ra in  b y  feeding  t he  ra ts  
labeled  f a t t y  acids. The i r  resul t s  i nd i ca t ed  t h a t  
t he  f a t t y  acids are i n c o r p o r a t e d  act ively  i n t o  
t he  b ra in  p h o s p h o g l y c e r i d e s  w i t h  cons iderab le  
" t u r n o v e r . "  

One  o t h e r  p o i n t  o f  i n t e r e s t  conce rns  t h e  acyl  
g roup  changes  in d iacyl -GPI  du r ing  E F A  defi-  
c i ency  and  i ts  r e cove ry  a f t e r  d i e t a ry  s u p p l e m e n -  
t a t i on .  In spi te  of  the  fact  t h a t  the  d iacyl -GPI  in 
b ra in  is k n o w n  to  c o n t a i n  a h igh  p r o p o r t i o n  o f  
2 0 : 4 ( n - 6 )  (20) ,  a re la t ively  smal l  p r o p o r t i o n  o f  
2 0 : 3 ( n - 9 )  appea red  in th i s  p h o s p h o g l y c e r i d e  
du r ing  E F A  def ic iency  (Fig. 4). F u r t h e r m o r e ,  
t h e  2 0 : 3 ( n - 9 )  p re sen t  in  d iacyl-GPI  dur ing  E F A  
def ic iency  d i sappeared  more  readi ly  t h a n  t h a t  
in o t h e r  p h o s p h o g l y c e r i d e s  u p o n  d i e t a ry  re- 
versa1. The  fast  t u r n o v e r  o f  d iacyl -GPI  implies  
t h a t  t h e  m e t a b o l i s m  of  th is  p h o s p h o g l y c e r i d e  in  
b r a i n  mus t  be  very  rapid.  A similar  obse rva t ion  
has  b e e n  r e p o r t e d  b y  Smi th  and  Eng  (18)  us ing  
labe led  ace ta te  as precursor .  P r o b a b l y  a h igh  
p r o p o r t i o n  o f  20 :4 (n -6 )  in d iacyl-GPI  is i m p o r -  
t a n t  for  m a i n t a i n i n g  the  phosphog lyce r ide s  in  
an  act ive s ta te .  
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ABSTRACT 

Three major density classes of lipo- 
proteins and a residual protein (d> 1.21) 
were isolated by  ultracentrifugation from 
plasma of fasted, fed normal,  and chgline- 
deficient rats. Lipid extracts werd ob- 
tained from total  plasma and the various 
density classes of  l ipoproteins,  and each 
extract  was examined in detail by thin 
layer and gas chromatographies. The re- 
sults indicated essentially identical com- 
positions of molecular species of phos- 
phat idyl  choline, which suggested their 
rapid equilibration among the different 
plasma l ipoprotein classes. In contrast,  
the molecular species of  the triacyl- 
glycerols and cholesteryl esters showed 
significant differences among the chylo- 
microns, very low and low, and high den- 
sity l ipoproteins,  which excluded the pos- 
sibility of their ready equilibration in 
vivo. Omission of choline from diet re- 
sulted in a sharp and statistically signifi- 
cant decrease in all lipid components  of  
the very low and low density lipoproteins 
within 2 days. After 10 days of  choline 
deficiency, the lipid levels of  chylo- 
microns and very low and low density 
l ipoproteins were ca. one-half the levels 
f o u n d  in  t h e  choline supplemented 
animals, and there were discernible distor- 
tions in their l ipid composit ion.  Reintro- 
duction of  choline led to  a p rompt  return 
to normal levels and lipid composit ion of  
both chylomicron and very low and low 
density l ipoprotein fractions. The lack of 
e q u i l i b r a t i o n  of the triacylglycerols 
among the l ipoprotein classes under nor- 
mal conditions and in choline deficiency 
demonstrates  an as yet  unrecognized 
source of compar tmenta t ion of plasma 
lipids. 

INTRODUCTION 

Deprivation of dietary choline has been 
shown to result in a significant fall in total  plas- 
ma phosphat idyl  choline and triacylglycerols 
(1), cholesteryl esters, and total  phospholipids 
(2,3), as well as in an impairment of secretion 
of plasma lipoproteins by the rat liver (4-6) and 
intestine (7). In addit ion,  omission of dietary 

choline has been observed (8) to lead to a sig- 
nificant increase in hepatic synthesis of  fa t ty  
acids, which is manifested in the formation of 
triacylglycerols of increased content  of palmitic 
acid. The fall in the total  plasma phospholipids 
and cholesteryl esters in choline deficiency has 
been claimed to be due to a specific decrease in 
the molecular species containing arachidonic 
acid (9,10), which has raised the possibility that  
choline-deficient animals might secrete plasma 
lipoproteins of altered lipid composition. 

The following work reports detailed analyses 
of  the molecular species of  giycerolipids in the 
plasma lipoproteins of fasted, fed normal, and 
choline deficient rats. All l ipoproteins showed 
s i m i l a r  molecular  species of phosphat idyl  
choline but differed in those of  triacylglycerols 
a n d  c h o l e s t e r y l  esters. The characteristic 
molecular species of triacylglycerols and choles- 
teryl  esters in the different l ipoprotein classes 
varied with their  origin in vivo but remained 
unaffected by fasting or choline deficiency. 

MATERIALS AND METHODS 

Animals and diets: Male Wistar rats (initial 
wt 150-170 g) were housed in screen-bottomed 
cages, offered food and water ad libitum, and 
subjected routinely to adjustment periods of  
7-10 days on commercial chow followed by 
7-10 days on a choline supplemented (0.6%) 
hypot ipotropic  diet (CS group). The hypolipo-  
tropic diet (11) contained: 15% fat (hydrogen- 
ated fat; Primex, 10%; corn oil 5%; and cod 
liver oil concentrate with vitamin A, D and E, 
0.02%); 15% protein (alcohol-extracted peanut 
meal, 12%; washed soya protein, 8%; and 
vitamin-free casein, 1%); 58.8% carbohydrate 
(corn starch, 10%; dextrin, 10%; and sucrose, 
3 8 . 8 % ) ;  sa l t -mix ture ,  3%; celluflour, 1%; 
sucrose-vitamin mixture,  1%; and cystine, 0.2%. 
For  the choline-deficient group choline was 
omit ted  from the diet after this adjustment 
period, and the feeding continued for 2, 5, and 
10 days (CD-2, CD-5 and CD-10). For  the 
choline recovery group (CR), 10 days deficient 
rats were refed with choline for 5 days. The 
plan for starting the animals on various diets 
was such that  the rats of all 5 groups were final- 
ly killed on the same day in the morning be- 
tween 9-11 a.m. The food intake averaged 
14.6 +- 0.62 and 14.7 +- 0.52 g/rat /day and the 
body wt gain 5.0 +_ 0.48 and 4.9 -+ 0.60 g/rat /  
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TABLE I 

Choline Phospholipids of Plasma Lipoproteins and Residual Proteins a 

375 

Lyso - 
Lecithins Sphingomyelins lecithins Total 

VLDL VLDL Choline 
+ + phospho- 

Groups Chylos b LDL HDL >1.21 Chylos LDL HDL >1.21 P lipids c 

~g P/ml plasma /~g/ml plasma 

CS 1.66 3.19 11.64 0.75 0.45 0.15 1.06 4.82 23.72 593 
CD-2 1.31 2.36 10.31 0.64 0.38 0.12 0.97 5.20 21.24 532 
CD-5 1.11 2.29 9.42 0.65 0.34 0.12 1.32 4.02 19.27 482 
CD-IO 1.00 1.81 6.19 0.59 0.34 0.09 1.11 4.13 15.26 382 
CR 1.28 2.52 7,64 0.67 0.18 0.10 1.19 4.22 17.80 445 

aphospholipids (samples pooled from 4 rats) were separated by thin layer chromatography and phosphorus 
(26) was analyzed. VLDL = very low density, LDL = low density, and HDL = high density lipoproteins; CS = 
choline supplemented; CD = days choline deficient; and CR = choline restored. 

bChylomicrons. 
CTotal phospholipid = P x 25. 

experimental period for the CS and CD groups, 
respectively. 

Isolation o f  lipoproteins: Blood was col- 
lected into a heparinized syringe by aortic ex- 
sanguination under light ether anaesthesia. The 
plasma was obtained by centrifugation (SorvaU, 
RC2-B) at 3000 x average g for 10 min, and 
small aliquots were taken for estimation of  pro- 
tein (12) and total  esterified fatty acids (13) of  
whole plasma. Fresh plasma (5 ml) obtained 
from each rat was separated into 3 l ipoprotein 
f r a c t i o n s :  c h y l o m i c r o n s  ( p l a s m a  a t  
44,680 x average g for 30 min), d< 1.006 + d = 
1.006-1.063 or very low density + low density 
lipoproteins (VLDL + LDL) (100,500 x aver- 
age g for 16 hr), d = 1.063-1.21 or high density 
lipoproteins (HDL) (100,500 x average g for 
22hr) ,  and into residual proteins (d> l .21 )  
using the Spinco (model L. rotor no. 40.3) 
preparative ultracentrifuge (14,15). The lipo- 
protein densities were adjusted by pycnometry 
with appropriate NaC1 and NaBr solutions (16). 
The d < l . 0 0 6  and d = 1.006-1.063 lipoprotein 
fractions were washed (2-3 times) by under- 

laying them in salt solutions of  appropriate den- 
sity and centrifugation for 16 hr and the d = 
1.063-1.21 l ipoprotein fraction was washed 
once by resuspending in d = 1.21 salt solutions 
and centrifugation for 22 hr. 

Lipid analyses: Total lipids of plasma and 
each lipoprotein fraction were extracted and 
purified by the method of  Folch, et al., (17). 
The extracts were taken to dryness under nitro- 
gen at 40 C and made up to volume (5-7 rnl) by 
redissolving the lipid in chloroform-methanol,  
4:1. The individual lipid classes were resolved 
by thin layer chromatography (TLC) and the 
lipids recovered by elution with chloroform- 

methanol, 2:1, as previously described (18). 
Phospholipids were separated in chloroform- 
methanol-acetic acid-water, 150:50:2:6,  which 
carried all neutral lipids to the solvent front as a 
single band. Neutral lipids then were rechro- 
matographed in heptane-isopropyl e ther-acet ic  
acid, 60:40:3. Triacylglycerols were separated 
on basis of  unsaturation by argentation TLC 
with 1-2% methanol in chloroform (15). 

The fatty acids of each lipid class were quan- 
titated by gas liquid chromatography (GLC) 
(19). For this purpose, the free fatty acids were 
methylated with diazomethane (20), as were 
the fatty acids liberated from cholesteryl esters 
by saponification (21). Other lipid ester classes 
were transmethylated with 5% sulfuric acid in 
methanol. Quantitative measurements of the 
neutral lipid classes were made by direct GLC 
as previously described (22), which also pro- 
vided the profiles of the mol wt distribution of  
the diacylglycerols, cholesteryl esters, and tri- 
acytglycerols. 

The molecular species of  the phospho- 
glycerides of  the various l ipoprotein classes 
were assessed as previously described for total 
rat plasma lecithins (23). The molecular species 
of  the triacylglycerols of  the rat plasma lipo- 
proteins were calculated from the results of  the 
combined TLC and GLC analyses as described 
for human milk fat (24). 

Other methods: Protein content of  each 
l ipoprote in  fraction was measured by the 
method of  Lowry, et al., (12). In the final re- 
action mixture for protein determination, 1 ml 
ether was used to remove cloudiness due to the 
presence of  lipids (25). Lipid P of  phospho- 
lipids was determined by the procedure of Daw- 
son (26). Ester bonds of  total  esterified lipids 
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FIG. 1. Composition of neutral lipids and free fatty acids of various density classes of plasma lipoproteins of 
normal and choline-deficient rats. The neutral lipids were estimated by direct gas liquid chromatography (GLC) 
in relation to tridecanoin used as internal standard. The free fatty acids were estimated by GLC following 
diazomethylation. All units are expressed as pg/ml plasma. VLDL = very low density lipoprotein, LDL = low 
density lipoprotein, and HDL = high density lipoprotein. 

and other lipids were measured using a fresh 
solution of alkaline hydroxylamine and ferric 
perchlorate as described by Skidmore and 
Entenman (13). 

R E S U L T S  A N D  D I S C U S S I O N  

Resolution of lipoproteins: Since the plasma 
was obtained from fed animals, extra care was 
necessary to separate chylomicrons from other 
LDL. The chylomicron fraction was, therefore, 
washed and recentrifuged to remove as much as 
possible of the VLDL and other proteins. The 
VLDL and LDL fractions of plasma lipo- 
proteins were collected together. 

In some instances, where a cut-off point of 
d = 1.040 was used (27) instead of d = 1.063 
fraction (28), no significant differences were 
found between the VLDL+ LDL and HDL 
fractions in the triacylglycerol, phospholipid, or 
cholesteryl ester composition. Since the charac- 
terization of the protein moieties of the differ- 
ent lipoprotein fractions was not the objective 
of the present study, further subfractionation, 
washing, and recentrifugation of these fractions 

were discontinued after their lipid composition 
had become stabilized. The recovery of triacyl- 
glycerols and phospholipids as the sum total in 
different lipoproteins was in the range of 
86-95%. The value obtained by us for total 
plasma choline-phospholipids (sum of different 
lipoprotein fractions) was 59.3 mg/100 ml plas- 
ma (Table I), which corresponded to those, ob- 
tained by Narayan, et al., (29) and by Lomardi 
and Ugazio (16), of 58.2 and 61 mg/100 ml 
plasma, respectively. However, the value for tri- 
acylglycerols in different plasma lipoproteins 
obtained by Lombardi, et al., (5) after feeding a 
single meal of purified high-fat and high-carbo- 
h y d r a t e  diet was 4 8 . 5 m g / 1 0 0 m l  plasma, 
whereas we obtained a value of 85 rag/100 ml 
plasma by feeding the same diet for 10 days 
(Fig. 1). Over 90% of the protein was found in 
the residual protein fraction d> 1.21, while the 
other three fractions made up less than 10% of 
the total protein but combined with ca. 90% of 
the total lipid. The chylomicron, VLDL + LDL, 
HDL,  a nd  d > l . 2 1  f r a c t i o n s  contained 
0.03 _+ 0.005, 0.17 -+ 0.016, 0.61 -+ 0.035, and 
37.91 _+ 0.73 mg protein/ml plasma, respective- 
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TABLE II 

Fat ty  Acid Composi t ion of  Lecithin and Lyso-Lecithin (d> l . 21  Fraction) of  
Plasma Lipoproteins and Residual Proteins (% of Total) 

3 7 7  

Animal  groups b 

Lipoproteins a Fat ty  acids CS CD-2 CD-5 CD-10 CR 

Lecithin 14:0 1.1 1.1 1.0 1.0 1.0 
chylomicrons  16: 0 19.6 19.4 18.9 18.7 21.0 

16:1 1.3 1.2 1.1 1.4 1.2 
18:0 16.5 17.2 19.3 19.9 19.4 
18:1 22.4 20.7 20.4 20.3 19.8 
18:2 26.9 26.7 25.2 26.0 25.0 
20:4 c 8.9 10.1 10.0 9.0 9.0 

>20 :4  d 2.2 2.2 2.3 2.3 2.4 

VLDL + LDL 16:0 20:6 21.3 21.0 21.2 22.8 
16:1  1.2 1.1 1 .0  1 .0  1.1 
18:0 19.3 19.6 18.8 19.2 17.5 
18:1 20.1 18.9 18.9 19.8 19.7 
18:2 26.1 26.8 27.8 28.3 27.1 
20:4  c 9.1 8.9 8.9 6.9 8.2 

>20 : 4  d 2.3 2.3 2.2 2.3 2.4 

HDL 16:0 18,9 20.0 19.9 20.0 21.6 
16:1 1.0 0.8 0.8 0.8 0.8 
18:0 17,9 19.0 19.7 17.9 17.4 
18:1 22.5 19.8 19.9 20.2 20.3 
18:2 27,9 27.8 26.1 28.7 27.6 
20:4 c 8.2 9.0 9.7 9.0 8.4 

>20 :4  d 2.3 2.4 2.6 2.4 2.3 

>1.21 16:0 20.5 20.1 20.7 19.0 20.0 
16:1 1.2 1.2 1.2 1.0 1.2 
18:0 18.4 18.4 18,9 18.5 17.6 
18:1 19.7 19.9 18.3 20.2 19.6 
18:2 30.2 30.2 19.9 30.1 30.9 
20:4 c 7.9 8.0 9.1 8.3 8.6 

>20 : 4  d 2.0 2.1 2.0 2.2 2.1 

Lysolecithin 14:0 0.3 0.3 0.4 0.5 O. 3 
>1.21 16:0 41.1 40.4 37.7 36.7 40.1 

16:1 1.2 1.4 0.9 1.0 1.6 
18:0 18.7 20.1 23.7 23.1 18.0 
18:1 18.7 18.8 18.5 20.0 18.4 
18:2 17.2 16.4 15.4 16.5 17.9 
20:4 c 1.3 1.3 1.5 1.2 1.7 

aVLDL = very low density,  LDL = low density,  and HDL = high 
bAs in Table I. 
c20:4 + 20:5 + 22:1. 
d 1 8 : 3 , 2 0 : 1 , 2 2 : 6 .  

densi ty l ipoproteins.  

ly ,  a n d ,  o f  t h e s e ,  o n l y  t h e  V L D L  + L D L  f rac -  
t i o n s  d e c r e a s e d  s i g n i f i c a n t l y  i n  c h o l i n e  de f i -  
c i e n c y  as s h o w n  b e f o r e  (6) .  

Analysis of  neutral lipids: T h e  h i s t o g r a m s  in  
Fig .  1 s h o w  t h a t  t h e  t r i a c y l g l y c e r o l s ,  c h o l e s -  
t e r y l  e s t e r s ,  f r ee  c h o l e s t e r o l ,  a n d  f ree  f a t t y  
a c i d s  a re  all  d e c r e a s e d  i n  t h e  V L D L  + L D L  f rac -  
t i o n s  in  C D - 2  a n d  all t h e s e  d e c r e a s e s  a re  s t a t i s -  
t i c a l l y  s i g n i f i c a n t .  T h e r e  w a s  a f u r t h e r  l o w e r i n g  
o f  t h e s e  l ip id  c l a s ses  w i t h  p r o g r e s s i n g  c h o l i n e  
d e f i c i e n c y  w h i c h  w a s  n o t  e x a m i n e d  s t a t i s t i c a l -  
ly .  T r i a c y l g l y c e r o l s  w e r e  d e c r e a s e d ,  t o  a l e s s e r  
e x t e n t ,  i n  c h y l o m i c r o n s  d u e  t o  c h o l i n e  def i -  
c i e n c y .  B y  t h e  e n d  o f  t h e  t e n t h  d a y  o f  c h o l i n e  
d e f i c i e n c y ;  t h e  l i p id  v a l u e s  w e r e  ca. o n e - h a l f  o f  
t h e  s t a r t i n g  f i gu re s .  O n  r e i n t r o d u c t i o n  o f  

c h o l i n e  i n t o  t h e  d i e t ,  t h e  l i p ids  o f  t h e s e  f rac -  
tions returned t o w a r d  t h e  n o r m a l  leve ls .  T h e s e  

f i n d i n g s  a re  i n  g e n e r a l  a g r e e m e n t  w i t h  t h o s e  re -  
p o r t e d  ea r l i e r  b y  u s  (1 )  a n d  a l so  R o s e n f e l d  a n d  
L a n g  ( 3 0 ) ,  f o r  t o t a l  p l a s m a  t r i a c y l g l y c e r o l s  a n d  

p h o s p h o l i p i d s ,  a n d  R i d o u t ,  e t  al . ,  ( 2 )  f o r  t o t a l  

p l a s m a  c h o l e s t e r o l  e s t e r s  in  e a r l y  c h o l i n e  def i -  

c i e n c y .  

Analysis of  phospholipids? T a b l e  I g ives  t h e  
r e c o v e r i e s  o f  p h o s p h o r u s  in  t h e  v a r i o u s  c h o l i n e  

c o n t a i n i n g  p h o s p h o l i p i d s  i s o l a t e d  f r o m  t h e  p las -  
m a  l i p o p r o t e i n s .  T h e  r e s u l t s  f r o m  t h e  c h o l i n e  

s u p p l e m e n t e d  g r o u p s  a re  s i m i l a r  t o  t h o s e  re-  
p o r t e d  b y  o t h e r s  ( 1 6 , 3 1 )  f o r  f a s t i n g  r a t s ,  e x c e p t  
f o r  t h e  c h y l o m i c r o n  f r a c t i o n ,  w h i c h  is l a rge ly  
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absent from fasting plasma. As a result of 
choline omission from the diet,  there was a 
gradual decrease in the concentrat ion of  these 
p hospholipids in the individual l ipoprotein 
classes, except  for the lysolecithins and sphin- 
gomyelins in the d> l . 21  fraction, which re- 
mained about the same throughout  the experi- 
ment. After  10 days of choline deficiency, the 
to ta l  amount  of choline containing phospho- 
lipids in the plasma was ca. 60% of the control  
values. 

Table II gives the fat ty  acid composi t ion of 
the lecithin and lysolecithin fractions of  the rat 
plasma l ipoproteins as recovered from the 
cho l ine  supplemented and choline-deficient 
animals. The fat ty acid composit ion of the 
lecithins is closely similar in the different lipo- 
protein fractions and resembles that  of  total  rat 
plasma lecithin analyzed by others (20,24), ex- 
cept for a high propor t ion of  oleic acid and a 
lower propor t ion  of arachidonic acid in the 
p resen t  animals. There was no significant 
change in the fat ty  acid composit ion of  the 
leci thins of  any of  the l ipoproteins with 
progressing choline deficiency, except for a 
slight decrease in the propor t ion  of arachidonic 
acid in the VLDL + LDL fraction, which is con- 
slstent with the observat ions of Tinoco, et al., 
(9) and Beare-Rogers (10). 

On direct GLC, the various plasma lecithins 
gave pyrolysis peaks (23) which corresponded 
closely to the tool wt distr ibution seen in the 
to ta l  plasma lecithins of a fasting rat. The com- 
posi t ion of the molecular species of the leci- 
thins from the individual l ipoproteins was, 
therefore,  assumed to be identical to that  pre- 
viously analyzed in great detail for to ta l  rat 
plasma lecithins (24). This interpretat ion of the 
data is in accord with the known extensive 
equilibration of  plasma lecithins among the 
various l ipoprotein classes in other  animal 
species (32,33). 

The fat ty  acid composi t ion of  the lysoleci- 
thins was assessed only for the d> 1.21 fraction. 
Except  for a small decrease in paimitic and an 
increase in stearic acid, there was no other 
change noted in this lipid class with progressing 
choline deficiency. I t  may be noted that  this 
change was reversed upon reintroducing choline 
in the diet of these animals. The presence of 
significant amounts of linoleic acid in the lyso- 
lecithin is unusual in view of the relative ab- 
sence of  this acid from the 1 posit ion of diacyl- 
glycerophosphorylcholine.  

Table III gives the fat ty  acid composi t ion of 
the lipid classes of plasma l ipoproteins at differ- 
ent  stages of chohne deficiency. The fat ty  acids 
of  cholesteryl esters, triacylglycerols, and free 
fat ty  acids of  chylomicrons reflect the composi- 
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t ion of dietary fat and undergo little change 
during the course of the experiment .  The fat ty  
acids of  the cholesteryl esters in VLDL + LDL 
are notably different from those of the chylo- 
microns and exhibit  an increased content  of  
arachidonic acid, which is accommodated  large- 
ly at the expense of  the oleic acid. The choles- 
teryl  esters of the HDL and d> 1.21 fractions 
contain even larger proport ions of arachidonlc 
acid, while the HDL also may contain more 
linoleic acid than the d> 1.21 fraction. There is 
a significant decrease in cholesteryl arachi- 
donate in these fractions during choline defi- 
ciency. It has been suggested (34) that the cho- 
lesteryl esters of  the VLDL + LDL fractions 
may be derived by synthesis in the liver, and 
the present data are consistent with this possi- 
bility. On the other hand, the fat ty  acid com- 
posi t ion of  the cholesteryl esters of the HDL 
fraction is consistent with their  origin by  vascu- 
lar biosynthesis via lecithin-cholesterol acyl- 
transferase (35). Choline deficiency had litt le 
effect upon the composit ion of  this ester frac- 
tion. The distinct populat ions of  the cholesteryl 
esters found in these l ipoproteins suggest that  
this lipid class does not  part icipate in an equili- 
brat ion,  although a net transfer of cholesteryl 
es te rs  among l ipoprotein classes has been 
demonstrated in vitro (36). 

The fat ty acid composi t ion of the triacyl- 
glycerols of the VLDL + LDL fractions differs 
from that  of chylomicrons by  having a signifi- 
cantly higher propor t ion  of palmitic and lower 
arachidonic acid content.  These triacylglycerols 
apparently originate in the liver and do not  
equilibrate with those of chylomicrons,  which 
retain their resemblance to  the dietary fat. The 
HDL and d> 1.21 fractions contain only small 
amounts of triacylglycerols,  which also are 
characterized by  high oropor t ion  of palmitic 
(HDL) and stearic (d>1.21)  acids. The d > l . 2 1  
density class contains a significantly lower pro- 
por t ion of  oleic acid than the triacylglycerols of 
any of the other l ipoprotein classes. Obviously, 
the triacylglycerols of  the other l ipoprotein 
classes also were not  equilibrated readily. There 
were no significant changes in the fat ty  acid 
composit ion of  any of these triacylglycerols 
with progressing choline deficiency. 

The composit ion of  the free fat ty  acid frac- 
t ion also showed minor differences among the 
various l ipoprotein classes and remained rela- 
tively stable during the course of the experi- 
mentation.  

Neutral lipid profiles: The GLC elution pat- 
terns of the neutral lipids (results not  shown) 
confirmed the rather unique cholesteryl ester 
and triacylglycerol populat ions in each lipo- 
protein class in bo th  control  and in choline- 
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�9 ". deficient animals, as suggested above on the 
basis of fatty acid analysis. The apparent lack 
of equilibrium of esterified cholesterol among 

o different plasma lipoproteins as demonstrated 
"~ in the present study agrees with the results of 
tt~ 

p r e v i o u s  w o r k  w i t h  radioactive markers 
(32,37). 

Table IV gives the mol wt distribution for 
.~ the triacylglycerols of the chylomicron and 
- VLDL + LDL fractions as obtained by GLC of 
o the other experimental samples, the dietary fat 

and the normal and choline-deficient rat liver. 
From these data and from the fatty acid com- 

e 
position given in Table IV, it can be seen that  
the triacylglycerols of  all the chylomicrons are 
made up largely of combinations of two C16 
and one C18 acid (C50) , two C 18 and one C16 
(Cs2), as well as shorter (C48) and longer (Cs4) 
combinations of the common C16 and C18 
acids. This triacylglycerol profile is character- 
istic of  the bulk of the fat present in the puri- 

~" fied diet, which these animals were receiving. 
The triacylglycerols of VLDL + LDL frac- 

�9 ~ t ion exhibited a mol wt profile characteristic of 
total  rat liver triacylglycerols, which are made 

'~ up largely of combinations of one C] 6 and two 
C18 (C52) , as well as two C16 and one C18 

,= (C50) and three C]8 (C54) acids. There was 
e~  
r. little change in the pattern of the triacyl- 
..= glycerols of plasma VLDL + LDL as a result of  
-= the omission of choline from the diet, despite r  

' :  dramatic changes in the pattern of total liver 
~: triacylglycerols, due largely to the large increase 
�9 ~- in the proportion of palmitic acid (8). Appar- 

ently little of  the palmitic acid-rich triacyl- 
glycerols which accumulated in the liver due to 
choline deficiency was released into the plasma. 

= This observation is consistent with the earlier 
'~ demonstrated suppression of release of  the 
8 VLDL + LDL tipoproteins by the rat liver in 
'~ choline deficiency (1,4-6). 
o M o l e c u l a r  s p e c i e s  o f  t r iaey lg lyeero ls :  

Table V shows the distribution of the mol wt of 
the triacylglycerol fractions recovered from the 

. V L D L  + L D L  fractions from fasted and fed 
o ~ rats. Each subclass of triacylglycerols, contain- 
"~m ing 0-6 double bonds, possessed the same mass 
~= ~ proportion and carbon number distribution in 
_~ g the two dietary states. This distribution of the 
g ~  triacylglycerols in the plasma V L D L  + LDL is 

~ consistent with the composition of  the molecu- 
"2 ~ lar species of  the triacylglycerols of total rat 

~ liver as reported by Slakey and Lands (39) and 
i ~  Akesson (40). A similar close correlation was 
~ obtained between the structure of the dietary 

fat and the triacylglycerols of the chylomicrons 
. ~  for the chow-fed animals. Since the triacyl- 
~ -  glycerol composition of  the chylomicrons is 

o 
,~ very different from that of  the V L D L  + L D L ,  it 
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LIPOPROTEINS IN CHOLINE DEFICIENCY 

TABLE V 

Molecular Species of Triacylglycerols of Very Low Density + Low Density Lipoproteins of 
Fasted and Fed Rats 

381 

Metabolic state Metabolic state 

Molecular species a Fasted b Fed Molecular species Fasted b Fed 

Area % 

Monoenes (001) 18.9 13.9 Tetraenes (112) 5.6 4.3 
48 4.0 3.7 48 2.0 trace 
50 27.1 31.3 50 19.9 20.7 
52 61.1 56~3 52 67.2 75.3 
54 4.3 7.5 54 10.1 3.8 
56 3.3 0.9 56 0.6 trace 

Dienes (011) 28.8 22.7 Tetraenes (022) 2.9 9.8 
48 0.3 0.1 48 
50 9.7 7.8 50 28.9 6.0 
52 73.9 82.6 52 44.5 58.9 
54 14.4 9.3 54 26.0 32.2 
56 1.4 trace 56 0.3 1.6 

Dienes (002) 5.2 3.8 Pentaenes (122) 6.9 11.7 
48 2.3 2.3 48 
50 31.5 32.3 50 6.1 trace 
52 58.2 63.1 52 35.5 37.7 
54 7.8 2.1 54 50.0 62.2 
56 56 8.1 trace 

Trienes (012) 12.6 19.6 Polyenes (222,024) 18.5 13.8 
50 2.0 1.2 52 12.1 0.9 
52 79.8 89.9 54 58.9 69.6 
54 15.8 8.7 56 24.7 29.3 
56 2.2 58 4.0 trace 

aAs obtained by gas liquid chromatography of the triacylglycerols of different degrees of unsatura- 
tion recovered from argentation thin layer chromatography, see text. 

bFasted for 18 hr. 

m u s t  be  c o n c l u d e d  t h a t  these  l i p o p r o t e i n  
classes or ig ina te  at  d i f f e ren t  sites and  t h a t  t he i r  
c o m p o n e n t  t r iacylg lycero ls  do n o t  equ i l ib ra te .  
Previous  s tudies  on  t he  t r ans fe r  of  t r iacyl-  
giycerols  a m o n g  p lasma l i p o p r o t e i n s  have given 
equivoca l  results .  No i n t e r change  o f  labe led  tri-  
o leoylg lycero l  was f o u n d  du r ing  i n c u b a t i o n  of  
i so la ted  h u m a n  p lasma l i pop ro t e in s  (41) .  Injec-  
t i o n  o f  low dens i ty  l i pop r o t e i n s  l abe led  w i t h  
14C-t r iacylg lycerols  i n t o  rabb i t s ,  however ,  led  
t o  an  ca. equal  specif ic  ac t iv i ty  in  t he  LDL and  
HDL f rac t ions  af te r  2 h r  (42) .  Tr iacylg lycero l  
t r ans fe r  to  H D L  also has  b e e n  r e p o r t e d  u p o n  
i n c u b a t i o n  o f  i so la ted  h u m a n  H D L  w i t h  V L D L ,  
egg yo lk  l i p o p r o t e i n ,  or a g lycer ide  emu l s ion  
(43) .  In view of  t he  p re sen t  resul ts ,  i t  w o u l d  be  
r equ i r ed  t h a t  any  s igni f icant  mass exchanges  
u n d e r  in  vivo c o n d i t i o n s  involve  l ike mo lecu l a r  
species.  

Significance of results: T he  p re sen t  s t u d y  
conf i rms  t he  re la t ively  rapid  fall in  p lasma tri-  
acylglycerols ,  l ec i th ins ,  and  cho les te ry l  esters  
obse rved  prev ious ly  d u r i n g  early cho l ine  defi- 
c iency.  This  fall  appea r s  t o  resul t  f r o m  a 
speci f ic  e f fec t  of  d ie ta ry  cho l ine  u p o n  t he  
sec re t ion  or  syn thes i s  of  t he  V L D L  b y  t he  liver. 

The tess dramatic changes in the secretion of 
t h e  c h y l o m i c r o n s  by  t h e  in t e s t ine  may  have re- 
su l t ed  f r o m  an  i m p a i r m e n t  of  t h e  syn thes i s  o f  
t he  LDL b y  t he  in t e s t ina l  mucosa ,  w h i c h  also 
d e p e n d s  u p o n  l ec i th in  b io syn thes i s  f r o m  
chol ine  (7) .  

The great s imi lar i ty  f o u n d  in  t he  lec i th ins  is 
a p p a r e n t l y  due  to  a rapid  equ i l i b ra t ion  of  these  
l ipids a m o n g  t h e  p lasma t i p o p r o t e i n s  (33 ,44) .  
In con t r a s t ,  t h e  cha rac te r i s t i c  composition of  
the  cho le s t e ry l  esters  and  t r iacylg lycero ls  of  t h e  
c h y l o m i c r o n s  and  t he  p lasma V L D L  + LDL and  
H D L ind ica tes  t h a t  t h e r e  is l i t t le  exchange  or  
equ i l i b r a t i on  b e t w e e n  these  l ipids  in  vivo. In 

view of  t he  lack o f  bas ic  u n d e r s t a n d i n g  o f  t h e  
forces  invo lved  in  l ip id  and  p r o t e i n  i n t e r ac t i on ,  
t he  m e c h a n i s m  of  l ipid exchange  a m o n g  l ipo-  
p ro t e in s  m u s t  r e m a i n  at  a d o c u m e n t a r y  stage. 
The  presen t  s tudies  d e m o n s t r a t e  an  as ye t  un-  
r e c o g n i z e d  basis of  c o m p a r t m e n t a t i o n  of  
p lasma lipids. 
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ABSTRACT 

Human brain lipofuscin isolate was 
studied for its puri ty  and physical and 
chemical properties. Purification of the 
impure material was achieved by  gel 
permeation chromatography using Sepha- 
dex LH-20 and BioBeads S-X1 gels. The 
purified lipofuscin polymer represented 
ca. 12% of the starting material with the 
rest of the material being various mixed 
lipids. The mol wt of the purified lipo- 
fuscin was determined to be between 
6000-7000 daltons. IR, UV-visible, NMR, 
and fluorometric spectra were obtained, 
all indicating the fundamental ly lipid 
nature of  lipofuscin. The NMR spectrum 
strongly resembled that  of a typical  long 
chain fat ty  acid. Numbers of fat ty acids 
and several amino acids were present as a 
por t ion of the lipofuscin structure. The 
results obtained suggested that  the brain 
lipofuscin employed in the present s tudy 
consisted mainly of  polymeric lipid and 
phospholipid structures along with amino 
acids either bound to the lipids or as 
included proteins. 

INTRODUCTION 

The terms "l ipofuscin" and "ceroid"  have 
been variously applied t o  a variety of partially 
characterized,  autofluorescent l ipopigments 
found in many animal tissues. Most often these 
pigments are defined simply as yellow-brown, 
lipid-soluble pigments having a fluorescence 
maximum in the region 430-470 nm (1-3). 

Tappel and coworkers (2-9) have studied the 
f l u o r e s c e n t  c h r o m o p h o r e  
R - N = C H - C H = C H = C H - N H - R  which they 
believe to be responsible for the spectral prop- 
erties observed in these pigments. They have 
proposed mechanisms for the formation of  this 
f luorophore in living tissues from various un- 
saturated lipids, malondialdehyde,  and free 
amino groups from amino acids, proteins, and 
nucleic acids. 

There have been previously oniy isolated 
at tempts  at characterizing these l ipopigments 
chemically (2,7,10,11). Part of  the reason for 

this has been, no doubt ,  the lack of  a satisfac- 
tor i ly pure material suitable for analysis. Until 
recently,  the only criteria of  puri ty have been 
the solubili ty characteristics, color, and fluores- 
cence properties~ which do not define these 
pigments adequately.  There are numerous re- 
ports of various lipid moieties, protein, l ipopro- 
teins, enzymes, and even free amino acids being 
associated with the l ipopigments (8,9,12,13). 

A brief review of the current status of 
l ipopigment work has recently appeared (14). 
Siakotos and coworkers (15) have isolated two 
pigments, ceroid and lipofuscin, as apparent ly  
discrete substances based upon centrifugation 
and f lotat ion techniques. In the present work, 
the further purification and characterization of 
lipofuscin isolated by the method of Siakotos, 
et al., (15) is carried out. 

MATERIALS AND METHODS 

Sephadex LH-20 was purchased from Phar- 
macia Fine Chemicals, Piscataway, N.J. Bio- 
Beads S-XI and BioGlas 500 were obtained 
from BioRad Laboratories,  Richmond,  Calif. 
Silica Gel H was purchased from Brinkmann 
Instruments,  Des Plaines, Ill. All solvents used 
were reagent or spectrophotometr ic  grade, and 
lipid standards were purchased from The 
Hormel Insti tute,  Austin, Minn., or were pre- 
pared in our laboratory and checked for puri ty 
by gas liquid and thin layer chromatographies 
(GLC and TLC). 

Purification of Lipofuscin 

A sample of purified lipofuscin isolate (15) 
was moni tored for the presence of  contaminat-  
ing lipids by TLC on 0.75 mm Silicia Gel H 
plates using a solvent system of 80/20 (v/v) 
hexane/diethyl  ether and visualized by spraying 
with dichromate-shlfuric acid spray (16). 

Subsequent purification was accomplished 
by gel fi l tration using a 3 ft long, 1/2 in. 
diameter, all glass column equipped with Teflon 
and stainless steel fittings (Chromatronix,  
Berkeley, Calif.). Samples were injected by 
means of  an all Teflon sample injector.  Sepha- 
dex LH-20 was allowed to  swell overnight in 
chloroform/methanol ,  2:1 v/v (C/M) before 
packing. The column eluent was monitored 
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TABLE I 

Gel Filtration Data for Crude Lipofuscin on Sephadex LH-20 in 
Chloroform/Methanol and BioBeads S-Xl in Chloroform 

Estimated average 
Gel Fraction Kay Percent total tool wt Identity 

Sephadex Colored polymeric 
LH-20 A 0.00 21 > 2,000 polar material 

Sephadex Heterogeneous 
LH-20 B 0.09 56 1,200 a mixture 

Sephadex 
LH-20 C 0.13 --- 900 Triglyceride 
Sephadex 
LH-20 D 0.23 8 450 a Cholesteryl esters 
Sephadex 
LH-20 E 0.41 15 200 a Cholesterol  

BioBeads b Colored polymeric 
S-X 1 A- 1 O. 00 12 10,000 polar material 

BioBeads Colorless polymeric 
S-X l A-2 0.13 9 3,500 polar material 

aSee "Results and Discussion" for explanation. 
bFurther fractionation of fraction A - mol vet > 2,000. 

with a Waters model 401 differential refractom- 
eter. Fractions were collected, and the solvent 
was removed by evaporation with dry nitrogen. 
The fraction having the highest mol wt, which 
eluted first, was then redissolved in chloroform 
and passed through a similarly prepared column 
of BioBeads S-X1 in chloroform. All fractions 
were evaporated and weighed. Approximate 
mol wt were determined using standard lipids 
on the columns. These calibration data are 
oresented elsewhere (17). 

The fractions were labeled as in Table I. All 
fractions were subjected to TLC on Silica Gel H 
and compared with several standard lipid 
classes. These results indicated the presence of  
cholesterol and its esters in fractions D and E 
(Table I). Subsequent analyses were carried out 
for cholesterol by the method of Searcy and 
Bergquist (18) on triplicate samples. The opti- 
cal densities were read against a blank at 490 
nm on a Spectronic 20 spectrophotometer .  

Mol Wt Determinations 

The fraction which excluded from the Bio- 
Beads S-X1 gel (fraction A- l )  and having an 
apparent tool wt greater than 10,000 was 
injected onto a 1-1/2 ft long, 1/2 in. diameter 
all glass column as above which was packed 
with BioGlas 500 in chloroform. This packing 
has a mol wt range of 10,000-100,000 daltons. 
To prevent adsorption (see "Results and Discus- 
sion" concerning pigment adsorption to glass 
and silica gel) of the pigment, the BioGlas 
packing was silylated by being allowed to stand 

overnight in a mixture of chloroform and 
N, O- B i s - ( T r i m  e t hy  lsilyl)-acetarnide (BSA, 
Pierce Chemical Co., Rockford, Ill.). The 
silylated BioGlas was washed several times with 
chloroform before packing the column. The 
packed column also was allowed to wash for 
several lax with chloroform before sample intro- 
duction. The column was calibrated with poly- 
styrene standards (ArRo Laboratories, Joliet, 
Ill.) over the range of 10,000-100,000 daltons. 

A Mechrolab 301A vapor pressure osmom- 
eter was employed as a second method of mol 
wt d e t e r m i n a t i o n .  The instrument was 
equipped with a 37 C nonaqueous probe. The 
solvent, toluene, was allowed to equilibrate in 
the instrument overnight. A solution of fraction 
A-1 in toluene (22.80 mg/ml) was prepared. 
The standard curve was determined using a 
polystyrene standard of 10,300 daltons in the 
concentration range from 0.002-0.02 M. 

For a third tool wt determination, samples 
of fraction A-1 in chloroform and toluene (0.5 
mg/ml) were prepared for a determination of  
the sedimentation velocity with a Beckman 
model E analytical ultracentrifuge. An AN-D 
rotor having a double sector cell and aluminum 
centerpiece with sapphire windows was em- 
ployed. The instrument was run at 40,000 rpm. 
Readouts of optical density were taken at 8 
min intervals with a photoelectric scanner set at 
400 nm. 

Spectral Studies 

Fluorescence spectra of  the pigment were 
determined in chloroform with an Aminco- 
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Bowman spectrophotofluorometer standardized 
with quinine sulfate at a concentration of 1 
vg/ml in 0.1 N sulfuric acid. The slits were 1 / 16 
in. on slits 1, 3, 4, 6. A 1P-28 photomultiplier 
tube was used with sensitivity being set fully 
clockwise. On the 0.003 multiplier scale, the 
quinine sulfate had a fluorescence of 24% T. 
Confirmatory spectra were run in cMoroform 
and C/M on a Hitachi MPF-2A spectrophoto- 
fluorometer. The excitation maximum for all 
spectra was 395 nm. 

UV spectra were determined on fraction A-1 
with a Beckman DB-G UV-visible spectropho- 
tometer. Samples were prepared in chloroform 
and methylene chloride at concentrations of 
0.041 mg/ml and 0.055 mg/ml, respectively. 

IR spectra were obtained as thin film and 
KBr pellets with Perkin-Elmer 700 and Beck- 
man IR-7 IR spectrophotometers. Pellets were 
1% in sample concentration in KBr (IR quality, 
Harshaw Chemical Co., Cleveland, Ohio). 

Proton NMR spectra were obtained on the 
fraction A-1 with Varian HR-220 (220 MHz) 
and HA-100 (100 MHz) NMR spectrometers 
using deuteriocMoroform (99.5%, Bio-Rad) as 
the solvent. 

Degradative Studies 

A 5 mg sample of fraction A-1 was heated 
with methanol containing 4% sulfuric acid in a 
sealed ampoule for 10-12 hr at 80 C. The 
resultant mixture was extracted three times 
with diethyl ether and water. The collected 
ether extracts were washed twice with water. 
All aqueous portions were combined. 

The corresponding lipofuscin methyl esters 
were injected into a Hewlett-Packard 7610A gas 
chromatograph equipped with a 6 ft glass 
column packed with 10% ethylene glycol succi- 
hate on 80-100 mesh Chromosorb W, AW. The 
column temperature was isothermal at 180 C. A 
mixture of known fatty acid methyl esters was 
chromatographed for comparison of carbon 
numbers. 

The aqueous extract from the preparation of 
lipofuscin methyl esters was prepared for amino 
acid analysis by the method of Gehrke and 
Stalling (19) using the N-trifluoroacetyl-n-butyl 
ester derivative~ Amino acid analyses were 
accomplished using a Beckman GC-5 gas chro- 
matograph equipped with a 6 ft glass column 
packed with ethylene glycol adipate (Tabsorb~ 
Regis Chemical, Morton Grove, ILL). The col- 
umn was isothermal at 80 C for 8-12 rnin and 
then programed from 80-210 C over 64 min~ 

Analyses for glyceride esters present in the 
pigment were carried out using the method o:t" 
Erikson and Briggs (20). A tripalmitin standard 
(2 g/liter in isopropanol) was prepared accord- 

FIG. 1. A. Thin layer chromatogram of crude 
lipofuscin and standard lipids. FA = oleic acid, MG = 
monopahnitin, DG = 1,3-dipalmitin, TG = triolein, 
ChE = cholesteryl palmitate, Ch = cholesterol, and F-1 
= crude lipofuscin. B. Thin layer chromatogram of 
lipofuscin fractions and standard lipids. 1 = fraction 
A-l, 2 = fraction A-2, 3 = fraction B, 4 = fraction C, 5 
= fraction D, 6 = fraction E, 7 = cholesteryl stearate, 
and 8 = triolein. 

ing to the procedure. Absorbance at 410 nm 
was read against the blank with a Spectronic 20 
spectrophotometer. The unknown sample, frac- 
t ion A-l ,  was prepared in a concentration of 
1.08 mg/ml. 

RESULTS AND DISCUSSION 

Purification and Mo! Wt 
The heterogeneous nature of the crude 

LIPIDS, VOL. 10, NO. 7 



386 

I 
A 

(20%) 

Lipofuscin 
(Colored) 

Bio-Beads 
S-X1 in 
CHCI3 

I 1 
A-1 A-2 

Colored Colorless 
Polymer Polymer 
(12%) (8%) 

R.D. TAUBOLD, A.N. SIAKOTOS, AND E.G. PERKINS 

J 
B 

Crude Lipofuscin* 1 

I Sephadex 
LH-20 gel 

in c/m 

C D 

(68%) (9%) 

Mixed Lipids, Cholesterol 
Some Polymers Esters 

( 
E 

{3%) 

Cholesterol 

*Percentage values represent the percent each fraction is of the initial crude pigment 
isolate. 

FIG. 2. Separation of lipofuscin components by gel •tration chromatography. 

pigment may be seen in Figure 1A. In addition 
to cholesterol, cholesteryl esters, triglycerides, 
and monoglycerides, one prominent,  highly 
fluorescent, unidentified component at Rf = 
0.45 was present along with the colored pig- 
ment. The latter remained at the origin on the 
thin layer plate. Attempts to identify the 
component at Rf -- 0.45 were unsuccessful. 

The separation of lipofuscin fractions via gel 
chromatography yielded the fractions presented 
in Table I and summarized by the flow chart 
shown in Figure 2. The fraction labeled A was 
passed through the BioBeads S-X1 gel giving the 
fractions designated as A-1 and A-2. Fraction 
A-1 was brown colored; other fractions were 
light yellow in color when concentrated. All 
fractions exhibited some fluorescence under 
UV light. The unknown component  at Rf = 
0.45 appears in fraction B, giving an approxi- 
mation of its mol wt as 1200. The comparison 
of all fractions with known standard lipids (Fig. 
1B) suggested that fractions D and E contained 
cholesterol. The analysis for cholesterol gave 

29.60 _+ 0.29% (mean + standard deviation of 
the mean, 3 determinations) ~or fraction D and 
40.03 + 1.07% cholesterol for fraction E. The 
lower percentage of free cholesterol in D was 
accounted for by the fact that it was mainly in 
the esterified form, whereas fraction E con- 
tained more free cholesterol. 

Attempts to purify the fluorescent pigment 
fraction A-1 further by TLC were unsuccessful 
due to the tendency of the pigment to adsorb 
strongly to silica gel and to glass. The adsorp- 
t ion to glass was noted when an unsilylated 
BioGlas 500 column was tried. The brown 
pigment band stayed at the top of the column 
bed. Elution with 2:1 C/M removed some, but 
not all, of the pigment from the column. On 
thin layer plates, the use of polar solvents either 
produced a continuous streak or else carried the 
entire material with the solvent front. 

Gel permeation chromatography was em- 
ployed successfully to yield separations and 
mol wt estimations. However, there are limita- 
tions to the accuracy of such mol wt values. Gel 
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FIG. 3. Sedimentation velocity run of fraction A-1 in toluene. 

filtration assumes that the calibration standards 
and the unknown sample are of similar molecu- 
lar configuration. Since very high tool wt lipid 
standards are not available, the polystyrene 
standards had to suffice. If the structure of the 
pigment molecules is significantly different 
from these, errors will be introduced. The total 
exclusion of the pigment on BioBeads S-X1 and 
the total permeation on BioGlas 500 led to a 
conclusion that the tool wt of fraction A-1 was 
around I0,000. This conclusion was subject to 
uncertainties caused by the nonlinear behavior 
of gels near their end-limits. It must also be 
noted that gel permeation chromatography is 
not always ideal in that some sorption and 
solvent effects do occur. As an example of this, 
the LH-20 gel column, when packed in pure 
chloroform, failed to yield the separation of 
fractions D and E from fraction C. In the C/M 
solvent system, these fractions separated be- 
cause the more polar cholesterol was retarded, 
as was shown previously by Nystr6m and 
Sj6vall (21). This explained the low apparent 
mol wt of fractions D and E. The fact that 
these two fractions also fluoresced indicated 
that the cholesterol fraction and its esters 
fraction contained other components causing 
the fluorescence. 

The estimated tool wt of the purified pig- 
ment (fraction A-I) as determined by vapor 
pressure osometry was ca. 5900. There were 
still difficulties with these data. The optimum 
concentrations for vapor pressure osmometry 
are 0.01-0.1 M. Lack of adequate amounts of 
pigment resulted in an obtainable concentration 
of 0.002 M. It would have been best to 
determine the accuracy at low concentrations 
by comparing values from 0.001 M and 0.1 M 
polystyrene solutions. However, such concen- 
trated samples were too viscous to use. It is 
useful to note that a standard curve also was 
determined using a polystyrene standard of 
3600 daltons for comparison. This curve gave 

the pigment tool wt as 4200. The previous value 
of 5900 was chosen as the more consistent with 
the gel column results. 

Attempts to obtain information concerning 
the tool wt via analytical ultracentrifugation 
yielded the data shown in Figure 3 which 
depicts the optical scanner trace of a sedimenta- 
t ion velocity determination with toluene as the 
solvent. (The pigment fraction A-1 was found 
to float in chloroform and to sediment in 
toluene. This is in accord With the density 
values obtained by Siakotos, et al. [15].)  For 
unknown reasons, the chloroform solution 
yielded no readable trace, hence the determina- 
tion of V was not possible. The rather unusual 
pattern is most probably evidence that fraction 
A-1 consists of a complex mult icomponent  
mixture. 

Spectral Data 
The fluorescence data obtained in the pres- 

ent study essentially duphcated those of earlier 
investigators (3,7,22) and indicated the general 
similarity of lipofuscin pigments. The fluores- 
cence maximum was found to be at 465 nm 
when excited at 395 nm. A comparison of 
fluorescence intensity of fraction A-1 and the 
combined A-2, B, C, D, and E fractions 
indicated that, on a wt basis, fraction A-1 had 
ca. four times the fluorescence of the combined 
fractions. The fluorescence peak remained at 
465 nm, whether the material was in pure 
chloroform or in C/M demonstrating the lack of 
a solvent effect. In the latter solvent, the 
Raman peak occurred at 450 nm. 

The UV-visible spectra were nearly feature- 
less. A broad rise was observed from 700 nm to 
the solvent cut-off. A small shoulder was 
observed at 244 nm in chloroform just before 
the solvent cut-off. A similar shoulder was 
observed at 232 nm in methylene chloride. 
Both shoulders probably indicate conjugated 
unsaturation. The absorbance values were 0.33 
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TABLE II 

220 MHz Proton NMR Peaks of Fraction A-1 

Approximate proton 
Chemical shift (~), ppm ratio ldentity a 

0.91 5 Te rmina l  CH 3 -  
1.25 21 Chain  - C H  2 -  

1.61,  1.68 ( d o u b l e t )  24 CH_3--CH = CH--  
2 .05 22 --CFI_2--adjacent t o C - C  
3.70 1 CH2 --O 
5.14 5 Olef inic  p ro to n s  

aproposed. 

TABLE III 

Proton NMR Peak Assignments for Methyl Oleatea, b 

Proton fi lppm No. of protons 

a 0 .89  3 
b 1.29 16 
c 2 .05 4 
d 2.21 2 
e 3.59 3 
f 5 .28 2 

aThe spectral data for oleic acid were obtained 
from the Sadtler Standard Reference NMR Spectra. 

O 
II 

b C H 3 - ( C H 2 ) 3 - C H 2 - C H = C H - C H 2 - { C H 2 ) 5 - C H 2 - C - O C H 3  

a b c f f c b d e 

and 0.41 for the solvents, respectively. 
The amorphous nature and color density of 

lipofuscin did not permit totally satisfactory IR 
spectra to be obtained. A broad peak of 
moderate intensity was seen at 3400 cm "1 . This 
peak is due to hydroxyl with some small 
contribution from water in the sample. A 
triplet of peaks occurred at 2950, 2920, and 
2850 cm q representing C-H stretching. These 
were assigned as CH3- , asymmetric -CH2- , and 
symmetric -CH2- , respectively. Additional 
peaks were observed at 1740, 1725, 1660, 
1460, 1390 and 1110 cm -1. These were not 
defined clearly, but runs on several instruments 
confirmed these peaks. While the carbonyl 
peaks at 1725 and 1740 cm -1 are indicative of 
the presence of some type of ester functions, 
lack of additional structural information pre- 
vented unambiguous assignments. 

The results of the 220 MHz proton NMR 
studies are shown in Table II. Small sample size 
gave considerable noise, making the peak inte- 
grations less accurate than normal. The tenta- 
tive proton ratios and proton assignments are 
given. The shift values compare closely with 
those for methyl oleate used as a representative 
of a long chain ester (Table III)~ The peak at 
63.59 ppm representing the methoxy protons 

in methyl oleate probably does not correspond 
to the same structure resulting in the peak at 

3.70 ppm in the lipofuscin sample. The proton 
ratios do not coincide. This peak further 
indicates that some type of ester function is 
present in the lipofuscin sample as shown by IR 
spectroscopy. The methyl proton peak (0.91 
ppm) in the lipofuscin spectrum appears as an 
incompletely split multiplet (triplet expected). 
Unambiguous assignment of the doublet (1.61, 
1.68 ppm) is not possible. The suggestion that 
it is a branched methyl group is supported by 
the fact that such methyl groups form doublets 
of this shift value (23) and by the fact that free 
radical lipid peroxidation mechanisms can lead 
to chain branching (24). Signal averaging (CAT) 
techniques were employed, but failed to in- 
crease resolution significantly. 

Degradative Studies and Analyses 

The elemental analysis of fraction A-1 gave 
72.38% C, 9.83% H, 3.34% N, 4.37% white ash, 
0.44% S, and 0.78% P. After correcting for the 
ash (composition unknown),  these data yielded 
a simplest formula of C439H711N17040P2 S 
by assuming the balance of the anatysis to be 
oxygen. No metal analyses were carried out. 
This formula corresponded to a tool wt of 
6962. 

Lipofuscin fraction A-1 was converted to its 
corresponding methyl esters by transesterifica- 
t ion with methanol containing 4% sulfuric acid. 
No color change was noted during the reaction, 
but  an initial cloudiness disappeared with time 
to yield a clear solution. If formed, the methyl 
esters were removed by extraction with diethyl 
ether. The aqueous residue was examined for 
the presence of amino acids by spotting on 
filter paper, spraying with ninhydrin spray, and 
heating the paper to 110 C for t 0 min. A deep 
purple spot resulted, which was not observed 
with the unhydrolyzed pigment. Fulthermore, 
subsequent GLC analysis of the N-trifluorace- 
tyl-n-butyl esters of any amino acids present in 
the residue from the aqueous fraction gave 
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several peaks which tentatively were identified 
as amino acid derivatives by comparison with a 
known mixture of amino acid standards. Due to 
the minute sample size available, it was not 
possible to conclusively identify them; how- 
ever, it should be noted that these data sug- 
gested the presence of a variety of amino acids. 

GLC analysis for fatty acid methyl esters in 
the ether extract of the transesterification 
mixture showed the presence of 12 discernible 
components plus several less well separated 
components. The compositional data for the 12 
peaks are presented in Table IV. Methyl oleate 
comprises nearly half of the mixture with 
significant amounts of stearate and palmitate. 
Peaks 1 and 12 have effective carbon numbers 
of 11.2 and 21.9, respectively. Peak 12 may be 
either 20:3, 20:4, or 22:0 based upon data 
compiled by Hofstetter, et al., (25). This 
composition is typical of an oxidized lipid in 
which the more highly unsaturated fatty acids 
have been rendered nonvolatile through oxida- 
t ion and polymerization. 

Two additional assays, one for glycerides 
and one for galactose (as galactolipids), were 
carded out and yielded negative results. These 
results produced the problem of explaining the 
fatty acid release after methanol transesterifica- 
tion. It is possible that the glyceride assay used 
is not  well suited to this type of compound. 
One alternative is that these fatty acids are 
esterified in a way other than to glycerol. The 
observed phosphorus percentage allows that a 
maximum of ca. 20% phospholipid could be 
present. This could account for the fa t ty  acid 
release and the apparent absence of glycerides, 
since phospholipids will not give a color reac- 
tion with the assay used. 

Con~usions about Lipofuscin Structure 

]'he present work has shown that previously 
available purification methods for lipofuscin 
still yielded an impure product (15). The 
methods described herein achieve a 5 - t o  
10-fold purification, giving a homogeneous 
material of tool wt 6000-7000 daltons. Gel 
filtration indicated a mol wt of ca. 10,O00 
daltons, while vapor pressure osmometry indi- 
cated 5900 daltons. Both of these determina- 
tions were found to be in error; the error in the 
latter was due to the polydispersity of' the 
system, and the errors in the former were due 
to the problems of calibration. Elemental analy- 
sis produced data consistent with a mol wt of 
6962. Since the pigment appeared not to be a 
single substance, this tool wt is useful only as a 
general indication of tool wt. In view of the 
present work, it is important to note that the 
term "lipofuscin" should not be applied to 

T A B L E  IV 

Gas Liquid Chromatographic (GLC) Analysis of Fatty 
Acids from Transesterification of Fraction A-1 

GLC peak number Percent of total Identity 

1 5.20 --- 
2 0.45 -- 
3 1. --- 
4 5.09 14:0 
5 0.05 --- 
6 13.68 16:0 
7,8 2.04 --- 
9 20.36 18:0 

10 46.82 18:1 
11 1.44 18:3/20:0 a 
12 3.39 --- 

a18:3 and 20:0 do not separate on this column. 

denote a single substance but  a class of sub- 
stances which have the general properties de- 
scribed for lipofuscin. 

The IR and electronic spectra are essentially 
those of a typical unsaturated hpid. The UV 
spectrum does show some, but not  extensive, 
conjugation. The fluorescence spectrum and 
amino acid analysis add support to the theory 
of Tappel that the fluorophore is some type of 
scbiff base structure (2). The NMR spectrum 
generally agrees with the fatty acid analysis. AS 
pointed out previously, the proton ratios are 
aberrant. There should be only twice as many 
protons at 2.05 ppm as at 5.14 ppm. In view of 
tiffs fact, there may be other protons under the 
2.05 ppm peak. Likewise, the doublet at 
1.61-1.68 ppm may contain more than one 
type of proton. 

From the proposed empirical formula, the 
equation of McLafferty (26) predicts 94 ~ of 
unsaturation in the whole "molecule." By 
comparison, phosphatidylserine (stearyl, oleyl 
form) has ca. 43 ~ of unsaturation based upon a 
hypothetical tool wt of 6962. Thus, the pig- 
ment contains at least twice this amount  of 
unsaturation, which comes close to explaining 
the observed NMR proton ratios. These unsatu- 
rated sites may be manifest as extended conju- 
gation and as keto acids, both of which are 
found in autoxidized fatty acids (24). 

Shortly after these studies had been com- 
pleted, we were able to obtain a fourier 
transform proton NMR spectrum on the pig- 
ment. This revealed several additional, but 
incompletely resolved, peaks not previously 
observed, thus confirming the complex and 
heterogeneous nature of the pigment. In addi- 
tion, exchange studies using deuterium oxide 
(D20) were carded out. No loss of any signal 
was observed, strongly indicating the absence of 
O-H or N-H protons or at least the absence of 
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any signlticant number ot these. Intense fluo- 
rescence may be observed from only very small 
amounts of fluorophores. Thus, the lack of 
evidence for exchangeable protons does not 
exclude the possibility of the presence of a 
schiff base fluorophore. Certainly more evi- 
dence is needed, and, at present, no one has 
suggested the possibility of other fluorophores 
being present in peroxidized lipids. 

In conclusion, it can be stated that human 
brain lipofuscin is a mixture of more than one 
polymeric lipid structure with contributions 
from phospholipid type and amino acid struc- 
tures. Further work with larger samples may 
clarify some of the ambiguities and lead to a 
more accurate assessment of the components 
involved. The investigation of the source of the 
fatty acids from the lipofuscin isolate is impor- 
tant in that these data will elucidate the nature 
of the lipids responsible for the polymer. 
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Phospholipase C Catalyzed Formation of Sphingomyelin -140 
from Lecithin and N-( 1 4C)-OleoyI-Sphingosine 
JULIAN N. KANFER and CHRISTINE H. SPIELVOGEL, Eunice Kennedy Shriver Center 
at the W.E. Fernald State School, Waltham, Massachusetts 02154 

ABSTRACT 

Commercial preparations of Clos- 
tridium perfringens were incubated with 
phosphatidyl choline and N-l-(14C) 
oteoylsphingosine. A radioactive product 
was formed which cochromatogramed 
with sphingomyelin standard in three 
different solvent systems. Several other 
phospholipases and phosphatases were 
unable to catalyze this reaction. Neither 
choline, phosphoryl choline, cytidine di- 
phosphate choline nor p-nitrophenyl 
phosphoryl choline were active donors. 
Sphingomyelin was only slightly active as 
a phosphoryl choline donor. 

INTRODUCTION 

Phospholipase C, phosphatidylcholine cho- 
line phosphohydrolase (EC 3.1.4.3), is classified 
as a phosphoric acid diester hydrolase. The 
general reaction catalyzed by this enzyme is 
illustrated for phosphatidyl choline (lecithin) as 
substrate: 

0 
II 

0 H2CI-O-CR 
II +H20 

RC-O-- CH 0 ) 
I I 

H2C-O-P-OCH2-CH 2 N (CH~) 3 
O -  + 

0 
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RC- O-  CH 
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H2C-OH 
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I 
O -  
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The information available concerning this 
enzyme has been derived largely from prepara- 
tions obtained from bacterial sources. The 
substrate specificity has been found to vary 
depending upon the particular species from 
which it has been obtained. This report shows 
that commercially available preparations of this 
enzyme have the capacity to produce radioac- 
tive sphingomyelin using phosphatidyl choline 
as the phosphoryl choline donor and 
N-l(14C)-oleoyl sphingosine as the acceptor. 

MATERIALS AND METHODS 

The enzyme sources, batch number, and 
supplier employed were: Clostridium welchii, 
Sigma Chemicals (St. Louis, Mo.) type 1, no. 
188-0860 and 53C6870; C. perfringens, Koch 
Light (Colnbrook, England) no. 49137; Ba- 
cillus cereus, Sigma Chemical, type III no. 
54C-0226; phospholipase D, cabbage, Sigma 
Chemical Co., type III, no. 97B-0390; phospho- 
lipase A Vipera russeUi, Sigma Chemical Co., 
no. 120C 2501; acid phosphatase, potato, 
Sigma Chemical no. 33C-0490; alkaline phos- 
phatase bacterial, Worthington Biochemical 
Corp., (Freehold, N.J.) BAPSF9DC; and phos- 
phodiesterase, snake venom, Worthington VPH 
3BD. 

Egg lecithin was obtained from Koch-Light, 
sphingomyelin from Supelco (Bellefonte, Pa.) 
and sodium deoxycholate from Schwarz/Mann 
(Orangeburg, N.J.). 1-(14C)-Oleic acid, from 
New England Nuclear (Boston, Mass.), was 
employed for the chemical synthesis of 
N-1 (14C) oleoylsphingosine (specific activity = 
1 x 105 cpm/nmole) as previously described 
(1). p-Nitrophenylphosphoryl choline was 
synthesized according to a published procedure 
(2). 

The incubation tubes were prepared as fol- 
lows: the various lipids routinely added were 
2.5 nmoles N-l(14C)oleoylsphingosine, 600 
nmoles lecithin, 200 /lg sodium deoxychoalte, 
and the solvent was removed with a stream of 
nitrogen. To the residue was added, for phos- 
pholipase C containing incubations, 5 /1moles 
Tris buffer pH 7.46 and 5 /lmoles CaCI2; for 
phospholipase D containing incubations, 20 
/amoles CaC12 and 200 /amoles sodium acetate 
buffer at pH 5.5; for phospholipase A contain- 
ing incubations, 10 /amotes CaCI~ and 100 
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FIG. 1. Thin layei chromatogram and radioscan of product formation. Lane 1 = lecithin standard, lane 2 = 
chloroform column fraction, lane 3 = sphingonwelin standard, lane 4 = chloroform-methanol (9:1) column 
fraction, lane 5 = mixed standards. Tracing 2 is of lane 2 and tracing 4 is of lane 4. 

pmoles citrate-phosphate buffer pH 6.5; for 
acid phosphatase containing incubations, 20 
#moles CaC12 and 200 #moles sodium acetate 
buffer at 5.5; and for alkaline phosphatase and 
snake venom phosphodiesterase containing in- 
cubations, 6 #mole Mg acetate and 20 #moles 
Tris-citrate buffer pH 8.5. All volumes were 
adjusted to 0.2 ml with water and the tubes 
placed in a bath type sonicator for 5 rain. Ca. 
200 #g enzyme was added and the tubes 
incubated at 37 C for 3 hr in air with shaking. 
Boiled enzyme controls were routinely carried 
through the identical procedures, and all values 
were corrected for these controls. 

The incubations were terminated by the 
addition of 4 ml chloroform-methanol (2:1, 
v/v) containing 150 nmoles sphingomyelin car- 
rier and the resulting solution processed accord- 
ing to the procedure of Folch, et al., (3). The 
final chloroform phase was transferred quanti- 
tatively to Silica Gel G plates (Analtech, New- 
ark, Del.). These samples and suitable standards 
of lecithin and sphingomyelin were chromato- 
gamed  in a solvent mixture of chloroform- 
methanol-water (65:25:4). The plate was ex- 
posed briefly to iodine vapor and the areas 
corresponding to sphingomyelin and ceramide 
scraped into couting vials. Radioactivity was 
quantitated in a Packard 3380 liquid scintilla- 
t ion counter with Scinti-verse (Fisher Scientific, 
Pittsburgh, Pa.). Experimental values are ex- 
pressed as that percentage of the total counts 
recovered in the sphingomyelin area. 

The contents of five tubes, which had been 
incubated with phospholipase C, were pooled 
and concentrated to dryness. The residue was 
dissolved in chloroform and absorbed on a 2.5 g 
Unisil (Clarkson Chemical Co., Williamsport, 
Pa.) column (0.5 cm inside diameter). Fifty ml 
portions of chloroform, chloroform-methanol 
9:1, acetone, and methanol were passed 
through the column and the subsequent treat- 
ment is detailed in the text. 

R ES U LTS 

The ability of several commercial phospho- 
lipase C preparations to catalyze the formation 
of a material which cochromatograms with 
sphingomyelin standard was examined. It was 
found that three different phospholipase C 
preparations from clostridium species catalyzed 
the formation of sphingomyelin. There was ca. 
0.7% conversion of the ceramide added to this 
phosphorylated product. Visual inspection of 
the thin layer plates indicated that there was a 
significant reduction of phosphatidyl choline 
and a significant increase of material at the 
solvent front with all preparations of this 
enzyme. Incubation with phospholipase C of B. 
cereus, phospholipase A and D, acid phospha- 
tase, and phosphodiesterase did not result in 
the formation of sphingomyelin. It was evident 
from the thin layer chromatography plates, 
howeveL that both phospholipases A and D 
hydrolyzed lecithin as anticipated. 

Several compounds were examined as poten- 
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tial phosphoryl choline donors and were found 
to be ineffective. These include cytidine diphos- 
phate (CDP)-choline, phosphoryl choline, cho- 
line and p-nitrophenylphosphoryl choline. 
Sphingomyelin, itself, was ca. one-fifth as effec- 
tive a donor as compared to lecithin. 

Fractionation of  the labeled lipids contained 
in the incubation mixture was accomplished 
with a Unisil column, and a radioscan of TLC 
from these fractions is presented in Fig. 1. It is 
apparent that the chloroform effluent con- 
t a i n e d  as the sole radioactive material 
N-l(14C)-oleoylsphingosine which in this sol- 
vent migrates to the solvent front. Radioactiv- 
i t y  corresponding chromatographically to 
sphingomyelin standard was found in the chlo- 
roform-methanol (9:1) eluate, The added car- 
tier was removed in the methanol eluate. The 
silicic acid in this area was scraped off  the plate 
and eluted with 50 ml chloroform-methanol 
(2:1). The radioactivity cochromatogramed 
with sphingomyelin on thin layer plates with 
both chloroform-methanol-glacial acetic acid- 
water (65:50:1:4)  and chloroform-methanol 
7N NH4OH as solvents. 

DISCUSSION 

32p during growth in culture suggested that the 
intact phosphoryl choline moiety of lecithin was 
transferred directly to sphinglmyelin (8,9). Cell 
free extracts of these cells subsequently were 
shown to catalyze these transfer in vitro 
(10,11). To explain these observations, the 
existence of a phosphatidyl choline: ceramide 
choline phosphotransferase has been postulated 
(11). Similar observations have been obtained 
with lyophilized mouse brain lysosomes (12). 

In light of  the results reported in this paper, 
it is possible that  these observations with 
mammalian tissues are merely a reflection of 
phospholipase C activity of these cells and 
tissues. The presence of  such an enzyme in 
mammalian tissues has been reported recently 
(13). 

Studies on phospholipase A showed it to 
catalyze a transesterification reaction in addi- 
tion to its usual hydrolytic activity (14). 
Phospholipase D has been reported to catalyze 
a transphosphatidylation reaction in addition to 
its normal hydrolytic activity (15,16). The 
finding that phospholipase C can carry out a 
hydrolytic and a transfer reaction suggests that 
this may be a general feature of  all phospho- 
lipases. 

These preliminary experiments suggest that 
commercial preparations of  phospholipase C 
from clostridium species have the capacity to 
carry out a "transphosphorylcholination" reac- 
tion. Phospho//pase C of both C. perfringens (4) 
and C. welchii (5) will utilize sphingomyelin as 
a substrate. However, the enzyme prepared 
from B. cereus will not hydrolyze sphingo- 
myelin (6). This is in accord with the apparent 
inability of the enzyme from this bacterial 
source to form sphingomyelin from lecithin and 
radioactive ceramide. 

It is apparent that free phosphorylcholine is 
not the active species since this compound,  
when substituted for lecithin in the incubation 
mixtures, did not produce sphingomyelin. 
Therefore, it is reasonable to assume that there 
is a "phosphoryl  choline-enzyme" intermediate 
formed which can transfer to ceramide as well 
as to water. Several other possible donors were 
found to be inactive, suggesting that lecithin is 
the preferred substrate. Other hydrolytic en- 
zymes, including phospholipase A, phospho- 
lipase D, acid and alkaline phosphatase, and 
phosphodiesterase, did not result in sphingo- 
myelin synthesis under these conditions. 

The classical reaction for sphingomyelin 
biosynthesis is CDP choline + (threo) ceramide 

sphingomyelin + cytidine monophosphate 
(CMP) (7), and this recently has been challenged 
Pulse labeling of SV 40 mouse fibroblasts with 
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Identification of 3, 6, 9, 12, 15-Octadecapentaenoic Acid in 
Laboratory-Cultured Photosynthetic Dinoflagellates 1 ,2 
JEANNE D. JOSEPH, Marine Resources Research Institute, Charleston, South Carolina 29412 

ABSTRACT 

Polar and nonpolar  chromatograms of 
fat ty  acid methyl  esters derived from 11 
species of  photosynthet ic ,  marine dino- 
f lagel la tes  cultured in modified Erd- 
Schr i ebe r  medium contained a com- 
ponent (4-23%) not identifiable by con- 
ventional graphic or ari thmetic methods. 
Hydrogenat ion followed by gas liquid 
chromatography of  the product  showed 
the unknown component  to be a straight 
chained 18 carbon fat ty  acid methyl  
ester. Chemical (CH4) ionization mass 
spectrometry  of  the isolated ester gave a 
spectrum characteristic of  methyl esters 
and a mol wt of 288, indicating an 18 
carbon molecule with 5 double bonds, or 
equivalent unsaturation.  The IR spectrum 
showed that  the double bonds are non- 
conjugated, and all are cis in geometry.  
Electron impact mass spectrometry  of the 
pyrrolidide derivative provided evidence 
that  double bonds are located in the 3, 9, 
15 positions and probably also in the 6 
and 12 positions of  the molecule. These 
double bond poSitions were confirmed by 
NMR spectrometry.  Data obtained by 
quanti ta t ion of  the algal methyl  esters 
suggest the possibility that  these dino- 
flagellates synthesize 18:5663 (shorthand 
notat ion for chain length: number of 
double bonds and posit ion of final double 
bond counted from the terminal  methyl  
group) by a 2 carbon chain shortening of 
20:5603, rather than by the insertion of  a 
A3 bond into 18:46o3. 

I N T R O D U C T I O N  

In 1966, Patton,  et al., (1) reported the fat ty 
acid composit ion of  the unicellular marine 
dinoflagellate, Gonyaulax polyhedra, harvested 
during a "red t ide"  episode in coastal waters of 
Southern California. Since that t ime Dunham, 
et al., (2) Ackman, et al., (3) and Harrington, et 
al., (4) have described the fat ty  acid composi- 
tions of  a number of photosynthet ic  dino- 

1presented at the AOCS Fall Meeting, Philadelphia, 
September 1974. 

2Contribution number 40 from the Marine Re- 
sources Research Institute, Charleston, South Carolina 
29412. 

flagellates cultured in chemically defined media 
under controlled conditions. The fat ty  acids of  
several dinoflagellates cultured in Erd-Schrieber 
medium were repor ted by Chuecas and Riley 
(5). Although unusual 18 carbon unsaturates 
were observed in two of  these studies (1,4), 
none were repor ted to contain more than 
4 double bonds. 

Eleven species of photosynthet ic  dinoflagel- 
l a t e s ,  c u l t u r e d  in modified Erd-Schreiber 
medium by the Microbiology Department  of 
t h e  V i r g i n i a  Insti tute of Marine Science 
(VIMS), were examined for fat ty  acid composi- 
t ion by gas liquid chromatography (GLC). An 
analysis of  polar and nonpolar  chromatograms 
revealed the presence, in each of the dinoflagel- 
lares, of  an unknown component  which could 
not  be identified by conventional mathematical  
or graphical techniques. This component ,  ob- 
tained from the species, Prorocentrum mini- 
m u m ,  w a s  i d e n t i f i e d  t e n t a t i v e l y  as 
3 ,  6, 9, 12, 1 5 - o c t a d e c a p e n t a e n o i c  ac id  
(18:5663) by calculations of  equivalent chain 
length (ECL) values using capillary columns of  
slightly differing polarities and by identif icat ion 
of  products arising from partial hydrazine re- 
duction of the 18 carbon esters (6). This report  
describes the methods by which this tentatively 
identif ied component  was identif ied conclusive- 
ly as all-cis-3, 6, 9, 12, 15-octadecapentaenoic 
acid. 

METHODS 

The algae (Table  I) were grown in 3 li ter 
Fernbach flasks containing 1.5 li ter of  bacteria 
f r e e  m o d i f i e d  Erd -Schre ibe r  medium at 
16-19 C. This medium has a base of  natural 
estuarine water (salinity 16 o / o o ) a n d  is en- 
riched with a soil extract  and a number of salts 
(composit ion of  enrichment medium available 
upon request). I l lumination of  2700-3300 lux 
was provided by  cool-white fluorescent tubes in 
a light-dark cycle of  14 hr and 10 hr, respective- 
ly. The flasks were agitated manually, twice 
daily, to prevent stratif ication of  cells and con- 
centrat ion of  metabolites.  Cells were harvested 
by centrifugation after 14 days, while the cul- 
tures were still in the exponential  growth phase. 

The algal pellets were drained, and the lipids 
e x t r a c t e d  with CH3OH ( 1 0 . 0 m  1), CHC13 
( 5 . 0  ml :  5 .0  ml), and glass distilled H 2 0  
(4.0 ml: 5.0 ml) according to the method of 
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Bligh and Dyer (7). Phase separation was ef- 
fected rapidly by centrifugation at low speed 
for 10 min. Once the CHC13 phase containing 
the lipids was obtained, all subsequent opera- 
tions were carried out under dry N 2. The 
CHC13 phase was evaporated just  to dryness 
with N2, and the lipids were transesterified 
with BF 3 in CH3OH (14% by volume) with 
additional CH3OH and benzene as recom- 
mended by Morrison and Smith (8). 

The fatty acid methyl esters of the 11 dino- 
flagellate species were separated by GLC in a 
H e w l e t t - P a c k a r d  7620 gas chromatograph 
equipped with dual flame ionization detectors 
and 1.8 m, 4 mm inside diameter glass columns 
packed with 5% SE-30 (Chromosorb W-AW 
DMCS, 100-120 mesh) or 10% diethyleneglycol 
succinate (DEGS) (Gas ChromQ,  100-120 
mesh) which were operated isothermally at 
180 C (SE-30) and 170 C (DEGS). Helium was 
used as the carrier gas at 33 psig. The compo- 
nents of the fatty acid ester mixtures were iden- 
tified provisionally by comparison of there la :  
tire retention times (r18:0) of the peaks with 
those of known esters analyzed under the same 
chromatographic conditions. Methyl esters of 
cod liver oil were prepared and used as a 
secondary standard (9). Semilog plots of r 18:0 
against the chain length were constructed for 
the algal extracts and for the standards (10), 
and Type I, II, and III separation factors (11) 
were calculated for all. The chromatograms 
were quantitated by the method of Carroll 
(12). 

Since P. minimum lipids contained a greater 
percentage of the unknown component  than 
the other species, cultures of this dinoflagellate 
were established at the Marine Resources Re- 
search Institute (MRRI) of South Carolina. 
River water was imported from the York River, 
Va., but soil for the soil extract was obtained 
locally. Otherwise, culture conditions were 
identical with those described for the VIMS cul- 
tures. Extraction and transesterification proce- 
dures were also identical. Saponification of the 
lipids, prior to esterification and GLC analysis, 
had no effect upon the presence of the un- 
known component,  and this procedure subse- 
quently was omitted. 

The methyl esters of P. minimum were 
analyzed in a Hewlett Packard 7610 gas chro- 
matograph equipped with dual flame ionization 
detectors. Glass columns (1.8 m x 2 mm inside 
d iamete r )  were operated isothermally and 
packed with 100-120 mesh Gas Chrom Q, 
c o a t e d  w i t h  a number  of liquid phases 
(Table II). In addition to the identification pro- 
cedures utilized for the VIMS cultures, ECLs 
were determined for all chromatographic peaks. 
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TABLE II 

Equivalent Chain Lengths of Methyl Esters from 
Proroeentrum minimum on Different Liquid Phases a 

397  

Liquid phase EGSS-X b EGSS-Y b EGSP-Z b SE-30 b BDS c 
Percent coating 10 10 3 3 -- 
Column temperature (C) 175 175 160 172 170 

FAME d ECL e 

16:0 16.00 16.00 16.00 16.00 16.00 
16:1607 f 16.63 16.55 16.21 15.78 16.36 

18:0 18.00 18.00 18.00 18.00 18.00 
18:1609 f 18.58 18.50 18.25 18.26 
18:26o6 19.44 19,14 18.72 17.60 18.84 
18:36o3 20.50 19.45 19.38 19.58 
18:4603 21.12 20.39 19.65 17.41 19.96 
18:5603 21.98 21,00 20.02 20.52 

20:5603 23.52 22,28 21.85 19.60 22.11 

22:6603 26.08 25,12 24.05 20.88 24.38 

aData for 18 carbon esters on Silar-5CP and Apiezon-L have been published elsewhere 
(6). 

b l .8  m packed column. EGSS-X = ethyleneglycol sucdnate methylsilicone copolymer 
(high polarity), EGSS-Y = ethyleneglycol succinate methylsilicone copolymer (medium 
polarity), EGSP-Z = ethyleneglycol succinate methylsilicone copolymer (low polarity), and 
SE-30 = methyl silicone. 

c46 m wall coated open tubular column. BDS = butanediol succinate. 
dFAME = fatty acid methyl esters. 
eECL = equivalent chain length. 

H y d r o g e n a t i o n  o f  t he  m e t h y l  es ters  fo l lowed  
t he  m e t h o d  of  Appe lqv i s t  (13) ,  e x c e p t  t h a t  
mic ro  r eac t i on  vials f i t t ed  w i th  Min ine r t  T e f l o n  
valves (Supe lco ,  Be l le fon te ,  P a . ) w e r e  subst i -  
t u t e d  for  t he  r u b b e r  capped  vessels specif ied.  

Tr ig lycer ides  and  p h o s p h o l i p i d s  were ob-  
t a i n e d  f r o m  an  a l iquo t  o f  P. m i n i m u m  t o t a l  
l ipids wh ich  was c h r o m a t o g r a p h e d  o n  P r eko t e  
p la tes  (Absorbos i l  5, App l i ed  Science  Labora-  
tor ies ,  S ta te  College, Pa.), us ing  a so lvent  
sys tem of  h e x a n e :  d i e thy l  e the r :  acet ic  acid, 
8 5 : 1 5 : 1 ,  and  d e t e c t e d  w i th  2 , 7 - d i c h l o r o -  
f luorescein .  The  t r ig lycer ide  and  p h o s p h o l i p i d  
classes, e lu ted  w i t h  CHCI3: CH3OH,  2:1,  as 
wel l  as an  a l iquo t  o f  the  t o t a l  t ipids,  were  t rans-  
e s t e r i f i e d  w i t h  BF  3 in  C H a O H  (14% b y  
vo lume)  and  t h e  resu l t ing  m e t h y l  es ters  iden-  
t i f ied and  q u a n t i t a t e d  b y  capi l lary  GLC. The  
c o l u m n  used was a b u t a n e d i o l  succ ina te  (BDS)  
wall  c o a t e d  o p e n  t ubu l a r  c o l u m n  o f  stainless 
.steel, 46  m b y  0.25 m m  (Pe rk in -E lmer  Corp. ,  
Norwalk ,  Conn . ) ,  o p e r a t e d  in a Pe rk in  E lmer  
990  gas c h r o m a t o g r a p h  at 170 C us ing  h e l i u m  
as car r ie r  gas at 50 psig. The  e l e c t r o m e t e r  out -  
p u t  was r e c o r d e d  w i t h  a Honeywel l  m o d e l  16 
E l e c t r o n i k  1 m y  recorder .  

The  u n k n o w n  m e t h y l  es ter  was i so la ted  b y  
p repa ra t ive  GLC,  us ing  a 1.8 in x 4 m m  ins ide  
d i a m e t e r  glass c o l u m n  p a c k e d  w i t h  10% 
e thy l eneg lyco l  succ ina te  m e t h y l  s i l icone poly-  
me r  (EGSS-X)  (100 -120  mesh ,  Gas C h r o m  Q), 

and  a few p g  were s u b m i t t e d  to  chemica l  ioni-  
za t ion  mass spec t rome t ry -gas  c h r o m a t o g r a p h y ,  
for  d e t e r m i n a t i o n  of  mol  wt.  The  i n s t r u m e n t ,  
u t i l iz ing CH4 as t he  r e a c t a n t  gas, was a Fin-  
negan  1015 D mass s p e c t r o m e t e r  m a t e d  w i th  a 
F i n n e g a n  9500  gas c h r o m a t o g r a p h  and  6000  
data  sys tem.  Ope ra t i ng  p a r a m e t e r s  were  as fol- 
lows:  e l ec t ron  ene rgy  135 V,  sou rce  pressure  
750p ,  and  a m b i e n t  source  t e m p e r a t u r e .  The  
O V - 1 7  glass co lumn ,  1 . 8 m x 2 m m  inside 
d iamete r ,  was p r o g r a m e d  f r o m  an  in i t ia l  t e m -  
pe ra tu r e  of  200  C, at 15 C/ra in ,  to  a f inal  t e m -  
pe ra tu r e  of  250  C. 

An IR  s p e c t r u m  was o b t a i n e d  on  200  pg  iso- 
l a t ed  m e t h y l  es te r  w i t h  a Pe rk in  E l m e r  IR spec- 
t r o p h o t o m e t e r ,  m o d e l  21,  e q u i p p e d  w i th  a 
Barnes  .5 m m  cavi ty  cell. The  sample  was ana- 
lyzed  as a 2% so lu t ion  in  CS2 ( 4 0 0 0 - 2 4 0 0  cm -1, 
2 0 0 0 - 1 6 5 0  cm -1 and  1400 -650  cm -1) and  in 
C2CA 4 ( 2 4 0 0 - 2 0 0 0  cm -1 and  1 6 5 0 - 1 4 0 0  cm-1) .  

The  i so la ted  m e t h y l  es ter  (1 rag) and  a sam- 
ple o f  m e t h y l  7-1inolenate  were  de r iva t i zed  to  
yie ld  py r ro l id ide  der ivat ives  b y  the  m e t h o d  of  
A n d e r s s o n  and  H o l m a n  (14) .  Mass spec t r a  were  
r eco rded  w i t h  an  LKB 9 0 0 0  mass  s p e c t r o m e t e r -  
gas c h r o m a t o g r a p h  at an  i o n i z a t i o n  p o t e n t i a l  o f  
70 V. The  source  t e m p e r a t u r e  and  s epa ra to r  
were  m a i n t a i n e d  at  250  C. The  2% OV-17  glass 
c o l u m n  (1.8 m x 2 m m  inside d i ame te r )  was 
p r o g r a m e d  f r o m  200 -250  C at 10 C / m i n .  

A p r o t o n  magne t i c  r e sonance  s p e c t r u m  was 
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FIG. 1. Chemical (CH4) ionization mass spectrum of methyl 3, 6, 9, 12, 15-octadecapentaenoate isolated 
from methyl esters of Prorocentrum minimum. 

recorded with a Varian XL-100 NMR spec- 
trometer locked to D 3 at 1000 Hz on 1 mg 
isolated methyl ester in CDC13 which contained 
1% tetramethylsilane (TMS) (5 0.00) as an 
internal standard. 

RESULTS AND DISCUSSION 
The photosynthetic dinoflagellates listed in 

Tab l e  I, when cultured by the described 
method, synthesize lipids which are particularly 
rich in 16:0 and 22:6w3. Some species also 
contain significant amounts of 20:56o3, and 
one, M. rotundata, contains a substantial per- 
centage of 18:46o3. A peak was present in the 
polar chromatograms of all species, ranging 
from 3.8-23.2%, which tentatively was iden- 
tified as 22:0 or 20:36o6 on the basis of the 
rl 8:0. However, when the esters were analyzed 
on the nonpolar SE-30 column, the unknown 
component had a retention time which was less 
than that of methyl linolenate, suggesting that 
the component might be an 18 carbon ester 
with an unusual number or arrangement of 
ethylenic bonds. 

The retention behavior of the unknown 
component,  derived from P. minimum lipids, 
was examined en a number  of columns of vary- 
ing polarities ('Fable II). The ECL of the compo- 
nent decreased with decreasing polarity of the 
column, as did those of the known 18 carbon 
unsaturates. Hydrogenation of the P. minimum 
esters followed by quanti tat ion of SE-30 chro- 

matograms of the products confirmed that the 
molecule was a straight chained 18 carbon com- 
pound with an unknown degree of unsatura- 
tion. 

When CH 4 is used as the reactant gas, chemi- 
cal ionization mass spectrometry is a highly use- 
ful technique for determination of mol wt of 
methyl esters, since the base peak in such spec- 
tra is the protonated molecular ion (15). The 
base peak in the spectrum obtained on an iso- 
late of the unknown ester (Fig. 1) was m/e 289, 
indicating the presence in the molecule of five 
ethylenic bonds, or equivalent unsaturation. 
However, as is the case with electron impact 
spectra of unsaturated methyl esters (16), no 
information concerning ethylenic bond position 
can be gained from the spectrum. 

The IR spectrum was characteristic of that 
of an unsaturated methyl ester and indicated 
the presence of nonconjugated double bonds by 
absorptions at 3020 cm -1, 1650 cm -1, and 
1395 cm-] (17). The absence of significant ab- 
sorption at 965 cm q indicated that all the 
ethylenic bonds are cis in geometry, and there 
was no evidence of terminal unsaturation (18). 
No absorption was present at 2150 cm -1, indi- 
cating that acetylenic unsaturation, if present, 
would be centrally located in the molecule 
(19). 

Through the use of capillary column GLC, it 
is possible to calculate, with considerable ac- 
curacy, the ECLs of polyenoic fatty acids from 
fractional chain length values of the monoenoic 
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FIG. 2. (A) Mass spectrum of n-octadec-6, 9, 12-enoylpyrrolidine. (B) Mass spectrum of n-octadec- 
3, 6, 9, 12, 15-enoylpyrrolidine prepared from an isolate of Prorocentrum minimum fatty acid methyl esters. 

bonds in the molecule, if one takes into ac- 
c o u n t  the interaction between monoenoic 
b o n d s  s e p a r a t e d  by  m e t h y l e n e  groups 
(6,20,21). Calculations of ECLs for a hypo- 
thetical 18:56o3 ester on BDS, Silar-5CP, and 
Apiezon-L capillary columns were satisfactorily 
ctose to the experimentally observed ECLs of 
t he  unknown ester. In addition, products 
arising from partial hydrazine reduction of the 
esters of P. m i n i m u m  could be identified tenta- 
tively by similar ECL calculations. These iden- 

tities were consistent with those which would 
be expected to arise from an 18:56o3 ester, and 
it was concluded that the unknown ester was, 
in all probability, 18:56o3 (6). 

Andersson and Holman (14) have found that 
mass spectra of pyrrolidides of monounsatu-  
rated, straight chained fatty acids contain prin- 
cipally ions from the polar end of the molecule, 
which gives a simplified spectrum. Their inter- 
pretative rule for such spectra states that: "If  
an interval of 12 atomic mass units, instead of 
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FIG. 3. Proton magnetic resonance spectrum of methyl 3, 6, 9, 12, 15-octadecapentaenoate isolated from 

methyl esters of Prorocentrum minimum. TMS ~ tetramethylsilane. 

the regular 14, is observed between the most 
intense peaks of  clusters of fragments contain- 
ing n and n-1 carbon atoms of  the acid moiety,  
the double bond occurs between carbons n and 
n+l in the molecule." This rule is valid for 18:1 
isomers whose ethytenic bonds lie in positions 
5-15 in the molecule. The 18 carbon monoenes 
with unsaturation in the 4, 16, and 17 positions 
have unique spectra which characterize them. 
The spectrum of n-octadeca-6, 9, 12-enoyl- 
pyrrolidine (Fig. 2A) demonstrates clearly that 
Andersson and Holman's rule is applicable to 
polyenes, as well as to  monoenes. Not only is 
m/e 113 the base peak of this spectrum, as was 
found for the monoenes studied, but  also 12 
atomic mass unit  differences are observed be- 
tween carbons 5 and 6, carbons 8 and 9, and 
carbons 11 and 12, thus locating double bonds 
in the 6, 9, and 12 positions in the molecule. 

The spectrum of  the pyrrolidide derivative 
of the tentat ively identif ied 18:56o3 (Fig. 2B) is  
less satisfactory than that  of  methyl  3'-hnolen- 
ate, in that numerous fragments of odd m/e are 

present. This is particularly t roublesome in the 
region of C6 (m/e 164) and C12 (m/e 244) al- 
though both are of  fractionally greater relative 
intensity than peaks 2 mass units greater, m/e 
166 and m/e 246, respectively. With this quali- 
fication, i t  appears that ethylenic bonds are 
present in the 6, 9, 12, and 15 positions of the 
molecule. The unique and highly diagnostic 
feature of  this spectrum is the base peak of  m/e 
139 which is the base peak in spectra of pyrrol- 
idides having A3 unsaturation (B. Andersson, 
personal communication).  

The pro ton  magnetic resonance spectrum of  
the tentatively identif ied 18:5co3 ester is shown 
in Figure 3. Interpretat ion of the spectrum is 
based upon values cited by Hopkins (22) and 
by Frost  and Barzilay (23). The triplet  at .97 
is similar in shape and chemical shift to that  
observed in spectra of  18:36o3 and marine oils 
rich in 6o3 polyunsaturated fat ty  acids (24) and 
represents the three protons of a terminal  CH3 
group which is /3 to an olefinic group. The 
multiplet  at 2.08 6 has an area equivalent to 
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two protons and arises from the protons of one 
CH 2 group a to a double bond. The triplet at 
5.39 (5 has an area equivalent to eight protons 
of four olefinic groups, and the multiplet at 
5.59/5 arises from the two protons of the A3 
olefinic group (25) confirming the presence of 
five double bonds in the molecule. The triplet 
at 2.84 /5 has an area equivalent to eight pro- 
tons of the four CH 2 groups present between 
five olefinic groups, and the doublet at 3.13/5 
arises from the two protons of the CH 2 group 
which is ct to both the C=O and the A3 olefinic 
groups. The sharp singlet at 3.69/5, with an area 
of three protons, arises from the COOCH 3 
group. These signals account for all of the pro- 
tons in the proposed empirical formula of the 
methyl ester, C19H2802, and confirm the ten- 
tative identification of 18:5w3. A spectrum of 
the solvent established that peaks at .60 15 and 
1.54/5 are solvent impurities. The signal at 
1.25 i5 was not present in the solvent spectrum 
but may arise from the polymethylene chains 
of methyl myristate, methyl palmitate, and 
methyl stearate, the major contaminants (1.3%) 
of the isolate, as indicated by GLC. 

An 603 18 carbon pentaene might be syn- 
thesized in one of two ways, either through 
dehydrogenation of 18:4603 (A) or possibly 
through the loss of an acetate unit  from 
20:5603 (B): 

A. 18:4to3 "~H ~ 18:56o3 

.%~,,,lly 18 : 5 ~J 3 
+2C _ 20"5~3 ~'~2C 

B. 18:4oJ3 ~ . ~ 2 2 : 6 r  

Data shown in Table I may be interpreted as 
tentative support of the second pathway. The 
algae of Table I were separated into two groups 
according to the ratio 18:5/22:6. This ratio in 
the algae of group I is ca. 1/3, with the excep- 
tion of Gonyaulax digitale, in which the ratio is 
1/6. In the group II algae, this ratio is almost 
exactly 1/1. This numerical relationship be- 
tween the percentages of the two acids in the 
dinoflagellates is shown in Figure 4 and suggests 
the possibility of a biosynthetic relationship be- 
tween the two acids. A similar but  less obvious 
relationship can be shown between the amounts 
of 18:5603 and 20:5603, but no such relation- 
ship can be shown between amounts of 18:5603 
and 18:4603. 

Additional tentative support for pathway B 
is found in the data of Table III. This table 
shows the distribution of the more important 
fatty acids of P. minimum between the triglyc- 
erides and the phospholipids. The phospho- 
lipids, in which major amounts of 18:5603 are 
present, contain two 16 carbon monoenes, 
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FIG. 4. The relationship between wt percentages of 
18:5~o3 and 22:6w3 in fatty acid methyl esters of the 
dinoflagellates of Table I (e). Cultures of Prorocen- 
trum minimum from the Marine Resources Research 
Institute are included (o). 

16:1w9 and 16:1w7. Since the fatty acid de- 
saturases which produce monoenes from satu- 
rated acid precursors are generally specific for 
the A9 position in the molecule, 16:16o7 is, 
t h e r e f o r e ,  u sua l ly  the major 16 carbon 
monoene synthesized (26). On the other hand, 
16:1609 probably arises largely from /3-oxida- 
tion of 18:16o9, the major 18 carbon monoene 
(6). The fact that the percentage of 16:1609, 
although low, is greater than that of 16:1607 in 
the phospholipids of P. minimum, suggests that 
chain shortening by an acetate unit may be an 
important biosynthetic process in dinoflagel- 
lates cultured under these particular conditions. 

Fatty acids having A3 unsaturation have 
been observed in lipids of photosynthetic tis- 
sues and some seed oils, but all of these A3 
bonds are trans in geometry (25,27,28), and 
3, 6, 9, 12, 15-octadecapentaenoic acid appears 
to be unique in possessing A3 cis unsaturation. 

The dinoflageUates of this study, cultured 
under specific conditions, synthesize substantial 
percentages of a fatty acid not previously re- 
ported to occur in living organisms. Previous 
investigations have shown the presence of un- 
usual 18 carbon polyunsaturated acids in dino- 
flagellate lipids, which were identified tentative- 
ly as geometric or positional isomers of all-cis- 
18:4603. It now seems possible that one or 
more of these unusual acids may have been 
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TABLE IlI 

Prorocentrum min imum Fatty Acid Methyl Esters (FAME) 
Wt Percent Composi t ion a 

FAME b Total lipid Triglycerides Phospholipids 

14:0 4.2 6.2 4.7 

16:0 29.6 34.4 24.1 
16:1t09 0.3 1.0 1.9 
16:1~o7 0.5 3.4 1.5 

18:0 4.1 7.6 4.5 
18: I to9 4.2 7.7 12.7  
18:1c~07 1.5 0.8 1.9 
18:2t,o6 5.6 6.7 3.7 
1 8 : 3 ~ 3  0.4 0.5 0.4 
18:4t.o3 3.2 0.6 3.9 
18:5t03 18.8 4.1 19.1 

20:0 2.6 3.3 0.9 
20:1~ol l  + 13 0.2 0.1 
20:1 c.o9 -- 3.9 0.1 
20:5eo3 4.2 4.0 3.0 

22:0 0.6 0.2 0.5 
22:1~oi 1 + 13 -- 3.7 -- 
22:1r -- 0.5 -- 
22:6~03 18.0 10.4 14.2 

aButanedio! succinate capillary column.  
bOther  esters observed in minor  amounts :  16 :1~5 ,  18 :1~13 ,  2 0 : 1 ~ 7 ,  2 0 : 1 ~ 5 ,  20:3t06, 

and 22 :1~7 .  

18 :5603 ,  b u t ,  s i n c e  t h e y  w e r e  o b s e r v e d  o n l y  in  
s m a l l  a m o u n t s ,  c o m p l e t e  s t r u c t u r a l  i d e n t i f i c a -  
t i o n  w o u l d  h a v e  b e e n  b o t h  l a b o r i o u s  a n d  t i m e  
c o n s u m i n g .  It  s h o u l d  be  n o t e d  t h a t  r e c e n t  
d e v e l o p m e n t s  in  m a s s  s p e c t r o m e t r y  h a v e  g rea t -  

ly f a c i l i t a t e d  t h e  s t r u c t u r a l  a n a l y s i s  o f  m i n u t e  
a m o u n t s  o f  u n s a t u r a t e d  f a t t y  ac id  de r i va t i ve s .  
I t  a l so  s e e m s  p o s s i b l e  t h a t  s i n c e  18 :5~o3  ap-  

p a r e n t l y  h a s  n o t  b e e n  o b s e r v e d  p r e v i o u s l y  in 
s u f f i c i e n t  a m o u n t s  t o  p e r m i t  c e r t a i n  i d e n t i f i c a -  
t i o n ,  s o m e  c o m p o n e n t ,  o r  c o m b i n a t i o n  o f  c o m -  
p o n e n t s ,  in  t h e  m o d i f i e d  E r d - S c h r i e b e r  m e d i u m  
m a y  be  t h e  s t i m u l u s  fo r  s y n t h e s i s  o f  s i g n i f i c a n t  
a m o u n t s  o f  t h i s  ac id  in  t h e s e  a lgae .  

T h e  d a t a  s u g g e s t  t h a t  t h i s  ac id  a r i s e s  f r o m  
/3 -ox ida t ion  o f  2 0 : 5 ~ o 3  r a t h e r  t h a n  t h r o u g h  t h e  
i n t r o d u c t i o n  o f  a A3  b o n d  i n t o  1 8 : 4 r  T h i s  
q u e s t i o n  c a n  be  r e s o l v e d  o n l y  t h r o u g h  f u r t h e r  
i n v e s t i g a t i o n .  
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Stereospecific Analysis of Hepatoma, Host Liver, and Normal 
Rat Liver Triglycerides from Animals on Chow and Fat Free Diets 
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ABSTRACT 

Triglycerides from normal liver, host 
liver, and hepatoma of rats maintained on 
chow and fat-free diets were subjected to 
stereospecific analysis. Normal and host 
liver triglycerides from animals on the 
same diet did not exhibit significant 
differences. Fat-free diet reduced polyun- 
saturated fatty acids in normal and host 
liver triglycerides, but had no effect upon 
hepatoma triglycerides. Each position of 
hepatoma and liver triglyceride glycerol 
exhibited a characteristic fatty acid com- 
position. Palmitate concentrations were 
reduced dramatically and stearate levels 
were increased significantly at the 1 
position of hepatoma triglycerides, rela- 
tive to the corresponding position of liver 
triglycerides which were affected little by 
diet or tumor. Except for higher percent- 
ages of C-20 and higher fatty acids, 
common to all three positions, the com- 
position of hepatoma triglycerides at the 
2 position appeared normal. The 3 posi- 
tion of hepatoma triglycerides contained 
significantly higher percentages of stea- 
rate than liver. Data obtained previously 
for Ehrlich ascites cell triglycerides were 
in good agreement with this hepatoma. 
Data from these two neoplasms suggest 
that the metabolic system that regulates 
or controls the fatty acid composition at 
the 1 and 3 positions of normal tissue 
triglycerides does not function normally 
in neoplasms. 

INTRODUCTION 

The effects of a tumor upon the lipid 
metabolism of a host animal are not well 
understood. Likewise, it is not known how 
altered lipid metabolism in the host animal 
might affect the tumor. The literature (which 
contains some discrepancies) on the changes 
that occur in host animal lipids as a result of 
neoplasia has been reviewed (1,2). This is the 
second in a series of papers that describe the 
results of experiments designed to investigate 
the relationship between host and tumor lipid 
metabolism. The structure of hepatoma, host 
liver, and normal liver triglycerides as affected 
by diet are reported here. 

METHODS AND MATERIALS 

Normal and host animal livers and 7288CTC 
hepatomas were obtained from groups of ani- 
mals maintained on chow and fat-free diets for 
4-5 weeks; lipids were extracted and frac- 
t ionated into neutral lipid and polar lipid 
fractions as described previously (2). Triglyc- 
erides were resolved from the other neutral  
lipids by thin layer chromatography (TLC) on 
adsorbent layers of Silica Gel G developed in a 
solvent system of hexane-diethyl ether-acetic 
acid (80:20:1,  v/v). Triglyceride bands were 
visualized with Rhodamine 6G and eluted from 
the adsorbent with chloroform-methanol (2:1, 
v/v). The stereospecific analysis procedure of 
Brockerhoff (3) scaled down for 3-5 mg quanti- 
ties plus analysis of both 1, 2- and 1, 3-diglyc- 
erides, as described previously (4), was employed. 
The 1,2- and I, 3-diglycerides were resolved com- 
pletely on Silica Gel G plates developed in a sol- 
vent system of chloroform-acetone, 95 : 5 v/v.This 
elimates the necessity of using boric acid in the 
chromatoplates and acetic acid in the devel- 
oping solvent. The use of smaller sample size 
necessitated the purification of the diglyceride 
phenyl phosphates by TLC (diethylethermetha- 
n o l - 3 3 %  aqueous  ammonium hydroxide 
84:14:2,  v/v/v) before enzymatic hydrolysis so 
that the products could be more easily located 
on TLC after hydrolysis. Fatty acids liberated 
during hydrolysis were converted to methyl 
esters with diazomethane (5), whereas lyso and 
unreacted phenyl phosphates were transesteri- 
fled with methanol catalyzed by sulfuric acid 
(6). After the methyl esters were purified by 
TLC, they were analyzed by gas liquid chroma- 
tography (GLC) on ethylene glycol succinate 
methyl silicone polymer (EGSS-X) (10%) col- 
umns programed from 140-220 C at 2 C/min. 
(6). Identities of major fatty acid esters were 
based upon analysis before and after hydrogen- 
ation and cochromatography with standards. 

Ethylmagnesium bromide was purchased 
from Matheson, Coleman and Bell, Norwood, 
Ohio. Phenyl phospherodichloridate was ob- 
tained from Eastman Organic Chemicals, Roch- 
ester, N.Y. Crotalus atrox venom was purchased 
from Ross Allen's Reptile Institute, Silver 
Springs, Fla. Reagents were reagent grade or 
better and used without further purification. 
The source of glass distilled solvents and stan- 
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TABLE I 

Stereospecific Analysis of Triglycerides Derived from Normal Livers, Host Livers, 
and Hepatomas of Rats Maintained on Chow and Fat-Free Diets a 

405 

Fatty acid percentages b 

22:3 + 22:4 + 
Fatty acid position 14:0 16:0 16:1 18:0 18:1 18:2 20:1 20:2 20:4 24:0 24:1 >24:1 

RatlNer, normal, chowdiet 
1 c 1.S 63.2 4.3 4.6 15.6 8.0 T d T 
2 0.8 9.6 3.2 1.4 41.8 42.0 0.6 
3 T 12.5 4.0 2.4 50.2 26.4 0.7 1.2 

Ratliver, normal, fat-~eediet 
1 1.6 73.7 5.8 3.0 15.7 
2 1.2 16.2 11.8 2.2 68.1 T 
3 1.0 26.0 12.1 5.2 55.1 T 

Ratl~er,  host, chowdiet 
1 0.7 57.2 1.7 11 .1  14.6 10.9 2.0 
2 0.5 12.4 1.1 2.6 34.0 43.0 T 4.5 
3 12.9 1.6 4.9 44.5 30.6 T T 3.4 

RatlNer, hos t ,~ t - f reedie t  
1 1.0 64.9 3.4 7.4 21.8 1.4 T 
2 0.6 16.2 5.7 3.3 67.4 5.4 0.8 
3 T 24.1 S.0 8.0 60.4 2.2 

Hepatoma, h o s t ~ d c h o w d i e t  
1 1.2 21.5 1.4 27.2 22.0 7.8 4.0 1.8 3.9 
2 1.0 15.5 T 6.0 33.0 29.8 0.6 0.6 8.4 
3 0.5 14.6 0.6 17.1 30.6 14.6 3.7 1.8 7.0 

Hepatoma, h o s t ~ d ~ t - f f e e d i e t  
1 1.1 25.3 1.1 29.6 21.2 6.2 4.1 1.2 4.6 
2 1.1 16.2 2.0 4.8 33.8 25.0 T T 10.5 
3 0.6 14.6 2.0 16.0 32.8 12.2 3.8 1.2 8.9 

1.0 

T 
1.5 
1.3 

2.0 3.9 0.7 
2.8 0.8 

2.4 4.3 1.0 

1.6 2.8 T 
3.2 2.5 

1.5 4.0 1.1 

aAnalyses were performed on triglycerides isolated from a pooled sample of tissue from three-six animals in 
each group. 

bpercentages represent the mean of duplicate determinations. Agreement  be tween determinations was -+5% 
for major acids and +-10% for minor acids. The difference between the sum of percentages at any position and 
100% represents the sum of other acid percentages not given in the table. 

CThe 1 position represents the mean of values obtained from 1, 3-diglyeerides and 1, 2-diglycerides (see text). 
dT denotes delectable quantities of less than 0.5%. 

dards was Burdick and Jackson Laborator ies ,  
Muskegon,  Mich., and NU-Check-Prep,  Elysian,  
Minn. 

RESULTS 

The 1 pos i t ion  values in Table I represent  
the  mean  o f  1 pos i t ion  percentages  ob t a ined  
f rom 1, 3-diglycerides and 1, 2-diglycerides.  
General ly ,  the  1 pos i t ion  values ob ta ined  f rom 
the  1, 2-diglycerides con ta ined  ca. 10% higher  
percentage  of  sa tura ted  acids, pr imari ly palmi- 
ta te ,  t han  the  1 pos i t ion  values ob ta ined  f rom 
the  1, 3-diglycerides,  which  con ta ined  higher 
percentages  o f  18:1 and I8 :2  acids. The dif fer-  
e n c e s  probab ly  resul ted  f rom some acyl migra- 
t ion  o f  the  3 pos i t ion  fa t ty  acids, high in 18:1 
and 18:2 acids, to  the  2 pos i t ion ,  yielding 1, 
2-diglycerides.  During subsequen t  phospho -  

lipase A hydrolys is ,  the  2 pos i t ion  f a t t y  acids o f  
the  1, 2 -phenyl  phospha te s  would  be released,  
along wi th  1 pos i t ion  fa t ty  acids f rom the  1, 
3-diglyceride p h en y l  phospha tes .  2, 3-Diglyc- 
eride pheny l  phospha t e s  resul t ing f r o m  the  acyl 
migra t ion  o f  the  I pos i t ion  fa t ty  acids to the 2 
pos i t ion  o f  the 1, 3-diglyceride are no t  hydro -  
lyzed (3). Yurkowski  and Brocke rho f f  (7) have 
r epo r t ed  an acyl migra t ion  o f  ca. 6% in 1, 

3-diglycerides dur ing analysis,  whereas  acyl 
migra t ion  in 1, 2-diglycerides was less t han  
1.5%. Calculated t r iglyceride c o m p o s i t i o n  per- 
centages agreed well wi th  the  d e t e r m i n e d  com- 
pos i t ion  o f  the  t r iglycer ides  w h e n  the  mean  
values o f  t he  1 pos i t ion  were  used.  Likewise,  

the calculated 2, 3-diglyceride percentages  
agreed well wi th  d e t e r m i n e d  percentages  f rom 
the  unreac ted  2, 3-diglyceride pheny l  phos-  
phates .  Despi te  the  fact tha t  the  1 pos i t ion  
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TABLE II 

Comparison of Determined and Calculated Triglyceride Carbon Number Distributions for 
Normal Liver, Host Liver, and Hepatoma from Rats Maintained on Chow and Fat-Free Diets 

Carbon number percentages 

Source of triglyceride values 46 48 50 52 54 56 58 60 62 64 

Rat liver, normal, chow diet 
Triglyceride (deter.)a 2.2 14.3 52.0 19.5 10.7 1.4 T c 
Calculated I-R, 2-R, 3-R dist. b 0.8 12.8 50.2 24.2 8.5 3.0 0.3 

Rat liver, normal, fat-free diet 
Triglyceride (deter.) 1.2 15.5 42.6 37.8 3.0 
Calculated l-R, 2-R, 3-R dist. 0.3 9.1 38.4 45.5 6.6 

Rat liver, host, chow diet 
Triglyceride (deter.) 0.9 13.9 55.2 20.6 7.8 1.4 
Calculated I-R, 2-R, 3-R dist. 0.4 7.4 41.6 32.0 12.4 5.0 0.9 T 

Rat liver, host, fat-free diet 
Triglyceride (deter.) 5.8 33.8 49.1 10.3 0.9 
Calculated 1-R, 2-R, 3-Rdist. 1.8 18.7 53.1 24.3 1.8 

Hepatoma, host fed chow diet 
Triglyceride (deter.) 11 .9  13.0 19.7 21.7 13.8 9.8 5.8 2.6 0.8 
Calculated l-R, 2-R, 3-R dist. T 2.2 13.3 30.1 21.8 15.5 10.2 4.3 1.8 

Hepatoma, host fed fat-free diet 
Triglyceride (deter.) 10.4 9.8 15.8 1"7.9 15.1 14.2 9.8 4.7 1.7 
Calculated l-R, 2-R, 3-R dist. 0.4 3.8 15.2 26.4 22.0 16.6 8.6 4.4 1.9 

aDetermined (deter.) triglyceride carbon number percentages were taken from earlier data (2). 
bTbe 1-random-2-random-3-random distribution (dist.) was calculated from the stereospecifie 

analysis data given in Table I. 
CT denotes detectable quantities of less than 0.5%. 

f a t ty  acid pe rcen tages  migh t  exh ib i t  a s l ight ly 
h igher  level of  18:1 and  18:2  acids t h a n  the  
abso lu te  value in some groups ,  the  val id i ty  of  
t he  conc lus ions  d rawn  f r o m  the  da t a  are in n o  
way a f fec ted .  

Percen tages  of  f a t t y  acids es ter i f ied  at  the  1, 
2, and  3 pos i t ions  of  t r ig iycer ide  glycerol  
o b t a i n e d  f r o m  n o r m a l  liver, hos t  liver, and  
h e p a t o m a  of  animals  m a i n t a i n e d  on  chow and  
fat-free diets are given in Table  I. Each  pos i t ion  
e x h i b i t e d  a charac te r i s t i c  f a t t y  acid compos i -  
t i on :  the  1 pos i t ion  c o n t a i n e d  a h igh  percen t -  
age of  s a t u r a t e d  f a t t y  acids;  t he  2 pos i t i on  
e x h i b i t e d  the  mos t  u n s a t u r a t i o n ;  and  t he  3 
pos i t i on  c o n t a i n e d  ca. ha l f  t he  level of  18 :2  as 
t he  2 pos i t ion .  As expec t ed ,  t he  fat-free diet  
r e d u c e d  t he  quan t i t i e s  of  p o l y u n s a t u r a t e d  f a t t y  
acids and  e levated  the  quan t i t i e s  of  m o n o e n o e i c  
acids in  t he  t r ig iycer ides  of  n o r m a l  and  hos t  
fiver. Excep t  for  s l ight ly h igher  pe rcen tages  of  
p o l y u n s a t u r a t e d  f a t t y  acids in  the  hos t  l iver 
t r ig iycer ides ,  n o r m a l  and  hos t  l iver d i s t r i bu t i on  
pa t t e rn s  of  animals  o n  t he  same diet  were 
similar.  H e p a t o m a  t r ig lycer ides ,  u n a f f e c t e d  by  
diet ,  e x h i b i t e d  comple t e ly  d i f fe ren t  f a t t y  acid 
d i s t r i b u t i o n  pa t t e rn s  and  prof i les  t h a n  l iver  
t r iglyceries .  All h e p a t o m a  t r ig lycer ide  pos i t ions  
c o n t a i n e d  b e t w e e n  15-20% C-20 and  h igher  

f a t t y  acids, whereas  hos t  and  n o r m a l  l iver 
t r ig lycer ides  c o n t a i n e d  5% or  less of  these  acids. 
The  1 pos i t ion  of  the  h e p a t o m a  c o n t a i n e d  on ly  
one- th i rd  to  one-ha l f  t he  pe rcen tage  of  pa imi-  
t a t e  and  more  t h a n  th r ee  t imes  t he  pe rcen tage  
of  s t ea ra te  as l iver t r iglycer ides .  Excep t  for  t he  
h igher  pe rcen tage  of  C-20 and  l o n g e r  chain  
f a t t y  acids, t he  h e p a t o m a  2 pos i t ion  closely 
r e sembled  the  2 pos i t ion  of  l iver t r iglycer ides .  

Percentages  r ep resen t  t he  m e a n  of  dupl ica te  
de t e rmina t ions .  Since on ly  m i n o r  d i f ferences  
were observed  b e t w e e n  con t ro l  and  hos t  ani- 
mals on  t he  same diet ,  t h e y  may  be cons idered  

as dupl ica te  expe r imen t s  for  assessing r e p r o d u c -  
ibi l i ty .  Likewise,  because  the  ef fec t  of  diet  u p o n  
the  h e p a t o m a  t r ig lycer ides  was min ima l ,  t he  
da ta  f rom t h e  h e p a t o m a s  o f  t he  two  g roups  o f  
animals  may  be  used to  es t imate  var iabi l i ty  
b e t w e e n  hepa tomas .  

The  1 - r a n d o m - 2 - r a n d o m - 3 - r a n d o m  dis t r ibu-  
t ions ,  ca lcu la ted  f rom the  da ta  given in Table  I, 
are c o m p a r e d  w i t h  the  d e t e r m i n e d  t r ig lycer ide  
c a r b o n  n u m b e r  d i s t r ibu t ions  in  Table  II. Gener-  
ally, the  d e t e r m i n e d  values e x h i b i t e d  a h igher  
pe rcen tage  of  the  lower  mo l  wt  species t h a n  was 
o b t a i n e d  f r o m  calcula ted  values based  u p o n  a 
1 - r a n d o m - 2 - r a n d o m - 3 - r a n d o m  d i s t r i b u t i o n  of  
t he  f a t t y  acids. The  lack of  a g r e e m e n t  was mos t  

LIPIDS, VOL. 10, NO. 7 



HEPATOMA AND LIVER TRIGLYCERIDES 407 

apparent in the host liver and hepatoma triglyc- 
erides. 

DISCUSSI ON 

Livers of normal rats fed the fat-free diet 
contained ca. 3.5 times more triglycerides than 
livers of  normal chow-fed animals, and host 
liver triglyceride concentrations were ca. one- 
half normal liver values for each diet (2). 
Despite this large effect of diet and hepatoma 
upon liver triglyceride levels, the fat ty acid 
composit ion of the 1 position remained rela- 
tively constant (Table I). 1 Position fat ty  acid 
percentages from analysis performed in other 
laboratories on liver triglycerides from other 
strains of rats maintained on different diets 
(8-10) agree well with the present data. The 
constancy of the 1 posit ion fa t ty  acid composi- 
t ion, particularly palmitate (60-70%) and stea- 
rate (4-7%), indicates the lack of fluctuation at 
this position due to very drastic nutri t ional  and 
pathological stresses. In contrast, the 1 position 
of hepatoma triglycerides differed dramatically 
from liver (Table I). The 1 posit ion composi- 
tion of  Ehrlich ascites cell triglycerides reported 
previously (4) also agreed very closely. The data 
from these two neoplasms suggest an alteration 
in triglyceride biosynthesis that  affects the 1 
posit ion composition. Perhaps the specificity of 
a cy 1-C o A-s n-glycerol-3-phosphate acyltrans- 
ferase exhibited by rat liver mitochondria  (11) 
has been lost to some extent  in neoplasms. 
Alternatively, the reason for the decreased 
palmitate-increased stearate at the 1 posit ion of  
hepatoma triglycerides may lie in the fact that  
the dihydroxyacetone pathway (12) for phos- 
phatidate biosynthesis probably dominates over 
the usual a-glycerol phosphate pathway (13) 
because of the characteristic decreased activity 
of a-glycerol phosphate dehydrogenase in most 
neoplasms (14). The decreased palmitate and 
increased stearate concentration at the 1 posi- 
t ion contributes in part to the increased per- 
centage of higher tool wt species of triglycerides 
found in neoplasms (2, 4, 15), which indicates 
this metabolic alteration may be common to 
most neoplasms. 

Severn laboratories (8-10) have demon- 
strated that the 2 posit ion of liver triglycerides 
from rats on normal diets contained the highest 
percentage of polyunsaturated acids, primarily 
18:2; this observation is confirmed by the 
present data. Likewise, the 2 posit ion of  hepa- 
toma triglycerides contained the highest per- 
centage of  polyunsaturated acids. What is more 
important  is that  the hepatoma triglycerides 
from the fat-free fed hosts, essentially devoid of 
polyunsaturated acids, contained the same level 

of  polyunsaturated acids as hepatoma triglyc- 
erides from chow-fed hosts. Perhaps the hepa- 
toma has the abili ty to mobilize host phospho- 
lipids which are absorbed from the circulation, 
degraded, and used for triglyceride biosynthe- 
sis. Agreement between the percentages of 
saturated fat ty  acids at the 2 posit ion of 
hepatoma and liver triglycerides suggests that  
fa t ty  acids are esterified at the 2 position of 
hepatoma triglycerides in a manner similar to 
that  of  normal liver and are unaffected by diet 
or neoplasia. 

The quantities of 18:2 esterified at the 3 
posit ion of both  liver and hepatoma triglyc- 
erides suggested a relationship. Examination of  
11 triglyceride determinations:  hepatoma,  host 
liver, and normal liver of the present study,  
Ehrlich ascites cells (4), normal rat liver (8-10), 
and pig liver (16) showed that  the 3 posit ion 
contained 55 + 8%, as much 18:2 as the 2 
position. Elimination of  the two host liver 
determinations in the present s tudy gave a 
closer correlation (54.5 +__ 5%). Although the 
level of  18:2 at the 3 posit ion of  hepatoma 
triglycerides appears normal, the percentage of 
stearate is two to four times higher than the 
host or normal liver stearate percentage and 
previously reported stearate percentages at the 
3 posit ion of normal rat liver triglycerides 
(8-10). The increased percentage of stearate at 
the 3 posit ion of the hepatoma triglycerides 
compared favorably with the previous data 
reported for Ehrlich ascites cell triglycerides 
(4). The data from these two neoplasms suggest 
that  the specificity of digiyceride acyltrans- 
ferase in neoplasms is less specific than in 
normal tissue. It should be kept  in mind, 
however, that the composit ion of the fat ty 
acids available for exterif ication of  the 3 
posit ion of  triglycerides in neoplasms may be 
different from that  found in normal tissue. 

The determined carbon number distr ibution 
of Ehrlich ascites cell triglycerides determined 
previously (4) agreed well with the calculated 
1 - r a n d o m - 2 - r a n d o m - 3 - r a n d o m  distribution. 
Such a comparison did not  hold for this 
hepatoma or  liver triglycerides (Table II). These 
data indicate some pairing of fat ty  acids occurs 
in the hepatoma triglycerides similar to that  
observed for rat liver triglycerides. Stereo- 
specific analysis of fract ionated hepatoma tri- 
glyceride fractions appears to be necessary to 
determine whether the preferential pairing of 
some fa t ty  acids in the hepatoma is the same as 
in liver. 
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Stimulatory Effect of Glucose upon Triglyceride Synthesis from 
Acetate, Decanoate, and Palmitate by Mammary Gland Slices 
from Lactating Mice 
(3. ANANDA RAO, Veterans Administration Hospital, Martinez, California 94553, 
and S. ABRAHAM, The Bruce Lyon Memorial Research Laboratory, Children's Hospital Medical 
Center of Northern California, Oakland, California 94609, and Veterans Administration Hospital, 
Martinez, California 94553 

ABSTRACT 

Slices p r e p a r e d  f r o m  t he  m a m m a r y  
glands of  l ac ta t ing  mice i n c o r p o r a t e  on ly  
small  a m o u n t s  of  ( 1 - x 4 c )  ace ta te ,  
(1-14C)  decanoa t e ,  or  (1-14C)  pa lmi t a t e  
i n to  lipids. However ,  w h e n  glucose is 
a d d e d  to  t he  i n c u b a t i o n  m ed i um ,  f a t t y  
acid i n c o r p o r a t i o n  is s t i m u l a t e d - 1 3 - f o l d  
f r o m  aceta te ,  17-fold f r o m  decanoa t e ,  
and  2-fold f r o m  pa lmi t a t e .  Over  90% of  
the  14 C act iv i ty  in  the  l ipid f r ac t ion  is in  
t r iglycer ides .  Analysis  o f  f a t t y  acids in 
t he  t r ig lycer ides  s h o w e d  t h a t  a lmos t  all of  
the  d e c a n o a t e  and  the  pa l rn l ta te  were 
i n c o r p o r a t e d  as i n t a c t  molecules ,  whi le  
ace ta t e  y ie lded  acids o f  vary ing  cha in  
lengths .  The  glucose s t i m u l a t i o n  o f  tri-  
g lycer ide syn thes i s  is n o t  solely  due t o  its 
e f fec t  u p o n  cha in  e longa t ion  bu t  also 
could  involve glycer ide-glycerol  availabil-  
i ty ,  as well as o t h e r  u n k n o w n  factors .  
However ,  f r o m  m e a s u r e m e n t s  o f  t h e  
a m o u n t s  of  g lycerol  3 - phos pha t e  in  t he  
t issue i n c u b a t e d  in the  p resence  of  pa lmi-  
ta te ,  i t  wou ld  appear  t h a t  glyceride-glyc-  
erol  avai labi l i ty  is no t  ra te  l imi t ing  in  
t r ig lycer ide  synthes is .  

INTRODUCTION 

As early as 1949,  Fo l tey  a n d  F r e n c h  (1)  
suggested t h a t  m a m m a r y  gland slices p r epa red  
f r o m  t h e  glands of  l ac t a t ing  ra ts  cou ld  syn the -  
size cop ious  a m o u n t s  o f  f a t t y  acids f r o m  
glucose. It was f u r t h e r  l ea rned  t h a t  the  ra te  of  
syn thes i s  was g rea t ly  d e p e n d e n t  u p o n  t h e  
phys io logica l  s ta te  of  t he  animal .  Only  dur ing  
l a c t a t i on  did the  gland have  th i s  capac i ty  (2).  
Slices o f  th is  t issue also could  i n c o r p o r a t e  large 
a m o u n t s  o f  ace t a t e  (3-6) ,  l ac ta t e  (7) ,  and  
a lanine  (8)  c a r b o n  i n to  f a t t y  acids p rov ided  
glucose was a d d e d  t o  t h e  i n c u b a t i o n  med ium.  
The  m e c h a n i s m  of  th i s  glucose e f fec t  has  been  
s tud ied  b y  m a n y  inves t iga tors  (6 ,9 ,10)  w h o  
genera l ly  c o n c l u d e d  t h a t  g lucose  o x i d a t i o n  via 
t he  p e n t o s e  p h o s p h a t e  p a t h w a y ,  w h i c h  gener- 
ates t he  n i c o t i n a m i d e  aden ine  d inuc l eo t i de  
p h o s p h a t e ,  r e d u c e d  f o r m  (NADPH)  requ i red  
for  f a t t y  acid syn thes i s ,  plays a ma jo r  role.  F o r  
some  t ime  now,  we have been  sa t i s f ied  w i th  th i s  
e x p l a n a t i o n  as, indeed ,  have  o t h e r  workers  w h o  
also have  app l ied  it  to  adipose  t issue (11 ,12) .  

The  even tua l  p r o d u c t  of  f a t t y  acid syn thes i s  
b y  m a m m a r y  glands o f  l ac t a t ing  an imals  is mi lk  
t r iglycer ides .  Lac ta t ing  m a m m a r y  glands are 
also capable  of  conve r t ing  e x o g e n o u s  f a t t y  

TABLE I 

Utilization of Acetate, Decanoate, and Palmitate by Slices of Mammary Gland from 
Lactating Mice for Triglyceride Synthesis a 

(14C) Substrate nmoles Substrate converted to: 

Conc. b Glucose 
Compound mM mM CO 2 Total lipids Triglycerides 

(1-14C) Acetate 2.5 0 1206 + 156 105 + 9 92 + 12 
(1-14C) Acetate 2.5 10 833+ 91 1387+ 96 1290 + 107 
(1-14C) Decanoate 1.25 0 91 + 12 76 + 5 71 -+ 6 
(1-14C) Decanoate 1.25 10 26 + 3 1284 + 128 1220 + 154 
(1-14C) Palmitate 0.25 0 2 -+ 0 56 + 9 45 + 8 
(1-14C) Palmitate 0.25 10 1 -+ 0 100 -+ 9 94 + 9 

aMammary gland s/ices (100 mg wet wt) from mice lactating for 17 days were incubated for 2 hr at 
37 C in 2.0 ml Krebs-Henseleit bicarbonate buffer pH 7.4 (24) containing the sodium salts of (1-14C) 
fatty acids at optimal concentrations indicated, defatted albumin (8 rag) in the absence or presence of 
glucose with 95% O 2 and 5% CO 2 as gas phase. The amount of radioactivity of each acid converted to 
product was determined (19,21). The results given are the means -+ standard error of three experi- 
ments, each performed in duplicate with tissues from different lactating mice. 

bConc. = concentration. 
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TABLE II 

Identification of Fatty Acids in Triglycerides Synthesized from Acetate, Decanoate 
and Palmitate by Slices of Mammary Gland from Lactating Mice a 

Percent distribution of radioactivity in fatty acids: 
Glucose 

Fatty acid mM C8 C10 C12 C14 C16 C16:1 C18 C18:1 

(1-14C) Acetate 0 3.7 33.2 31 .3  17.6 9.0 1.2 2.1 1.6 
(1-14C) Acetate 10 1.8 18.5 23.5 24.3 19.2 3.4 5.4 3.4 

(1-14C) Decanoate 0 0.5 89.6 1.8 1.8 2.7 1.9 0.9 0.5 
(1-14C) Decanoate 10 1.1 89.1 2.1 1.6 2.0 0.5 1.7 1.5 

1 14C ( - ) Palmitate 0 1.0 1.9 1.0 1.0 64.6 19.6 5.9 4.9 
(1-14C) Palmitate 10 0.6 0.9 1.5 0~ 84.7 5.1 4.0 2.2 

alncubation conditions are given in Table I. The triglyceride fractions were isolated by preparative 
thin layer chromatography, and, following the saponification, fatty acids wre isolated, converted to 
their methyl esters, and analyzed by gas liquid chromatography (22). The values are averages of closely 
agreeing duplicate determinations. 

acids to triglycerides (13,14). Since this latter 
process does not require NADPH, one would 
expect that the glucose stimulation of triglyc- 
eride synthesis from acids which are not elon- 
gated would be small. In these instances, 
glyceride synthesis could be limited by the 
availability of (A) glycerol 3-phosphate or other 
glyceride-glycerol precursors; (B) cofactors 
( a d e n o s i n e  5'-triphosphate [ATP] and 
CoASH), needed for fatty acid activation, and 
(C) the necessary enzymes. On the other hand, 
one might expect that, if a short chain fatty 
acid is elongated prior to esterification, such a 
process would be greatly stimulated by glucose. 
Here we show that acetate and decanoate 
incorporation into triglycerides by slices of 
mammary glands from lactating mice is stimu- 
lated essentially to a similar degree by the 
addition of glucose to the incubation medium. 
However, acetate is elongated prior to triglyc- 
eride formation, whereas decanoate is not. 
Thus, the effect of glucose cannot be solely due 
to NADPH production. 

M A T E R I A L S  A N D  METHODS 

Mammary glands were removed from lac- 
tating C3H mice which were maintained on an 
adequate stock diet (Wayne Lab Blox, Allied 
Mills, Chicago, ILL). They had suckled 6-8 pups 
for 17 days at the time of sacrifice by cervical 
fracture. (1-14C) Decanoate and (1-14C) palmi- 
tare were synthesized from the appropriate 
Grignard reagent and 14CO 2 (15). (1-14C) 
Acetate was obtained from New England Nu- 
clear Corp., Boston, Mass. (U-I 4C) Glucose was 
prepared photosynthetically (16,17). 

The preparation of slices, incubation condi- 
tions, collection of  CO2, and assay of  radioac- 
tivity have been described previously (18,19). 
After incubation, the tissue slices were removed 

from the medium and washed with water. Total 
lipids were extracted from the slices with a 
mixture of chloroform:methanol  (2:1, v/v) and 
washed (20). The individual lipid classes were 
separated by thin layer chromatography (TLC) 
and assayed for radioactivity (21). 

Triglycerides were separated by preparative 
TLC, saponified, and the fatty acids were 
extracted with ether from an acidified medium. 
After preparation of  the methyl esters with 
diazomethane, the individual fatty acids were 
separated by gas liquid chromatography (GLC) 
programed at 10 C/min over the range of  
80-180 C. The instrument used was a Varian 
aerograph (model 2740) provided with a flame 
ionization detector, a stream splitter and stain- 
less steel column (6 ft x 1/8 in.) packed with 
15% diethylene glycol succinate "on H/P Chro- 
mosorb G. Each fatty acid fraction was col- 
lected and assayed for radioactivity (22). 

Tissue contents of glycerol 3-phosphate and 
dihydroxyacetone phosphate were determined 
enzymaticaUy in perchloric acid extracts of 
slices (23). 

RESULTS A N D  DISCUSSION 

In preliminary experiments, with various 
concentrations of each labeled substrate, the 
amounts of acetate, decanoate, and palmitate 
recorded in Table I were shown to be optimal 
for triglyceride synthesis. Acetate incorporation 
into lipids and the extent of glucose stimualtion 
on this process were of the same order as that 
observed previously with slices of mammary 
glands from lactating mice (18). In the presence 
of glucose, the conversion of decanoate to 
lipids was as high as that of acetate and ca. 
12-fold greater than that of palmitate. The 
stimulatory effect of glucose on lipid synthesis 
from acetate and decanoate was similar and 
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GLUCOSE STIMULATION OF TG SYNTHESIS 

TABLE III 

Metabolism of (U-14C) Glucose by Slices of Mammary Glands 
from Lactating Mice a 
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Addition : nmoles Glucose converted t o :  

Conc. b 
Compound mM CO 2 Lipids Fatty acids Glycerol 

None 1513 + 139 1428 -+ 149 1340 89 
Acetate 2.5 1104 + 40 938 + 117 857 81 
Decanoate 1.25 1125 + 144 694 :t 50 469 225 
Palmitate 0.25 1035 + 130 657 + 50 606 51 

aExperiments were carried out as described in Table I, except that unlabeled acids and 
(U-14C) glucose (I0 raM) were used. Total lipids from duplicate experiments were pooled 
and the triglyceride fractions were isolated. After saponification of triglycerides, analysis of 
radioactive free fatty acids and glycerol was carried out (19,27). The values for glucose con- 
verted to CO 2 and lipids are the means + standard error of three experiments with different 
lactating mice. Values for fatty acids and glycerol are averages of two experiments each. 

bConc. = concentration. 

TABLE IV 

Glyceride-Glycerol Precursors in Mammary Gland Slices a 

Glycerol 3-phosphate Dihydroxyacetone phosphate 

Additions to medium nmoles/1 O0 mg wet wt 

Glucose 51.4 + 2.7 4.3 +- 0.3 
Palmitate 24.4 +- 0.9 0 
Glucose plus palmitate 52.4 +- 2.0 3.7 + 0.1 

aMammary gland slices (1 g wet wt) from lactating mice were incubated in 20 ml Krebs- 
Henseleit bicarbonate buffer (pH 7.4) containing defatted albumin (80 rag) and where 
indicated glucose (10 mM), palmitate (0.25 raM), or glucose (10 raM) plus palmitate (0.25 
mM) for 2 hr at 37 C with continuous mechanical agitation with 95% 02 and 5% CO 2 as gas 
phase. The slices were removed, washed with ice-cold water and homogenized in perchloric 
acid (6% w/v) (23). The content of glycerol 3-phosphate and dihydroxyacetone phosphate 
in the extracts were determined with glycerol 3-phosphate: nicotinamide adenine dinucleo- 
tide oxidoreductase (23). The results given are the means +- standard error of three separate 
experiments. 

cons iderably  greater  than  tha t  f rom palmi ta te .  
Both ,  in the  presence  or absence o f  added  
glucose, the  f a t t y  acids were i n c o r p o r a t e d  
p r e d o m i n a n t l y  i n to  the  t r iglycer ide f rac t ion  
(Table I). A l though  intact  rat m a m m a r y  gland 
cells conver ted  fa t ty  acids mos t ly  in to  triglyc- 
erides, Kinsella (25) observed tha t  pa lmi ta te  
i nco rpo ra t ion  was m u c h  greater  t h a n  tha t  o f  
decanoa te .  This d i f ference  in t he  manne r  in 
which  the  m a m m a r y  gland cells f rom rats and 
mice util ize these  fa t ty  acids is o f  in teres t  and 
may  be re la ted to  the  d i f fe rence  in the  fa t ty  
acid c o m p o s i t i o n  in the  milk t r iglycerides of  
the  t w o  species (26). 

As observed previously (18), ace ta te  ca rbon  
was conver t ed  to  decanoa te ,  laurate,  myr is ta te ,  
pa lmi ta te ,  and some s teara te  wi th  over 90% of  
these  residing in tr iglycerides (Table II). On 
the  o the r  hand ,  decanoa te  and pa lmi ta te  were  
i n c o r p o r a t e d  mos t ly  as in tac t  units .  Hence,  
while  the  s t imula to ry  effect  o f  glucose upon  
tr iglyceride synthesis  f rom aceta te  could be due 

to  the  s t imula t ion  o f  f a t ty  acid synthesis ,  tha t  
f rom decanoa te  and pa lmi ta te  must  be due to  
o the r  factors  among  wh ich  is t he  supply  of  
glyceride-glycerol  precursors .  This concep t  was 
suppo r t ed  by  our  expe r imen t s  wi th  (U-14C) 
glucose and unlabeled  f a t t y  acids (Table III). 
The major  lipid class syn thes i zed  f rom glucose 
was t r iglycer ide,  wi th  radioact iv i ty  residing in 
b o t h  the  f a t t y  acid and glycerol moiet ies .  The 
a m o u n t  o f  glucose carbon conver ted  to  fa t ty  
acids was depressed in t he  presence  of  aceta te ,  
and to  an even greater  ex t en t  in the  presence  of  
decanoa te  or pa lmi ta te .  However ,  the  amo u n t  
of  glucose conver ted  to  glyceride-glycerol  was 3 
to  4-fold greater in the  presence  of  decanoa te  
than  in the  presence  of  aceta te  or palmita te .  

Previously,  we have s h o w n  tha t  mouse  mam- 
mary glands in lac ta t ing mice conta in  51.8 and 
3.6 nmole s /100  mg tissue of  glycerol  3-phos- 
pha te  (GP) and d i h y d r o x y a c e t o n e  phospha t e  
(DHAP),  respect ively  (28). Slices p repared  f rom 
these  glands, despi te  i ncuba t ion  wi th  pa lmi ta te  
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for  2 hr ,  still  con t a in  apprec iab le  a m o u n t s  (ca. 
40% of  or iginal)  of  GP, a l t h o u g h  t h e y  do  no t  
possess d e t e c t a b l e  a m o u n t s  o f  D H A P  (Table  
IV).  I f  acyl exchange  reac t ions  w i t h  (1-14C) 
pa l rn i ta te  and  e n d o g e n o u s  t r ig lycer ides  did no t  
occur ,  and  i f  all t h e  i n c o r p o r a t e d  p a l m i t a t e  
were c o n v e r t e d  to  t r i pa lmi t i n ,  on ly  15 nmoles  
GP would  be  r equ i red  (ca lcu la ted  f rom da ta  in  
Table  I). Thus ,  the re  appears  to  be  suf f ic ien t  
a m o u n t s  of  GP in t he  t issue to  yie ld  the  
obse rved  t r ig lycer ide  synthes i s  f rom pa lmi ta te .  
When glucose was the  sole added  subs t ra te ,  t he  
levels o f  GP and  DHAP were res to red  to  those  
obse rved  in  u n i n c u b a t e d  con t ro l s  (Tab le  IV).  If, 
however ,  glucose and  pa lmi t a t e  were i n c u b a t e d  
t oge the r ,  t he  levels of  GP and  DHAP were 
unchanged .  Hence ,  the  a m o u n t s  o f  GP and  
D H A P  in t h e  t issue do  n o t  appea r  to  l imi t  
t r ig lycer ide  synthes i s  f r o m  exogenous  pa lmi t a t e  
and  appea r  to  be  c o n t r o l l e d  by  glycolysis.  

The  obse rva t ions  made  here  ind ica te  t ha t ,  
besides  the  p r o d u c t i o n  o f  (A)  N A D P H  via the  
pen to se  p h o s p h a t e  p a t h w a y  and  (B) glyceride-  
g lycerol  precursors ,  glucose also mus t  supp ly  
o t h e r  fac to rs  for  t he  s t i m u l a t i o n  of  t r ig lycer ide  
synthes is .  Whe the r  these  involve A T P  p roduc -  
t ion ,  f a t t y  acid u p t a k e  and  ac t iva t ion ,  etc.,  
c a n n o t  be ascer ta ined  f r o m  t he  p resen t  data .  
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cis-5-Polyenoic Acids in Larix leptolepis Seed Oil 

R.D. PLATTNER, G.F. SPENCER, and R. KLEIMAN, Northern Regional Research 
Laboratory 1, Peoria, Illinois 61604 

ABSTRACT 

cis-5,cis-9-Octadecadienoic acid (2.7%) 
and  cis-5 ,cis-9,cis-12-octadecatrienoic 
acid (24.9%) are present in the seed oil of 
Larix leptolepis. The double bond posi- 
tions were identified by ozonolysis and 
by gas chromatography-mass spectrom- 
etry of methoxy derivatives. Small quan- 
tities of branched chain acids of various 
chain lengths were indicated by gas chro- 
matography. The presence of C17 and 
C19 branched methyl esters was con- 
firmed by gas chromatography-mass spec- 
trometry. 

INTRODUCTION 

cis-5-Unsaturation has been found previously 
in a large number of plant sources (1-3), among 
them tall oil and extracts of pine and birch 
(1-6). Larix leptolepis (Pinaceae), the Japanese 
larch, and a number of its relatives reportedly 
produce 1-5% cis-5-18:l and cis-5,9-18:2 acids 
in the lipids of their needles (6). We now find 
that the seed oil of L. !eptolepis contains a 
much larger amount (27.6%) of cis-5 acids, as 
well as small amounts of branched chain acids 
also similar to those in the needles (6). 

EXPERIMENTAL PROCEDURES 

Oil was extracted from ground seed with 
petroleum ether (bp 30-60 C) and analyzed by 
gas chromatography (GC) with an F&M 810 gas 
chromatograph equipped with a 3 ft x 1 ]8 in. 
stainless steel column packed with 3% OV-1 on 
100-120 mesh Gas-Chrom Q. The column was 
temperature programed from 200-400 C at 4 
C/min. The carrier gas was helium used at a 
flow rate of 75 ml/min. 

Esters prepared from the oil by using BF 3 in 
methanol (7) were analyzed by GC on a 
Packard 7401 chromatograph equipped with 
both a 12 ft x 1/4in. glass column packed with 
5% LAC-2-R 446 (Resoflex) on 60-80 mesh 
Chromosorb W(AW-DMCS) and a 4 ft x 1/4 in. 
glass column packed with 5% Apiezon L on 
60-80 mesh Chromosorb W(AW-DMCS). Prepar- 
ative thin layer chromatography (TLC) was 
performed on plates spread with a 1.0 mm layer 
of Silica Gel G containing 20% AgNO 3. The 
developing solvent was benzene. After develop- 

1ARS, USDA. 

ment, the plates were sprayed with an alcoholic 
solution of 2',7'-dichlorofluorescein. The bands 
observed under UV light were scraped from the 
plates, and esters were recovered from the 
adsorbent with ether. 

Samples were introduced into the mass 
spectrometer through a Packard model 7401 
gas chromatograph via a single stage jet-type 
helium separator. Spectra were taken at 70 eV 
with the source at 200 C. A glass column (4 ft x 
1/4 in.) packed with 5% Apiezon L on 60-80 
mesh Chromosorb W (AW-DMCS) was used for 
separation in the gas chromatograph. 

Ozonolysis and GC (8) of unsaturated esters 
and gas chromatography-mass spectrometry 
(GC-MS) of their methoxy derivatives (9) were 
used to determine double bond positions. 
GC-MS analysis also was performed on the 
saturated esters. IR spectra were obtained with 
a Perkin-Elmer model 137 spectrophotometer 
from liquid films on sodium chloride disks. UV 
spectra were recorded from 0.1% solutions in 
absolute ethanol with a Beckman DK-2A instru- 
ment. NMR spectra were run in DCC13 solu- 
tions with a Varian HA-100 spectrometer. 

RESULTS AND DISCUSSION 

GC of L. leptolepis seed oil (19.5% oil) 
indicated only triglycerides ranging from 
Cs2-Cs6 with the major peak at C54. GC 
analysis of methyl esters prepared from the  oil 
showed that almost 95% of the fatty acid 
composition was made up of C18 acids; small 
amounts of C16, CaT, C19, and C20 acids also 

TABLE I 

Composition of Esters from Larix leptolepis seed oil  

Component Percent by GLC a 

16:0 3.3 
17:0 Branch 0.3 
18:0 1.7 
19:0 Branch 0.2 
9-18:1 20.3 
11-18:1 0.6 
9,12-18:2 43.9 
5,9-18:2 2.7 
5,9,12-18:3 24.9 
19:0 0.2 
20:0 0.1 
11-20:1 0.6 
20:2 0.4 
5,11,14-20:3 0.8 

aGLC = gas liquid chromatography. 
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* TABLE II 

Saturated Ester Fraction from 
Larix leptolepis Seed Oil 

ECL a Percent M +b Ident i ty  c 

12.0 0.3 
12.2 0.7 
12.7 0.2 
13.2 0.9 
13.7 0.3 
14.0 1.0 
14.3 0.5 
14.7 0.6 
15.0 0.8 
15.3 1.1 
15.7 0.5 
16.0 42.7 
16.2 0.8 
16.7 6.6 
17.0 1.8 
17.3 1.5 
17.7 1.5 
18.0 23.0 
18.3 0.9 
18.5 0.6 
18.7 1.9 
19.0 1.1 
19.3 1.3 
19.6 1.1 
20.0 3.1 
21.3 1.6 
22.0 1.6 

242 14:0 

256 15:0 

270 16:0 
284 17:0 Branch 
284 17:0 Branch 
284 17:0 

296 18:1 
298 18:0 

312 19:0 Branch 
312 19:0 

324 20:1 
326 20:0 

aECL = equivalent chain length (10). From Apiezon 
L column. 

bMolecular ion from gas chromatography-mass 
spec t rometry  (GC-MS). 

CSome unident i f ied components  appear to be 
hydrocarbons.  

were present (Table I). IR analysis of the oil 
and esters showed no trans unsaturation, and 
UV spectra between 210-360 nm showed no 
chromophores. 

Identification of Fatty Acid Esters 

Separation of the mixed methyl esters by 
preparative TLC on AgNO34mpregnated plates 
yielded five fractions varying in degree and type 
of unsaturation from zero to three double 

bonds/molecule. IR spectra of the unsaturated 
fractions confirmed the absence of trans unsat- 
uration. GC analysis showed that the saturated 
fraction contained mostly normal C16 and C18 
esters. A small amount of 18:1 and 20:1 
contaminated this fraction. The presence of 
small amounts of branched chain esters also was 
indicated in this fraction. 

A homologous series of peaks was observed 
with equivalent chain lengths (ECLs) (10) 0.3 
and 0.7 units greater than normal saturated 
esters on the Apiezon L column (Table II). A 
similar set of peaks, 0.4 and 0.7 ECL units 
greater than normal saturated esters, also was 
noted in the data from the Resoflex column. 
The two series tentatively were identified as 
branched esters on the basis of the ECLs. Mass 
spectrometry showed that the components with 
ECLs of 16.2, 16.7, and 18.7 (Apiezon L) had 
spectra typical of saturated fatty acid methyl 
esters with molecular ions of 284, 284, and 
312, the same as those of the normal C17 and 
C19 esters (Table II). Therefore, these compo- 
nents are methyl-substituted C16 (17:0 branch) 
and C18 (19:0 branch) esters. The presence of 
trace amounts of C23-C28 saturated methyl 
esters also was observed by GC-MS. However, 
the components with ECLs 12.2, 12.7, 13.2, 
13.7, 14.3, 14.7, 15.3, and 15.7 (Table I I )had 
mass spectra characteristic of saturated hydro- 
carbons. Molecular ions were obtained for C16, 
C17, C18, C19, C20, and C21 hydrocarbons. 
Traces of other longer chain hydrocarbons were 
indicated by the mass spectral fragmentation 
patterns; however, there was not enough mate- 
rial present to detect molecular ions. The 
presence of these hydrocarbons in the saturated 
ester fraction also was indicated by TLC. 

The monoene fraction was 95% C18 and 
2.5% C20 with other trace components. The 
predominant aldehyde-ester (AE) and aldehyde 
(A) fragments produced by ozonolysis of tiffs 
fraction were 9 AE and 9 A. They accounted 
for ca. 91 and 98% of the aldehyde-ester and 
aldehyde produced, respectively. This evidence 

TABLE l l I  

Major Fragments from Methoxy Derivatives of Unsaturated Esters from Larix leptolepis Seed Oil 

Major ions a 

Compound A (A') a (B') C (C') D (D') E (E') F (F')  

9-18:1 201 (215) 171 (157) . . . . . . . . . . . .  
11-18:1 229 (243) 143 (129) . . . . . . . . . . . .  
11-20:1 229 (243) 171 (157) . . . . . . . . . . . .  
5,9-18:2 145 (159) 257 (243) 231 (245) 171 (157) . . . . . .  
5,9,12-18:3 145 (159) 287 (273) 231 (245) 201 (187) 327 (341) 129 (115) 
5,11,14-20:3 145 (159) 315 (301) 259 (273) 201 (187) 355 (369) 129 (115) 

aSee Scheme 1 for ident i f icat ion of fragment ions. 
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indicates that double bond position is A9 in the 
major C18 ester. The other fragments present 
were 11 AE and 7 A, and the amounts present 
indicate that 3% of the 18:1 is A l l .  The 
presence of only 7 A, 9 A, 9 AE, and 11 AE 
fragments shows that the major double bond 
position in the C20 ester is in the 11 position (9 
A +  11 AE). 

Methoxy derivatives of unsaturated fatty 
acids are formed as mixtures, with the meth- 
oxyl group added to either of the carbon atoms 
of the double bond (9). Since these positional 
isomers are not resolved by GC, a mass spec- 
trum of these derivatives contains fragments 
contributed by all the positional isomers. Iden- 
tification of the methoxy derivatives from 
monoenes is straightforward and well docu- 
mented (9). The positions of unsaturation in 
the C18 and C20 monoenoic esters were con- 
firmed by GC-MS of the methoxy derivatives of 
these esters (Table III). 

The third fraction contained 98% C18 di ~ 
cries. Fragments obtained from ozonolysis of 
this fraction (6 A, 9:1 A, 9 AE, and 12:1 AE) 
and GC-MS of its methoxy derivatives identify 
the major component to be methyl tinoleate. 

Interpretation of mass spectra of methoxy 
derivatives from more unsaturated molecules 
becomes more difficult because of the number 
of isomers formed and the resulting complexity 
of their mass spectra. Major ion fragments used 
to identify components of L. leptolepis seed off 
are identified in Scheme 1 and tabulated in 
Table III. Abundant  fragments showing the loss 
of 32 mass units (CHaOH) accompanied most 
ion fragments containing methoxyl groups. 

Fraction 4 contained a mixture of C18 
esters. The predominant one (60%) had ECLs 
of 18.6 on Resoflex and 17.2 on Apiezon L and 
the other (40%) had ECLs corresponding to 
methyl linoleate. The unknown component was 
identified by GC-MS of its methoxy derivative 
as methyl 5,9-octadecadienoate (Table III). 
Since IR shows no trans unsaturation, this 
compound must be the cis-5,cis-9 isomer. Its 
NMR spectrum was the same as that reported 
by Lehtinen, et al., (11) for the cis-5,cis-9 
component in tall oil. 

The fifth fraction contained C1 s (95%) and 
C20 (1.5%) triene esters and cis-5,cis-9 C18 
diene (3.5%). IR analysis of fraction 5, the 
major fragments from ozonolysis (6 A, 9:1 A, 5 
AE, 9:1 AE, and C 4 dialdehyde), and GC-MS of 
the methoxy derivatives identified the major 
component as methyl cis-5,cis-9,cis-12-octa- 
decatrienoate. Double bonds of the C20 ester 
were at the 5, I 1, and 14 positions (Table III). 
The NMR spectrum of the triene fraction was 
identical to that obtained by Smith, et al., (1) 

Compound 

O~'C--[CH217CH~CH[CH2/TCH3 
CH~O / 

Derivatives formed 

D~ OCH3 
"~C -.- --C- - ~- -CH3 

CHaD I H I / 

A or A g o1 g' 
Compound 

O%C--(CH 2 j3 CH~CH--ICH2/2CH~CH(CH217CH3 
CH3O -/ 

Derivatives formed 

OCH3 OCH3 

" c---Icl . . . .  -I c 

A 5 B C 9 D 
or or or or or or 
A' 6 B' C' 10 O' 

Compound 

D~'C(CH2 I3CH~CH[CH2)2 CH~CH(CH 2 )CH----CH(CH 2 }4CH3 
CH3 O/  

Derivatives formed 
5 or 6 9 or 10 12 or 13 

DCH3 OCH3 OCH3 

/ 1 /  / 1 /  
/ C - - - L , , . C  .J . . . .  - ~ C  , ,~ - - - - 'L . .  C ,..."L--- C H 3 

CH3O ~ ~ 
k 5 B C 9 D E 12 F 
Or or or or or or or or or 
k' 6 8' C' 10 D' E' 13 F' 

Scheme 1 

Major fragments from methoxy derivatives of un- 
saturated esters from Laeix teptolepis seed oil. 

for the all-cis-5,9,12-18:3 from Teucrium de- 
pressum seed oil and Powell, et al., (2) for 
all-cis-5,9,12-18:3 from Xerr  annum 
seed oil. 
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The Incorporation of Orally Fed Radioactive T-Linolenic Acid 
and Linoleic Acid into the Liver and Brain Lipids of Suckling Rats 
A.G. HASSAM, A.J. SINCLAIR, and M.A. CRAWFORD, N uffield Institute of Comparative Medicine, 
The Zoological Society of London, Regent's Park, London, NW1 Great Britain 

ABSTRACT 

The incorporat ion of  radioactivity 
from orally administered 3'-linolenic acid- 
1-14C and linoleic acid-3H into the liver, 
plasma, and brain lipids of  suckling rats 
was studied. Significantly more radioac- 
tivity from the former compound was 
incorporated into the liver and brain 
lipids 22 hr after dosing. The distribution 
of  the radioactivity in the fat ty acids of  
the liver and brain lipids was different for 
each isotope. Most of the 3H was still 
associated with linoleic acid, whereas 
most of  the 14C was in the 20:3 and 
20:46o6 fractions. These results suggest 
that the desaturation of linoleic to 3'- 
linolenic acid in vivo is a rate-limiting step 
in the conversion of linoleic to arachi- 
donic acid. 

INTRODUCTION 

In a previous paper we compared the incor- 
porat ion of  radioactivity from orally adminis- 
tered 18:2-1-14C with 20:4-3H 8 into the liver 
and brain 20:4 of  suckling rats (1) and found 
that the majority of the radioactivity in tissue 
20:4 was derived from the exogenously admin- 
istered 20:4-3H8 . The pathway of  synthesis of 
arachidonic acid from linoleic acid involves an 
initial desaturation of linoleic to 3'-linolenic 
acid (18:36o6). This reaction has been demon- 
strated to be rate-limiting in vitro (2). 

To test whether the slow endogenous 
synthesis of arachidonic acid in the above 
experiment was due, in part,  to this rate-limit- 
ing step, we have compared the incorporat ion 
o f  r a d i o a c t i v i t y  f r o m  1 8 : 2 - 3 H  a n d  
7-18:3-1-14C into the liver, brain, and plasma 
lipids of suckling rats. 

METHODS 

Suckling rats, between 15 and 16 days old, 
were used in these experiments.  They were bred 
from female rats maintained on a semisynthetic 
diet (3). 

In the first experiment,  four pups were 
dosed with a mixture of 18:2-9,10,12,13-3H 
methyl  ester (85 mCi/m mole, radiopuri ty  99%) 
and 3,-18:3-1-14 C (20 mCi/m mole, radiopuri ty  
99%, Daiichi Pure Chemical Co., Tokyo,  Ja- 

pan). Ca. 3 /~Ci of  each isotope (14C/3H dose 
ratio = 1.18) was added to 0.25 ml olive oil, 
and the mixture was administered orally to 15 
day old pups. The pups were killed 22 hr later. 
This t ime interval was chosen so that  a compari- 
son could be made between the present results 
and our previous work (1). 

In the second experiment,  three pups were 
dosed with ca. 1.5 /.tCi of each of  18:2-3H and 
18:2-1-14 C (61 mCi/m mole, The Radiochemi- 
cal Center, Amersham, U.K.). The isotopes 
(14C/3H dose ratio = 1.01) were added to 0.25 
ml olive oil, and the mixture was administered 
orally to 16 day old pups. The pups were killed 
22 hr later. 

Lipids were extracted from the tissue as 
previously described (1). Blood was collected 
into citrated tubes, and plasma was extracted in 
chloroform: methanol (1 : 1 v/v). Aliquots of the 
total  lipids were assayed for radioactivity by  
liquid scintillation counting using an Intertech- 
nique SL 30 scintillation spectrometer.  The 
efficiency of counting was determined by the 
use of internal standards of n-hexadecane-l-14 C 
and n-hexadecane-l ,2-3H (The Radiochemical 
Center, Amersham, U.K.). 

Tissue lipids were separated by thin layer 
chromatography (1); the cholesteryl esters 
(CE), triglycerides (TG), free fat ty  acids, cho- 
lesterol (Chol), and phospholipids (PL) were 
scraped quantitatively into scintillation vials 
and 1 ml water was added to each vial, followed 
by 10 ml Unisolve 1 (Koch Light Laboratories,  
Bucks, U.K.). In this system, the efficiency of  
counting, determined by the use of  internal 
standards (above) was 47% for 14C in the B 
channel and 22 and 38% for 14C and 3H, 
respectively, in the A channel. Using this 
method,  the recovery of radioactivity from the 
plates was greater than 95% for each isotope. 

The distribution of radioactivity in the fat ty  
acids of  TG and PL was determined by  separa- 
t ion and fraction collection of  the methyl  esters 
using a preparative gas liquid chromatogr_aph 
(4). The methyl esters were prepared as previ- 
ously described (1), and the preparative gas 
liquid chromatography was carried out  in a 
glass column 2.1 m in length x 7 mm inside 
diameter packed with 10% polyethylene glycol 
adipate (P-EGA) on Diatomite C-AW 60-70 
mesh at 177 C. Methyl-3,-linolenate (nonradio- 
active) was added to all samples prior to 

417 



418 A.G.  H A S S A M ,  A.J .  S I N C L A I R ,  A N D  M.A. C R A W F O R D  

T A B L E  I 

I n c o r p o r a t i o n  of  Rad ioac t iv i ty  f r o m  "y-I 8 :3-1-14C and 18 :2 -3H in to  
Liver  and  Brain Lipids o f  Suckl ing Rats  

Percent  o f  dose 

Tissue 18:2_3H ,),.18:3_1_14C pa 

Liver lipids 3 .94 +- 0 .43  a 6 .05 +- 0 .48  < 0 . 0 0 2 5  
Brain lipids 0 .27 -+ 0 .003  0.41 + 0 .003  < 0 . 0 0 0 5  

a p > 0 . 0 5  = no s ignif icant  d i f fe rence .  
bMean  +- s t a n d a r d  er ror  of  the  m e a n  f r o m  four  pups wh ich  rece ived  a m i x t u r e  of  the  two  

labeled f a t ty  acids. The  14C/3  H dose ra t io  was  1 .18:1 .  

T A B L E  II  

Percentage  Dis t r ibu t ion  o f  I so topes  in Liver ,  Plasma,  
and  Brain Lipid Frac t ions  

Percen t  d i s t r ibu t ion  

Tissue f r ac t ion  a "y- 18: 3-1-14 C 18: 2- 3H 

Liver  PL 54 + I c 28 + 1 
T G  43+- 1 6 8 +  0.2 

Plasma PL 35 d 45 
T G  21 17 
CE 41 34 

Brain PL 83 +- 0.01 95 + 0.02 
Chol e 12 +- 0 .02 1 -+ 0 .04  

apL  = phosphol ip ids ,  T G  = t r ig lycer ides ,  CE = 
choles te ry l  esters,  and  Chol = choles tero l .  

b p e r c e n t a g e  d is t r ibu t ion  o f  i so tope  in lipid frac- 
t ions  o f  each  t issue (see " M e t h o d s " ) .  

CMean +- s t a n d a r d  e r ror  o f  the  m e a n  f r o m  four  
animals .  

d p o o l e d  analysis  f r o m  fou r  animals .  

eCholes te ro l  coun t s  were  no t  c o n t a m i n a t e d  by  
rad ioac t ive  diglycerides.  

chromatography to determine the exact posi- 
t ion of this compound.  The retent ion times of 
the methyl  esters of  18:26o6 and 3~-18:3606 
relative to 18:0 were 1.44 and 1.72, respec- 
tively. 

Fa t ty  acid fractions were decarboxylated by 
the Schmidt procedure as described by Gold- 
fine and Bloch (5). 

Analyses for changes were performed on the 
data using the paired Student t-test (6). 

RESULTS 

Radioactivity from both ~'-18:3-1-14C and 
18:2-3H was incorporated into the liver, plas- 
ma, and brain of the suckling rats (Table I). In 
the liver, the radioactivity from 3'-18:3-1-14 C 
was distributed evenly between the TG and PL 
fractions, whereas the radioactivity from 
18:2-3H was incorporated preferentially into 
the TG fraction (Table II). In the plasma, the 
major lipid fractions labeled with both isotopes 

T A B L E  I l I  

Percen tage  Dis t r ibu t ion  a o f  Rad ioac t iv i ty  in the  F a t t y  Acids  o f  Liver  Tr ig lycer ides  (TG) ,  
Phosphol ip ids  (PL),  and Brain PL 

Fa t t y  acid Liver  T G  Liver PL Brain PL 

f rac t ion  b 18 :2-3H 3,-18:3-1-14C 18 :2 -3H ,y.18:3-1-14C 18 :2 -3H ~,-18:3-1-14C 

16:0 + 16:1 _ _ . c  . . . . . . . . .  1.9 +- 0.4 18 + 0.3 

1 8 : 0 +  18:1 . . . . . . . . . . . .  2.3 + 0.3 10 + 0.2 

18:2 to6  67 + 3.2 d --- 67 + 2.4 --- 39 + 1.7 --- 

18 :3 to6  14 + 1.0 31 -+ 0.4 13 + 1.1 4.3 + 0.6 8.3 + 0.5 5.6 + 0.2 

2 0 : 0 - 2 0 : 2  8.1 + 1.9 4.8 + 0.7 7.4 -+ 0.5 --- 5.0 + 0.6 --- 

20 :3 to6  3.5 + 0.3 24 -+ 0.9 2.8 + 0.6 12 + 1.0 6.8 + 0.2 9.9 -+ 0.1 

20 :4 to6  3.4 -+ 0.5 20 -* 0.5 5.8 + 0.6 56 -+ 0.3 25 -+ 0.8 43  -+ 1.1 

20 :5  3.0 + 0.4 l l . 0  -+ 0.7 2.4 -+ 0.1 13.0 -+ 0.7 4.0 -+ 0.8 5.0 + 0.8 

2 2 : 4  + 2 2 : 5 t o 6  --- 6.3 -+ 0.2 1.3 + 0.3 9.7 -+ 0.3 5.0 +- 0.2 5.4 + 0.3 

ape rcen tage  of  r ad ioac t iv i ty  in a f r ac t ion  relat ive to to ta l  r ad ioac t iv i ty  col lec ted.  Samples  w e r e  co l lec ted  
c o n t i n u o u s l y  f r o m  the  so lvent  f r on t  to af te r  the  22:6co3 f rac t ion .  Values above  10% are under l ined .  

b T h e  18:3co6 f rac t ion  inc ludes  1 8 : 3 ~ 3 ;  the  2 0 : 0 - 2 0 : 2  f r ac t ion  includes  20 :1 .  
CLess t h a n  1%. 

dMean  +- s t a n d a r d  e r ror  o f  the  m e a n  f r o m  four  animals .  
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were PL, TG, and  CE (Table  II). In t he  b ra in  
lipids, mos t  of  the  r ad ioac t iv i ty  was assoc ia ted  
wi th  the  PL f rac t ion .  

The  d i s t r i bu t i on  o f  the  r ad ioac t iv i ty  in  t he  
f a t t y  acids of  l iver T G  and  PL in the  18:2-3H 
e x p e r i m e n t  s h o w e d  t h a t  mos t  of  the  3H was 
still associa ted  wi th  t he  18:26o6 f r ac t ion  and  
l i t t le  wi th  t he  20:46o6 f r a c t i o n  (Table  III) .  In  
the  b ra in  PL, some 25% of  t h e  3H was in t he  
20:46o6 f rac t ion .  On the  o t h e r  h a n d ,  in  t he  
"y-18:3-1-14C e x p e r i m e n t ,  mos t  of  t h e  radio-  
ac t iv i ty  in  the  p o l y u n s a t u r a t e d  f a t t y  acids of  
liver TG,  PL, and  b ra in  PL was assoc ia ted  w i th  
20:3606 and  2 0 : 4 6 o 6 - t h e  longer  chain  m e t a b o -  
lites of  the  6o6 series. The  d i s t r ibu t ions  of  t he  
r ad ioac t iv i ty  in  the  f a t t y  acid f rac t ions  o f  t he  
p lasma TG,  CE, and  PL were s imilar  to  t he  
respect ive  d i s t r ibu t ions  (14 C or  3H) o b t a i n e d  in 
t he  l iver l ipids (resul ts  no t  s how n) .  

D e c a r b o x y l a t i o n  of  the  16:0  + 16:1 and  
18 :0  + 18:1 f rac t ions  of  the  b ra in  l ipids s h o w e d  
t h a t  the  c a r b o n  14 in these  acids was der ived 
f r o m  a c o m b i n a t i o n  of  de novo  syn thes i s  a n d  
chain  e longa t ion  f r o m  ace ta t e -14C (Table  IV). 
The  presence  o f  s ignif icant  a m o u n t s  o f  14 C in 
these  f a t ty  acids and  in b ra in  cho les t e ro l  has  
b e e n  c o m m e n t e d  o n  previous ly  (1) .  The  very  
low ca rboxy l  c a r b o n  values in  t he  20:36o6 and  
20:4606 f r ac t ion  of  the  l iver and  b ra in  s h o w e d  
t h a t  the  rad ioac t iv i ty  was der ived d i rec t ly  f r o m  
the  fed "11-18:3-1-14C. 

The  t o t a l  i n c o r p o r a t i o n  of  14C in to  the  
b ra in  l ipids exceeded  t h a t  of  the  3H inco rpora -  
t i on  (Table  I), bu t  it was ca lcu la ted ,  f r o m  
Tables II and  III, t ha t ,  of  t he  t o t a l  r ad ioac t iv i ty  
in  t he  b ra in  l ipids,  ca. 30  a n d  5% of  t h e  14C 
and  3H, respect ive ly ,  were assoc ia ted  w i th  the  
bra in  cho les te ro l  t o g e t h e r  w i th  t h e  s a t u r a t e d  
and  m o n o u n s a t u r a t e d  f a t t y  acids.  In prev ious  
e x p e r i m e n t s  in which  pups  were oral ly fed 
18:2-1-14C,  a -18 :3 -1 -14C,  and  2 0 : 4 - 1 - t 4 C ,  i t  
was s h o w n  t h a t  a subs t an t i a l  a m o u n t  of  t he  
rad ioac t iv i ty  in  the  b ra in  lipids was assoc ia ted  
w i th  cho les t e ro l  and  the  s a t u r a t e d  and  m o n o u n -  
s a t u r a t e d  f a t t y  acids (1) .  It was suggested t h a t  
th is  i n c o r p o r a t i o n  was a p r o p e r t y  of  t he  t y p e  of  
label  in t he  fed  acid (14C or 3H) r a t h e r  t h a n  a 
p r o p e r t y  of  t he  f a t t y  acid i tself .  To c o n f i r m  
this ,  18 :2-1-14C and  18:2-3H were fed  s imul ta-  
neous ly  to  16 day  old  pups .  The  14C/3H ra t ios  
in t he  l iver and  p lasma lipids were s imilar  to  t he  
dose ra t io .  However ,  in  t he  b ra in  l ipids,  t h e  
14C/3 H ra t io  was s igni f icant ly  grea ter  t h a n  t he  
dose  ra t io  (Tab le  V).  T he  excess of  14C over  
3H in t he  b ra in  l ipids was a c c o u n t e d  for  b y  t he  
h igh  14C/3H ra t io  in  t he  b ra in  cho le s t e ro l  and  
t he  s a t u r a t e d  and  m o n o u n s a t u r a t e d  f a t t y  acids. 
As in the  prev ious  e x p e r i m e n t  (3,-18:3-1-14C 
plus 18 :2-3H) ,  i t  was ca lcu la ted  t h a t  t h e r e  was 

TABLE IV 

Decarboxylation Studies on Fatty Acids Collected 
by Preparative Gas Liquid Chromatography 

Relative carboxyl activity a 

Fatty acid fraction Liver TG Liver PL Brain PL 

16:0 + 16:1 ND b ND 0.15 
18:0 + 18:1 ND ND 0.17 
18:3co6 0.89 0.90 0.85 
20:3 + 20:4~o6 0.06 0.01 0.03 
22:4 + 22:5r 0.31 0.04 0.08 

al4C in the -COOH group/14C in total fatty acid. 
The fatty acid fractions from four experiments were 
pooled prior to decarboxylation, and the analyses 
were done in duplicate. The original ~/-18:3-1-14C had 
a relative carboxyl activity of 0.87 -+ 0.01 (mean 
standard error of the mean for six determinations). 

bND = not determined. 

TABLE V 

The Incorporation of Radioactivity from 
18:2-1-14C and 18:2-3H into Tissue Lipids and 

Fatty Acids of Suckling Rats 

Tissue fraction 14C/3H ratioa 

Liver lipids 1.2 + 0.02 b 
Plasma lipids l.O +- 0.01 
Brain lipids 2.4 • 0.002 c 
Brain cholesterol 13 • 1.4 d 
Brain 16:0 + 16:1 27 --- 4.2 e 
Brain 18:0 + 18:1 16 + 1.0 d 

aRatio = 14C]3H in fraction + 14C/3H in dose. 
The dose ratio was 1.01:1. 

bMean • standard error of the mean for 3 animals. 
CThe ratio differed significantly from the dose 

ratio, (P) <0.0025. 
dp<o.025. 
ep<0.05. 

ca. six t imes  as m u c h  14C as 3H in these  
c o m p o u n d s .  

D ISCUSSI ON 

The  18: 2-1-14 C -  18: 2 -3 H e x p e r i m e n t  (Tab le  
V)  conf i rms  our  earl ier  sugges t ion  t h a t  t h e  
labe l ing  of  t h e  choles te ro l ,  s a t u r a t e d  and  m o n o -  
u n s a t u r a t e d  f a t t y  acids in  t he  b ra in  is due to  
the  pos i t i on  of  t he  l abe l  o n  t he  f a t t y  acid a n d  
its s u b s e q u e n t  loss,  d e p e n d i n g  u p o n  t he  m e t a b -  
olism, r a t h e r  t h a n  the  n a t u r e  crf the  f a t t y  acid 
i tself  (1).  The  resul ts  show t h a t  care m u s t  be 
t a k e n  w h e n  c o m p a r i n g  t he  i n c o r p o r a t i o n  of  
r a d i o a c t i v i t y  f r o m  f a t t y  acids l abe l ed  w i th  
c a r b o n  14 at t h e  c a r b o x y l  c a r b o n  w i t h  m o r e  
u n i f o r m l y  3H labeled  acids i n t o  b ra in  l ipids in  
suckl ing rats.  

The  liver is t he  ma jo r  site for  t he  desa tura-  
t i o n  and  cha in  e longa t ion  of  f a t t y  acids (7).  I t  
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commonly is assumed that linoleic acid is 
converted to arachidonic acid without diffi- 
culty (8). However, in vitro studies (2) have 
shown that the initial desaturation of 18:2606 
to 18:36o6 is a rate-limiting step. The amount 
of radioactivity found in arachidonate may be 
dictated, not only by the rate of conversion of 
linoleate or 3'-linolenate to arachidonate, but 
also by the size of  the metabolic pool of 
linoleate and 3"-linolenate. In the present experi- 
ment, the total liver content of linoleate is 
much greater than that of 3'-linolenate, and this 
is consistent with the results obtained when rats 
are fed up to 6.4% of their calories as either 
linoleate or 3,-linolenate (9), That is, when 
~,-linolenate is fed to essential fatty acid-defi- 
cient rats there is an increase in the amount of 
this compound in the liver. However, rather 
than a large expansion of the 3'-linolenate pool, 
the 3'-linolenate is metabolized to, and results 
in, an increase in the liver content of  20:3 and 
20:4606. On the other hand, when linoleate is 
fed to the essential fatty acid-deficient rats, 
there is a considerable increase in the total  liver 
content of linoleate and a more modest and 
slower increase in the content of  20:3 and 
2 0 : 4 6 0 6  in t h e  l i v e r  (9) .  In t h e  
18:2-3H-3'-18:3-1-14C experiment, most of 
the radioactivity in the liver PL from orally fed 
18:2-3H was in the 18:26o6 fraction, whereas 
most of  the 14C (from 3'-18:3-1-14C) was in 
the 20:4606 fraction and less than 5% in the 
3'-18:3 fraction. 

Clearly, care must be taken in extrapolating 

from results based upon a single time point. 
Nevertheless, the results of this experiment 
demonstrate that one day after dosing the 
desaturation of 18:26o6 to 3'-18:3 is rate-limit- 
ing in vivo as it is in vitro (2). Further work is 
planned to establish if this rate-limiting step 
remains of importance in the long term. 
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Phosphatidylkojibiosyl Diglyceride" Metabolism and Function 
as an Anchor in Bacterial Cell Membranes I 
RONALD A. PIERINGER and MONG-CH|NG W. GANFIELD, Department of Biochemistry', 
Temple University School of Medicine, Philadelphia, Pennsylvania 19140 

ABSTRACT 

The recently discovered phosphoglyco- 
lipid, phosphatidylkojibiosyl diglyceride 
(PKD), was first observed as a biosyn- 
thetic by-product of glucosyl diglyceride 
metabolism in Streptococcus faecalis 
(faecium) ATCC 9790. Its structure is 
1,2 - d i a c y 1-3 -0(2 LO-a-D-glucopyranosyl- 
6'-O-phosphoryl- [l",2"-diacyl-3"-O-sn- 
g l y c e r o l  ] -ct-D-glucopyranosyl)-sn-glyc- 
erol. The biosynthesis of phosphatidyl- 
kojibiosyl diglyceride occurs by a novel 
transphosphatidylation reaction in which 
a phosphatidyl group is transferred from 
diphosphatidyl glycerol to the primary 
alcohol function at the 6 position of the 
internal glucose of kojibiosyl diglyceride. 
The reaction is catalyzed by a mem- 
brane-der ived  enzyme. Phosphatidyl- 
kojibiosyl diglyceride is bound cova- 
lently through a phosphodiester bond to 
the polyglycerol phosphate moiety of 
membrane lipoteichoic acid from S. 
faecalis. Phosphatidylkojibosyl diglyc- 
eride has four nonpolar long chain fatty 
acyl groups and appears to have the 

1One of six papers presented in the symposium, 
"Recent Developments in Glycolipid Isolation and 
Analysis," at the AOCS Fall Meeting, Philadelphia, 
September 1974. 

necessary physico-chemical properties to 
anchor the long hydrophilic glycerol 
phosphate polymer of lipoteichoic acid to 
the hydrophobic environment of the 
membrane of S. faecalis and probably 
other gram-positive bacteria as well. 

INTRODUCTION 

In 1961, MacFarlane first reported the pres- 
ence of  glycosyl diglycerides in bacteria (1). 
These lipids now are known to be ubiquitous 
among the gram-positive bacteria (2-4). They 
also are present in several species of fermenta- 
tive Acholeplasma (5-8), in certain species of 
Pseudomonas, and possibly in other gram-nega- 
tive bacteria (9-13). 

The structurally related phosphoglycosyl 
diglycerides, discovered more recently, have 
been isolated in several different forms. The 
first phosphoglycosyl diglyceride discovered 
was isolated from Acholeplasma laidlawaii and 
originally was characterized as a "phosphafidyl 
glucose" by Smith and Hendrikson (14). How- 
ever, this structure was revised later and proven 
to be glycerylphosphoryldiglucosyl diglyceride 
(15) (Table I). Similar compounds were de- 
tected in several varieties of Streptococci by 
Fisher and coworkers (I 6,~ 7) and in Staphylo- 
coccus epidermis by Kates, et al., (18). The 

TABLE I 

Occurrence of Phosphoglycolipids in Microorganisms 

Organism Lipid Reference 

A chleplasma laidlawaii 

Streptococcus faecalis var. zymogenes, 
S. faecalis var. faecalis 7064 ,  S 
S. lactis 

Staphylococcus epimidermis 

Pseudomonas diminuta 

Bifidobacterium bifido var. 
pennsylvanicus 

Streptococcus faecalis (faecium) ATCC 
9790 

Bacillus magaterium, 
Pseudomonas ovalis 

Halophilic, halotolerant 
Gram-negative bacterium 

sn-Glycerol-1 -phos phoryldiglucosyl 
diglyceride 

sn-Glycerol- 1-phosphoryldiglucosyl 
diglyceride and phosphatidyl- 
kojibiosyl diglyceride 

sn-Glycerol- 1-phos phoryldiglucosyl 
diglyceride 

Phosphatidylmonoglueosyl diglyceride 

sn-Glycerol-l-phosphorylgalact o- 
furanosyl diglyceride 

Phos phatidylkojibiosyl diglyceride 

Glucosaminylphosphatidylglycerol 

Glucosylphosphatidylglycerol 

15 

16,17 

18 

20 
19 

21,22 

26 
27 

28 
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CH4~ 

~H~OCR 
O- C~OCR 

~26-E,-OC.H2 

OH 

FIG. 1. Phosphatidylkojibiosyl diglyceride. 

phatidylglycerols from Bacillus magateriurn and 
Pseudomonas ovalis. Peleg and Tietz (28) char- 
acterized a lipid from a halophilic, halotolerant 
gram-negative bacterium as a glucosyl PG. This 
fifth variety of phosphoglycolipid is probably, 
in a structural and biosynthetic sense, more 
distantly related to any of the other types 
discussed above in that they are glycosyl 
derivatives of PG and the four other types are 
glycerol phosphoryl or phosphatidyl derivatives 
of a glycosyldiglyceride. 

stereoconfiguration of the glycerol phosphate 
moiety of the bacterial glycerylphosphoryldi- 
glucosyl diglyceride is sn-1, rather than the 
more usual sn-3 structure (16-18). A second 
variety of phosphoglycolipid is a glycerol-sn-1- 
phosphorylgalactofuranosyl diglyceride isolated 
recently from a Bifidobacterium (19). The 
phosphatidylmonoglucosyl diglyceride of Pseu- 
domonas diminuta (20) is a third type of 
phosphoglycosyl diglyceride, and, as yet, only 
has been found in this one species of bacteria 
(Table I). 

The fourth form, phosphatidyldiglucosyl 
diglyceride, which is more correctly named 
phosphatidylkojibiosyl diglyceride (PKD) (PKD 
more correctly describes the structure of phos- 
phatidyldiglucosyl diglyceride; kojibiosyl is O- 
o~- D -g 1 u c o p y ranosyl- [ 1 -+2 ] -D-glucopyranose), 
first was detected as a by-product of kojibiosyl 
diglyceride (KD) metabolism in Streptococcus 
faecalis (faecium) ATCC 9790 by Pieringer 
(21,22). Relatively crude membrane-derived 
enzyme preparations, apparently containing 
endogenous phosphatidyl donors, converted 
KD to an anionic lipid which subsequently was 
determined by Ambron and Pieringer (22) to 
have the structure shown in Figure 1. By using 
specific radioactive labeling techniques in which 
either the glucose, glycerol, or phosphorous 
moieties were labeled, the characterization 
could be carried out on nmole quantities of 
lipid (22,23). Fischer and coworkers also found 
this compound in S. faecalis var. zymogenes 
20672, S. faecalis var. faecalis 7064, and in 
Streptococcus lactis (16,17,24). Unlike S. fae- 
calis var. zymogenes and S. faecalis var. faecalis, 
which contain both PKD and glycerylphospho- 
ryldiglucosyl diglyceride (16,17), only PKD was 
detected in S. faecalis (faecium) ATCC 9790 
(25). 

A fifth class of phosphoglycolipid discovered 
in microorganisms is the glycosyl derivative of 
phosphatidyl glycerol (PG) (Table I). Op den 
Kamp, et al., (26) and Phizackefley and Mac- 
Dougall (27) have isolated glucosaminyl phos- 

BIOSYNTHESIS OF PKD 

As yet the only known data on the biosyn- 
thesis of phosphoglycolipids are those con- 
cerned with the formation of PKD in S. faecalis 
(faecium) ATCC 9790 (22,30). In the earlier 
studies, from our laboratory (21,22), KD was 
converted enzymatically to a phosphoglycolipid 
by the addition of a phosphatidyl group derived 
from an endogenous substrate. At the time of 
these earlier investigations, the only known 
substrate capable of donating a phosphatidyl 
moiety was CDP-diglyceride (29). However, 
extensive attempts to demonstrate a substrate 
function for CDP-diglyceride (either labeled 
with ] 4 C or unlabeled) in the synthesis of PKD 
failed (30). While these studies were being 
carried out, Hirschberg and Kennedy (31) re- 
ported broken cell preparations of Escherichia 
coli catalyzed the transfer of a phosphatidyl 
group from one PG to a second PG. Diphospha- 
tidyl glycerol (DPG) and glycerol were the 
products. 

When PG was tested as a possible substrate 
in the synthesis of PKD, radioactivity from 
14C_glycero I labeled PG was indeed transferred 
to KD to form 14C_PKD. However, DPG also 
was synthesized simultaneously rather exten- 
sively from PG by the S. faecalis enzyme (30). 
Further investigation on other possible sub- 
strates revealed that (14C-glycerol)-DPG func- 
t ioned better in the synthesis of PKD than PG 
(Table II) (30 and unpublished observations): 

DPG + KD --* PKD + PG 

This novel reaction catalyzed by a membrane- 
derived enzyme of S. faecalis appears to be the 
first example in which DPG participates as a 
direct donor of a phosphatidyl group. Because 
the relatively crude enzyme preparations also 
readily catalyze the synthesis of DPG from PG, 
it has not been possible as yet to establish if PG 
is functioning as a direct or indirect (through 
DPG) donor of the phosphatidyl group. This 
interfering side reaction (PD -+ DPG) also 
p reven t s  the isolation of stoichiometric 
amounts of PG product in the synthesis of PKD 
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PHOSPHATIDYLKOJIBIOSYL DIGLYCERIDE 

TABLE II 

Biosynthesis of Phosphatidylkojibiosyl Diglyceride (PKD) a 

423  

Lipid products 
Substrates 

( 14C-glycerol labeled) PKD PG DPG 

(cpm on electropherogram) 

KD 624 0 0 
PG 157 --- 1255 
DPG 0 0 --- 
KD + PG 1093 --- 1551 
KD + DPG 2163 249 --- 

aKD = kojibiosyl diglyceride, PG = phosphatidyl glycerol, DPG = diphosphatidyl 
glycerol. 16,392 cpm 14C-KD, 8,680 cpm 14C-DPG, and 35,226 cpm 14C-PG (all labeled in 
the glycerol moieties and having an estimated specific activity of 70 cpm/nmole glycerol) 
were added in benzene solutions to 5 mg lyophilized 30,000 x g particulate preparation of 
Streptococcus faecalis (containing 1.4 mg protein) in the combinations indicated. After 
evaporation of the benzene, 0.02 ml 0.1 M MgSO 4 and 0.2 ml 0.1M NaPO 4 oH 7.3 mixed 
with the (14C)-lipid-enzyme complex. The mixtures were incubated for I hr at 37 C. 
Controls containing no enzyme also were incubated and produced no phosphatidylkoji- 
biosyl diglyceride (PKD). The reaction stopped with 1 ml methanol, heated for 1/2 
min at 100 C, chilled, and diluted with 2 ml CHCI 3 and 1 ml H20. The lipids in the CHC13 
phase were deacylated with mild base and the resulting water-soluble products separated by 
electrophoresis. The radioactivity at each separated product (detected by a strip scanner) 
was determined in a Geiger counter and is expressed as the sum of the counts on both sides 
of the paper. (Data taken from reference 30). 

f r o m  DPG and  KD. Work  is in progress in  o u r  
l a b o r a t o r y  to  separa te  these  t w o  e n z y m a t i c  
activit ies.  

MEMBRANE LIPOTEICHOIC ACIDS 

M e m b r a n e  l i po te i cho ic  acids are f o u n d  
t h r o u g h o u t  t he  gram-pos i t ive  species of  bac te r i a  
and  have been  charac te r i zed  as po lymers  of  
g lycerol  p h o s p h a t e  in  w h i c h  p h o s p h o d i e s t e r  
b o n d s  l ink  t he  1 and  3 pos i t ions  of  ad jacen t  
g lycerol  moie t i es  (32) .  The  p o l y m e r ,  cons is t ing  
o f  up  to ca. 35 residues of  g lycerol  p h o s p h a t e ,  
con ta ins  a var iable  n u m b e r  of  d isacchar ide  and  
a lan ine  moie t ies  b o n d e d  to  t he  s e c o n d a r y  alco- 
ho l  f u n c t i o n s  of  t he  glycerol  p h o s p h a t e  uni ts .  
In  S. faecalis N.C.I.B. 8191 ,  t he  d isacchar ide  is 
ko j ib iose  (32) .  This  is t he  same d isacchar ide  
t h a t  occurs  in  t he  glycol ipids  and  phos phog l y -  
col ip ids  of  S. faecalis. The  possibi l i ty  of  a 
s t ruc tu ra l  r e l a t ionsh ip  b e t w e e n  p h o s p h o g l y c o -  
l ipid and  t e i cho ic  acids was suggested  b y  
I sh izuka  and  Y a m a k a w a  (33) ,  w h o  n o t e d  t he  
s t r ik ing  s t ruc tu ra l  s imi lar i ty  b e t w e e n  t he  sac- 
char ide  moie t ies  o f  t he  glycol ip id  and  the 
m e m b r a n e  t e i cho ic  acids of  a given bacter ia .  
The  first  i n d i c a t i o n  o f  a cova len t  l inkage  
b e t w e e n  glycol ip id  and  t e i cho ic  acid came f r o m  
work  of  Wicken and  K n o x  (34) ,  w h o  f o u n d  
t h a t  t e i cho ic  acid i so la ted  by  a p h e n o l  ex t rac-  
t i on  p r o c e d u r e  c o n t a i n e d  l ipid.  The  l ipid could  
n o t  be  r e m o v e d  b y  ex tens ive  c h l o r o f o r m -  
m e t h a n o l  wash ing  b u t  was r e m o v e d  on  expo-  
sure to  t r i ch lo roace t i c  acid.  T r i ch lo roace t i c  

acid,  w h e n  used  as an  e x t r a c t a n t ,  p roduces  a 
l ipid-free t e i cho i c  acid (34) .  The  h igher  ac id i ty  
of  the  t r i ch lo roace t i c  acid appears  to  be  respon-  
sible for  the  m o r e  ex tens ive  deg rada t i on  o f  the  
p roduc t .  

The  p h e n o l  e x t r a c t e d  l ipo te icho ic  acid also 
is cons ide rab ly  more  i m m u n o g e n i c  t h a n  t he  
trichloroacetic acid extracted mater ia l  (35) .  
Using an t i l i po t e i cho i c  acid an t ibod ie s  coup led  
to  ferr i t in ,  V a n  Driel,  et  al., (35)  showed ,  in 
very c o n v i n c i n g  e l ec t ron -mic ro scope  s tud ies ,  
t h a t  l i po t e i cho i c  acid is a c o n s t i t u e n t  of  t he  cell 
m e m b r a n e  and  n o t  o f  the  wall. The  ant i l ipo-  
t e i cho ic  acid a n t i b o d y  ( react ive  specif ical ly  to  
t he  po lyg lycero l  p h o s p h a t e  p o r t i o n  of  l ipo- 
t e i cho ic  acids f o u n d  in  gram-posi t ive  bac te r ia ) ,  
w h e n  exposed  to  mix tu re s  of  wall  and  mem-  
b r a n e  f ragments ,  complexes  w i t h  t he  m e m b r a n e  
bu t  no t  t he  wall  f r agments .  P ro top las t s ,  der ived 
b y  e n z y m a t i c a l l y  r e m o v i n g  t h e  cell wall,  in ter -  
ac t  w i t h  t he  a n t i b o d y  to  a m u c h  grea te r  e x t e n t  
t h a n  t h e  whole  organism.  The  degree to  w h i c h  
d i f fe ren t  gram-posi t ive  bac te r i a  c o m p l e x  w i th  
an t f l i po t e i cho ic  acid a n t i b o d y  corre la tes  well  
with t he  ab i l i ty  of  the organism as an  intact cell 
to  i n d u c e  an t ibod ie s  against  the  m e m b r a n e  
l i po te i cho ic  acid (35) .  These  d i f fe rences  p rob-  
ably  are caused b y  a var iable  p e n e t r a t i o n  of  the  
m e m b r a n e  l i po t e i cho ic  acid t h r o u g h  t he  wall  o f  
t he  d i f f e ren t  gram-pos i t ive  bac t e r i a  (35) .  T h e  
glycerol  p h o s p h a t e  p o l y m e r  of  l i po te i cho ic  acid 
is visual ized as e x t e n d i n g  f r o m  the  m e m b r a n e  
i n to  the  cell wall. The  p o l y m e r  is bel ieved to be  
secured  to  t h e  m e m b r a n e  b y  a cova len t  b o n d  to  
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FIG. 2. Space-filling model of phosphatidylkoji- 
biosyl (diglucosyl) diglyceride anchoring the hydro- 
philic glycerol phosphate polymer of lipoteichoic acid 
to the hydrophobic membrane of Streptococcus 
faecalis. 

a lipid (29,35). Considering the highly hydro-  
philic nature of the long glycerol phosphate 
polymer  and the hydrophobic  environment of 
the cell membrane, which contains all of  the 
lipid of  gram-positive bacteria (36), it is reason- 
able that the polymer should be anchored to 
the membrane by a lipid. The assignment of an 
anchor function to a lipid is a relatively new 
role for a lipid. 

LIPID OF MEMBRANE LIPOTEICHOIC ACID 

The lipid component  of l ipoteichoic acid 
presumably functioning as an anchor has been 
identified in at least one bacterium (25). In 
earlier studies on Lactobacillus fermenti, 
Wicken and Knox (34) suggested that  the lipid 
consti tuent of l ipoteichoic acid might be a 
glycolipid. Their suggestion was based upon 
finding glucosyl-sn-l-glycerol as a degradation 
product  of lipoteiclioic acid (34). This fragment 
most probably originated from the lipid por- 
tion rather than the polyglycerol phosphate 
section of the molecule. Adjacent glycerol 
phosphate moieties of the polymer are linked 
at the sn-I and sn-3 positions by a phospho- 
diester bond. Therefore, the polymer  portion 

of the molecule would not be likely to pro- 
duce glucosyl-sn-l-glycerol. Tentative evidence 
also suggested the presence of a phospholipid 
component  of l ipoteichoic acid (34). 

The observation by Wicken and Knox (34) 
that lipid was associated with phenol-extracted 
but not with the more acidic tr ichloroacetic 
acid-extracted teichoic acid suggested to us (25) 
that  careful differential acid hydrolysis might 
be a feasible approach to removing the lipid 
from the l ipoteichoic acid of S. faecalis (fae- 
cium) ATCC 9790. S. faecalis, grown in the 
presence of (14C)_glycerol, incorporate 1 aC_ 
label only into glycerol moieties of glycerol- 
containing compounds (23). (Glycero1-14C)- 
l ipoteichoic acid, isolated by phenol extract ion 
from S. faeealis grown under these conditions, 
was purified on a column of Sepharose 6B (25). 
The water-soluble (glycerol -14C)-lipoteichoic 
acid was treated with 2.3 ml CHCla-CH3OH-3.8 
NHC1 (1:1:0,3 v/v) for 1 hr at 30 C (25). The 
percentage of  1.6 total  radioactivity of  the 
water-soluble 14C_lipoteiclioi c acid was released 
into the chloroform phase of an aqueous-chlo- 
roform part i t ion system. Lipid-soluble radio- 
activity (92%) was found in a very polar lipid, 
which, on chromatography,  was more polar 
than any of  the common naturally occurring 
phospho- and glycolipids. Fur ther  hydrolysis of  
the polar lipid with 2.3 ml CHC13-CH3OH-3.8 
N HC1 (1:1:3 v/v) for 1 hr at 34 C released only 
one lipid, and this lipid was identified as PKD 
(25). 

More stringent conditions of acid hydrolysis 
of  (14-C)-lipoteichoic acid produced more chlo- 
roform-soluble radioactivity (up to 8%) (25). 
However, the ratio of polar  lipid to "o ther"  
lipids was considerably lower than when less 
stringent conditions of acid hydrolysis were 
used. The "o the r"  lipids were all structurally 
simpler, degradation products (monoglyceride,  
diglyceride, KD, monoglucosyl diglyceride, and 
phosphat idyl  monoglucosyl diglyceride) of 
PKD. No addit ional  lipids (or degradation 
products,  thereof) ,  such as PG, aminoacyl  
phosphat idyl  glycerol, or DPG, which together  
account for a majori ty of free lipid of S. 
faecalis (faecium) ATCC 9790, have ever been 
detected as a part of the l ipoteichoic acid (25). 
The absence of  these major lipids not  only 
demonstrates a specificity for PKD but  also 
supports the idea that the release of  lipid from 
lipoteichoic acid requires the breaking of a 
covalent bond. Other types of  bonds, such as 
polar or ionic bonds usually are associated with 
less specific interactions between molecules. 

The nature of  the covalent bond between 
glycerol phosphate polymer and tile lipid PKD 
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has been established as a phosphodiester bond 
(25,37). Treatment of the purified polar 
(14C_glycerol)_lipi d (derived from water-soluble 
14C_lipoteichoic ac id )  w i t h  2.3 ml 
CHC13-CH3OH-3.8 N HC1 (1:1:0.3 v/v) for 1 hr 
at 34 C released several (14C).glycero 1 labeled, 
water-soluble products plus a water-soluble 
nonradioactive compound (25). The nonradio- 
active material was periodate oxidizable and 
chromatographed with standard glucose phos- 
phate. It also released free glucose on exposure 
to alkaline phosphatase (25). 

The glucose phosphate could not have come 
from the glycerol phosphate polymer side chain 
of the lipoteichoic acid, since the glucose in this 
part of the molecule is never bonded to 
phosphorus (32). Further, the glucose phos- 
phate could not have been derived from the 
phosphodiester bond between the phosphatidyl 
and the kojibiose moieties of PKD, because the 
phosphatidyl moiety is linked through a phos- 
phodiester bond to the sixth carbon of the 
internal glucose. The lack of an adjacent hy- 
droxyl group on the glucose causes the phos- 
phodiester bond of the phosphoglucolipid to 
break on the glucose side of the bond to yield 
only glycerol phosphate and free glucose. At no 
time have we ever obtained glucose-6-phosphate 
from PKD degradation (22,25). For the same 
reason, it is unlikely that the sixth position of 
the external glucose of the phosphoglycolipid 
participates in a phosphodiester bond. Prelimi- 
nary evidence indicates that glucose (32p)-phos- 
phate can be derived from the polar 32p-lipid 
treated extensively with periodate and then 
hydrolyzed with 0.1N HC1 at 100 C for 30 min 
(25). These data suggest that the second and 
fourth carbons of the external glucose of PKD 
also are not involved in the phosphodiester 
bond between lipid and polymer moieties of 
the lipoteichoic acid. The phosphate group of 
the polyglycerol phosphate side chain is, there- 
fore, probably attached to the third carbon of 
the external glucose or to the third or fourth 
carbon of the internal glucose of the lipid. The 
finding of a glucose phosphate fragment also 
indicates that the lipid is indeed linked to the 
glycerol phosphate polymer of the molecule 
through a phosphodiester bond. 

The above results are in agreement with 
those of Toon, et al., (37). In an independently 
initiated study, these workers conclusively 
proved the presence of a phosphodiester bond 
between the polymer and lipid portions of S. 
faecalis N.C.I.B. 8191 by hydrofluoric acid (HF) 
degradation. This reagent, which almost exclu- 
sively attacks phosphomono- and phosphodi- 
ester groups, degraded the lipoteichoic acid to 
glycerol, kojibiosyl glycerol, diglyceride, KD, 

monoglyceride, and small amounts of fatty 
acids (37). The recovery of KD indicated that 
the lipid component had, at the minimum, the 
structural elements of a glycolipid. The pres- 
ence of diglyceride as an HF degradation 
product also suggested that a phosphatidyl 
group might be attached to the glycolipid. 
However, no further clue identifying the struc- 
ture of the lipid component of lipoteichoic acid 
was obtainable with this HF degradation tech- 
nique (37). 

FUNCTIONAL CONSIDERATIONS OF PKD 

The immunochemical work of van Driel, et 
al., (35) has firmly established the association 
of the polyglycerol phosphate lipoteichoic acid 
with the membrane of the gram-positive bac- 
teria. The relatively polar glycerol phosphate 
polymer of the lipoteichoic acid undoubtedly is 
held to the membrane, which is relatively 
nonpolar, via the lipid covalently bonded to the 
glycerol phosphate polymer. We (25) have 
shown that the lipid of the membrane lipo- 
teichoic acid of S. faecalis (faecium) ATCC 
9790 is PKD. 

Space-filling models of the structure of PKD 
(Fig. 2) show that the molecule is well suited to 
function as an anchor. Its nonpolar "tail" 
consisting of four long chain fatty acids (in- 
stead of the usual two fatty acids found in most 
glycerides) offers a broad hydrophobic region 
capable of interacting with and being embedded 
in the nonpolar regions of the cell membrane. 
Its polar "head" is a strongly hydrophilic 
moiety due to the anionic phosphate group and 
the hydroxyl groups on the glucoses. In addi- 
tion to interacting with the more polar mole- 
cules at or above the surface of the membrane, 
the hydroxyl groups provide a chemically reac- 
tive site for coupling the long glycerol phos- 
phate polymer to the lipid anchor (Fig. 2). 
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ABSTRACT 

A particulate enzyme fraction from 
Mycobacteriurn smegmatis catalyzed the 
transfer of 14C-glucose from UDPA4C - 
glucose into neutral glycolipids. The two 
major radioactive components  were puri- 
fied by column chromatography on 0- 
d ie thylamino ethyl cellulose (acetate) 
and thin layer chromatography on silica 
gel in several solvents. The first product  
yielded a water-soluble component  upon 
sapon i f i ca t ion ,  which had a hexose- 
glycerol ratio of  1:1 with all of  the hex- 
ose  being identified as glucose. The 
second product  yielded a water-soluble 
component  upon saponification which 
contained hexose and glycerol in a 2:1 
ratio and, in addit ion to glucose, con- 
tained lesser amounts of mannose and 
galactose. Palmitate and oleate were the 
predominant  fat ty acids and were present 
in equimolar amounts.  The products thus 
have been identif ied as monoglycosyldi-  
glyceride and diglycosyldiglyceride. The 
d i g l y c o s y l d i g l y c e r i d e  could also be 
labeled with 14C-galactose when UDP- 
14C-galactose served as the donor,  but 
the monoglycosyldiglyceride was only 
slightly labeled with 14C_galactose" Mem- 
brane fractions from mung bean seedlings 
catalyzed the transfer of  14C-glucose 
from UDp-14C-glucose into a neutral 
glycolipid which has been purified by 
thin layer chromatography and analyzed 
by combined gas liquid chromatography- 
mass spectrometry.  It was determined to 
be a steryl glucoside with the two major 
sterol components  being 3-sitosterol and 
stigmasterol linked to ~-D-glucose. Par- 
t iculate fractions from developing cot ton 
fibers also catalyzed the formation of 
steryl glucosides and, in addit ion,  they 
catalyzed the esterification of steryl glu- 
cosides at the 6 position of glucose with 
f a t t y  acids (primarily palmitate and 

1One of six papers presented in the symposium, 
"Recent Developments in Glycolipid Isolation and 
Analysis," at the AOCS Fall Meeting, Philadelphia, 
September 1974. 

oleate) from an endogenous acyl donor. 
Both the glucosyl transferase and the 
acyltransferase have been solubilized with 
Triton X-100 and partially purified by 
chromatography on Sephadex G-200. The 
acyltransferase activity was reconsti tuted 
by the addi t ion of  the steryl glucoside 
and a phospholipid acyl donor. 

INTRODUCTION 

Cell membranes contain various types of  
n e u t r a l  glycolipids, including cerebrosides, 
glycosyl diglycerides, glycosyl glycosyl diglyc- 
erides, steryl glucosides (SG), acylated steryl 
glucosides (ESG), etc. While the  functions of  
these lipids are not known at this t ime, there is 
considerable interest in their metabolism be- 
cause of their  possible involvement in mem- 
brane function. 

We have examined the biosynthesis of  sever- 
al different glycolipids whose structures are 
shown in Figure 1. Synthesis of  the glycosyl 
diglycerides is catalyzed by membrane fractions 
of Mycobacterium smegmatis from either UDP- 
14C_glucos e or UDP -14C-galactose ( I ) .  Particu- 
late extracts of cot ton fibers catalyze the trans- 
fer of  glucose from UDP-14C-glucose to 3- 
sitosterol to form SG. This same extract  also 
catalyzes the acylation of the 6 posit ion of the 
glucose moiety of ESG using an endogenous 
acyl donor  (2,3). Studies on the biosynthesis 
and characterization of these various lipids will 
be discussed. 

EXPERIMENTAL PROCEDURE 

Materials: UDP -14C-g lucose ,  UDP-SH - 
glucose and other radioactive sugar nucleotides 
were obtained from New England Nuclear Co., 
Boston, Mass. Triton X-100, L-ct-lecithin, and 
3-sitosterol were purchased from Sigma Chemi- 
cal Co., St. Louis, Mo. Phospholipids were from 
Supelco Co., Bellefonte, Pa., and silica gel 
plates were from Brinkmann Instruments Co., 
Westbury, N.Y. 

Chromatographic procedures." Thin layer 
plates were run in the following solvents: (A) 
ch lo roform-methano l  (C:M)-water (65:25:4,  
v ] v ) ,  ( B )  c h l o r o f o r m - m e t h a n o l - w a t e r  
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2. ACYt_ATED STERYL Gt_UC0SIDE 

FIG. 1. Chemical structures of glycosyl diglyc- 
erides, diglycosyl diglycerides, steryl glucosides, and 
ester~fied steryl glucosides. 

(85:15:0.5, v/v), (C) chloroform-methanol- 
water (95:5:0.2, v/v), (D) chloroform-metha- 
nol-acetic acid-water (120:80:6:10),  (E) cl-doro- 
f o r m - m e t h a n o l - 7 N  a m m o n i u m  hydroxide 
(12: 60:10), and (F) dibutyl ketone-acetic acid- 
water (160:120:16). 

Lipid bands were located by iodine vapor 
absorption, and radioactivity was determined 
by scraping sections of the plate and counting 
in toluene scintillator. 

Gas liquid chromatography (GLC) and mass 
spectrometry (MS): GLC was done on a Barber- 
Coleman Series 500 instrument with U-shaped 
columns and hydrogen flame ionization detec- 
tors. Liquid phases used were SE-30, diethylene 
glycol succinate (Supelco) on a support of 
ChromosorbW and 3% ECNSS-M (Applied 
Science Laboratories, State College, Pa.) on Gas 
Chrom Q. 

Trimethylsilyl ethers of the methyl glyco- 
sides were prepared by the addition of equal 
amonts of acetonitrile and bistrimethylsilyltri- 
fluoroacetamide and were allowed to react for 
30 rain at 110 C in Teflon stoppered tubes. The 
trimethylsilyl ethers of intact glycolipids were 
prepared in the same way, except that the 
reaction time was increased to 60 rain. 

Permethyl ethers of glycolipids and sugars 
were prepared as described by Hakamori (4) as 
more fully detailed by Sanford and Conrad (5). 
For isolation of the methylated sugars, the re- 
action was terminated by the addition of 2 ml 
of H20,  and methylated sugars were extracted 
into chloroform, washed with H 2 O and dried in 
vacuo. The product was redissolved in 3 ml 50% 
diethyl ether-petroleum ether, washed with 
H20 , and dried under nitrogen. Since fully 
methylated polysaccharides are resistent to 
hydrolysis (6), samples were first subjected to 
formolysis in 90% formic acid for 3 hr at 100 C 
before hydrolyzing in 1 N HC1 for 2 hr at 
100 C. Unhydrolyzed product was removed by 
ch lo ro fo rm extraction, discarded, and the 
aqueous phase was dried. Samples were dis- 
solved in 1 ml water and reduced by the addi- 
tion of 20 mg NaBH4 under slightly alkaline 
conditions. Excess NaBH 4 was destroyed by 
the addition of acetic acid and Na + was re- 
moved with Dowex 50 (H +) resin. Borate was 
removed by repeated evaporation with metha- 
n o l .  The  methyla ted  sugar alditols were 
acylated overnight in 1.5 ml pyridine and 
1.5 ml acetic anhydride. Two ml H20  was 
added, and methylated alditol acetates were ex- 
tracted into chloroform and anlyzed on the gas 
chromatograph. 

Mass spectra were recorded on an LKB 9000 
GLC-MS. GLC colunms were 1 or 3 m long and 
used a 1% SE-30 liquid phase on Chromo- 
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sorb W. The ionizing energy was 70 eV, except 
as stated otherwise. Mass spectra were scanned -; 
in 3-5 see on the apex of the peak represented 
on the total ionization monitor. Temperatures 
were as follows: ion source 250 and 270 C; car- $ o.a 
tier gas was helium; carrier gas separation 
250 C; and GLC column, 220-280 C. 

Other procedures: Methanolysis of lipids was 8 
accomplished with 1 N methanolic HC1 at 80 C ~ o.4 
for 4 hr (7). Water and hexane were added to 
the methanolysate. After mixing, the upper 
hexane layer was removed. This procedure was 
repeated and the combined hexane fractions 
were dried under a stream of nitrogen and redis- o 
solved in hexane for injection into the gas chro- 
matograph. The lower, or methanolic-HCl layer, 
contained the sugar moiety. Silver acetate was 
added to remove chloride and the precipitate 
was removed by centrifl~gation. The super- 
natant was dried and sugars were converted to 
their trimethylsilyl derivatives,, 

Periodate oxidations were done as described 
previously, except that 1% Triton X-100 was 
added to solubilize SG and ESG each in 2 ml 
0.05 M NaIO4. After 70 hr at 4 C, samples were 
reduced with NaBH4, hydrolyzed in 2 N HC1 at 
100 C for 2 hr, and extracted with chloroform- 
methanol (2:1) (C:M) to remove Iipids. The 
aqueous phase was dried several times to re- 
move HC1 and was passed through Dowex-50 
(H +) to remove Na +. Borate was removed by 
repeated evaporation with methanol. The sam- 
ples then were treated with mixed bed resin, A 

B and radioactive products were isolated and E 
identified by paper chromatography. F 

Alkaline hydrolysis: Glycosyl diglycerides D 
were taken up in 1.5 ml CH3OH , and 1 ml 
KOH and 7.5 ml water were added. The mix- 
ture was heated at 70 C for 1.5 hr and then 
allowed to stand overnight. The solution was 
chilled, adjusted to pH 2.5 with HC1, and ex- 
tracted 4 times with 10 ml each of ethyl ether. 
After removal of ether, the solution was deion- 
ized with mixed bed resin and the glycosyl glyc- 
erols were isolated by paper chromatography. 

ESG was deacylated by placing the sample 
in  chloroform-methanol  (1:4) and adding 
NaOH to a final concentration of 0.I N. Fol- 
lowing incubation at 37 C for 30 rain, samples 
were neutralized with acetic acid and glyco- 
lipids were partitioned into the C:M phase. 

E n z y m e  assays." UDP-glucose:~sitosterol 
glucosyl-transferase activity was determined by 
following the incorporation of radioactivity 
from UDP-[14CJ-Nucose into CHC13:CH3OH- 
soluble products. Reaction mixtures contained 
50 mM Tris, pH 8.5, 0.1 mM UDP-[14C] - 
glucose (25,500 cpm), 0.75 mM fl-sitosterol, 
and enzyme in a final volume of 0.25 ml (2,3). 

/ 
/ 

/ e  

2 0  I i I I I 
i i ~  4 0  6 0  8 0  

M I N  

corF1G', 2-Dorat on Effect 14 pf time of incubation upon the in- 
p " of [ C]-galaetose from UDP-[I"~C] - 

g0.1actose into lipid. At the indicated times, samples 
were removed and lipids were partitioned into chloro- 
form.naethanol. Radioactivity in lipid was determined. 
The reaction mixtures contained 30 #liters of enzyme 
(3 nag protein). 

T A B L E  I 

Th in  L a y e r  C h r o m a t o g r a p h i c  Mobi l i t i e s  o f  
T w o  R a d i o a c t i v e  G l u c o l i p i d s  S y n t h e s i z e d  f r o m  

UDP~[ 1 4 C ] - g l c  in Mycogacterium smegmatis 

R f  

R a d i o a c t i v e  b a n d  S t a n d a r d  a 

So lven t  b S l o w  Fas t  M G D G  D G D G  

0 . 4 3  0 .72  
0 .28  0 .67  
0 . 7 3  
0 .56  
0 .87  

0 . 7 2  0.46 

a M G D G  = m o n o g a l a c t o s y l d i g l y c e r i d e  a n d  D G D G  = 
d i g a l a c t o s y l d i g l y c e r i d e .  

b S o l v e n t s  are  as d e s c r i b e d  in  t he  t e x t .  

Reactions were stopped by the addition of C:M 
and the organic phase was separated, washed, 
and counted to determine its radioactive con- 
tent. 

For assay of acyl transferase, reaction mix- 
tures contained 14C-SG (20,000 cpm), 0.7 
/lmoles lecithin, 10/~moles Tfis buffer, pH 7.0, 
and enzyme in a final volume of 0.3 ml. After 
incubation for an appropriate time, reaction 
mixtures were extracted with C:M, and the C:M 
layer was dried under a stream of nitrogen. The 
residue was taken up in a small volume of C:M, 
streaked on thin layer plates and chromato- 
graphed in solvent B. ESG areas of the plates 
were scraped and counted. 

Incubation mixtures for assay of glycosyl 
and diglycosyI diglycefide formation contained 
the following components in a final volume of 
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14FIG. 3. Incorporation of [14C]-glucose from UDP- 
[ C]-glucose into steryl glucosides (SG) and acylated 
steryl glucosides (ESG) endogenous glycolipids by a 
particulate enzyme fraction from cotton fibets.4The 
reaction mixture contained 0.5 nmoles UDP-[I C]- 
;lucose (100,000 cpm) in 1 ml enzyme preparation, 
and the incorporation was virtually completed in 30 
rain. Aliquots (0.1 mi) were withdrawn at indicated 
intervals, and aliquots of the chloroform-methanol ex- 
tractable material were counted for total incorpora- 
tion (inset). The remainder was separated into the SG 
and ESG components by chromatographing on silica 
gel plates in chloroform-methanol-H20 (85:15:0.5). 

0.3 ml :  U D P - 1 4 C - g a l a c t o s e ,  0 .26nmoles  
(244 ,000  cpm/nmole) or UDp-14C-glucose, 
0.22 nmoles (380,000 cmp/nmole);  2/amoles 
MnCl2; 50/xmoles Tris buffer, pH 7.5; and an 
appropriate amount of particulate enzyme (1). 
A f t e r  i ncuba t ion ,  reaction mixtures were 
stopped by the addition of C:M, and the radio- 
activity in the C:M phase was counted. 

n -  
O 
I--- 
I.) 
UJ 
I-- 
UJ 
C3 

D 

E 

B c 

I I I I ! ! 
I0 20  3 0  4 0  5 0  6 0  

RETENTION T I M E  (M IN)  

FIG. 4. Gas fiquid chromatogram of the trimethyl- 
silyl derivatives of the intact purified glycolipid mix- 
lure. Gas liquid chromatography was performed iso- 
thermal/), on a 0.3 M x 4 mm 3 column of SE-30 at 
265 C and flow rate of 60 cm /min. The instrument 
was a Barber-Colman model 500 equipped with a 
flame ionization detector and radioactivity monitoring 
system. Peaks were labeled A through E. 

RESULTS 

Glycosyl and Diglycosyl Diglycerides 

When cell-free particulate extracts of Myco- 
bacterium smegmatis are incubated with UDP- 
[ 1 4 C ]-glucose or UDP- [ 14 C ] -galactose, radio- 
activity is incorporated into C:M as shown in 
Figure 2. This incorporation of radioactivity is 
fairly linear with time for ca. 25-30 min and 
then levels off. Incorporation of both glucose 
(from UDP-glu) and galactose (from UDP-gal) is 
stimulated by Mn *+ or Mg ++ and shows a pH 
optimum of ca. 7.0. In large scale incubations, 
ca. 1% of the radioactivity from UDP-[ 14C].glu 
or UDP-[14C]-gal is incorporated into the C:M 
fraction. This radioactivity was passed through 
columns ot O-(diethylamino ethyl) (DEAE)- 
cellulose (acetate) to separate the charged from 
the neutral lipids. Over 90% of the radioactivity 

originally present in the C:M fraction emerged 
in the wash, indicating that the lipids formed 
from these sugar nucleotides were neutral. 

The neutral glycolipids were purified further 
by repeated TLC on silica gel plates. A number 
of iodine staining bands were observed oil these 
plates, but only 2 of these bands contained 
radioactivity. The faster moving 14C-band cor- 
responded in mobility to monoglycosyl diglyc- 
e r i d e  (using monogalactosyl diglyceride as 
standard), whereas the slower band migrated 
with diglycosyl diglyceride (using digalactosyl 
diglyceride was standard). Each of these radio- 
active areas was eluted with C:M and rechro- 
matographed on additional thin layer plates 
until homogeneous. As shown in Table I, the 
faster moving band formed in the incubations 
with UDP-[ 1 4C]-glu was similar in mobility to 
monogalactosyl diglyceride, whereas the slower 
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band corresponded to diglycosyl diglyceride. In 
the case of incubation mixtures with UDP- 
[14C]_gal, the majority of the radioactivity was 
in the band which corresponded to the diglyco- 
syl diglyceride, and only small amounts of 
radioactivity were in the monoglycosyl digtyc- 
eride. 

The  purified radioactive products were I , I  

deacetylated in methanolic KOH, and the 
aqueous and organic phases were separated and Z_ 
coun ted .  Ca. 95-98% of the radioactivity O 
originally present in the C:M phase was ren- 
dered water soluble by this treatment. Paper W_ 
chromatography of the water-soluble products il- 

indicated that the monoglycosyl diglyceride a-  
gave a product which migrated like authentic 
samples of glycosylglycerol in two solvents, .bT_ 
whereas the product formed from the diglyco- u 

h i  

syl diglyceride migrated with authentic diglyco- 
Complete acid hydrolysis of the purified, 

radioactive glycolipids indicated that all of the 
,_] 

label in the lipids formed from UDP-glu was in 
the glucose, while all of the label in the lipids 
formed from UDP-gal was in galactose. How- 
ever, when the sugar composition of these lipids 
was analyzed by GLC of the alditol acetate de- 
rivatives, each of the lipids showed the presence 
of mannose, galactose, and glucose. This sug- 
gested the presence of a family of glycosyl di- 
glycerides containing different sugars. The ra- 
tios of these sugars in the glycosyl diglycerides 
and diglycosyl diglycerides indicated that glu- 
cose was the predominant sugar with smaller 
amounts of mannose and galactose. 

The fatty acids of the various glycosyl di- 
glycerides were obtained by alkaline hydrolysis 
and were analyzed by gas chromatography of 
their methyl esters. The results of these studies 
showed that palmitate and oleate were the pre- 
dominant fatty acids and were present in ca. 
equal amounts in all of the radioactive glyco- 
lipids. 

SteryI G|ucosides and Acy|ated SteryI Glucosides 

The particulate enzyme fraction from mung 
bean seedlings and cotton fibers catalyzes the 
incorporation of ~ 4C-glucose from UDP-[ 14 C ] _ 
glucose into a glycolipid which was character- 
ized as a SG as indicated below. In addition, 
cotton fiber membranes also catalyze the for- 
mation of a second lipid which was identified as 
an acylated or esterified steryl glucoside (ESG). 
The incorporation of radioactivity into SG and 
ESG by cotton fiber extracts as a function of 
time is shown in Figure 3. In this experiment, 
incubation mixtures were extracted with C:M 
to remove the lipids, and SG and ESG were 
separated on Silica Gel F plates. As shown in 
the inset of Figure 3, incorporation of radioac- 

DO 

. . /  
I I I I I I I- 

0 5 I0  15 2 0  25  3 0  

RETENTION T IME ( M I N )  
FIG. 5. Gas liquid chromatogram of the hexane 

fraction from a methanolysis of purified glycolipid. 
The aglycon peaks eluted at 220 C in 15 and 17.5 mill, 
respectively. Other conditions were as in Figure 4. 
Peaks were labeled DD and EE. 

tivity into the total glycolipids was almost com: 
plete within 25 min. During the last 35 min of 
incubation, there was a decrease in radioactivity 
in SG, whereas radioactivity in ESG continued 
to increase. This suggested an initial incorpora- 
t ion of 14C-glucose into SG and subsequent 
conversion to ESG. The discrepancy between 
radioactivity shown in the inset and that shown 
in individual SG and ESG is due to a 50% de- 
crease in counting efficiency on silica gel plates. 

To characterize the products formed in these 
reactions, several large scale incubations were 
prepared using UDP-[ ] 4C]-glucose as substrate. 
The lipid products then were isolated by extrac- 
tion with C:M. In the case of both mung bean 
and cotton, essentially all of the radioactivity 
was judged to be in neutral lipids by virtue of 
the fact that it was not retained on DEAE- 
cellulose (acetate). The lipids then were puri- 
fied by repeated TLC on silica gel plates in a 
number of solvents. As indicated above, two 
lipids, which were designated as SG and ESG, 
were  formed from cotton fibers, whereas 
only SG was formed by mung bean extracts. 
In both cases, the only sugar detected in these 
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FIG. 6. The mass spectrum of the trimethylsilyl ether of the aglycon component DD from Figure 5 (top), as 
compared with the mass spectrum of the trimethylsilyl ether of an authentic sample of stigmasterol (lower 
figure). Mass spectra were recorded on an LKB-9000 combined gas liquid chromatograph-mass spectrometer. 
Columns were 3 m long and used a 1% liquid phase of SE-30. The ionizing electron energy was 70 eV. Spectra 
were scanned in 3-5 sec on the apex of the gas liquid chromatographic peak represented on a total ionization 
monitor. Temperatures were as follows: ion source, 250 C, helinm separator, 250 C, and gas liquid chromato- 
graphic column, 220-280 C. 

compounds was glucose, and this sugar con- 
tained all of the radioactivity. 

The purified mung bean glycolipid was chro- 
matographed intact as the trimethylsilyl deriva- 
tive on 3% SE-30 at 265 C as shown in 
Figure 4. This procedure gave rise to 2 major 
and 3 minor peaks with the major peaks D and 
E eluting at 50 and 55 rain. Permethyl deriva- 
tives of the intact glycolipid gave 2 peaks which 
eluted at 29 and 31 rain using the same condi- 
tions. These data suggested that the purified 
fraction contained several glycolipids having 
mol wt of 500-600. To examine the aglycon 
portion of the molecule, the glycolipid was sub- 
jected to acid methanolysis, and the aglycon 
was extracted with hexane. Figure 5 shows the 
results of GLC of the hexane fraction, indicat- 
ing the presence of at least two aglycon 
moieties, Mass spectra of these two components 
indicated that component  DD had a molecular 
ion at m/e 412, whereas the EE molecular ion 
was 414. These mol wt suggested plant sterols. 
Mass spectra then were taken of the trimethyl- 
sflyl derivatives of  the aglycon portion,  and 
these were compared to the known plant 
sterols, fl-sitosterot and stigmasterol. As shown 
in Figure 6, component  DD was identical to 
stigmasterol. The molecular io n of  the trimethyl- 

silyl derivative of DD had increased 72 mass 
units (from 412 to 484), indicating one replace- 
able H, and the ion at rn/e 129 indicative of 
A5-3-01 steroids. Likewise, component  EE was 
identical to sitosterol and also showed an in- 
crease in molecular ion from 414 to 486, as 
well as a m/e at 129. 

Because of the reported spectra for glycosides 
and steroids, the spectra of the trimethylsilyl 
ether of the intact steryl glucosides were re- 
corded as shown in Figure 7. This is the spectra 
for the intact component  D and shows charac- 
teristic peaks for hexose and sterol. Although 
the molecular ion was not observed, M-90-15 
(corresponding to M-trimethylsilanol-CH3) at 
m/e 757 was seen as was M-90-90-15 (at m/e 
667). These ions were used for mol wt deter- 
minations. Loss of the sugar (tetratrimethyl- 
sflyl) with charge retention on the sugar portion 
and the cleavage of  the glucose C-O glycosidic 
bond produces an ion at mass 451 which could 
lose trimethylsilanol (=90), producing an ion of 
mass 361, both of which are prominent in this 
spectrum. Cleavage of the sterol-3-(C-O) bond 
with charge retention on the steroid would pro- 
duce an ion in this case of  m/e 395 which is 
apparent in the spectrum. Characteristic ions 
for hexoses at m/e 147, 204, 217, 305, 361, 
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FIG. 7. The mass spectrum of the intact steryl glucoside as its trimethylsilyl ether. The spectrum is taken on 
component D from Figure 4 and represents the trimethylsilyl ether of stigmasteryl-glucoside. Recording con- 
ditions were the same as that  for Figure 6, except that  a 1 M column of SE-30 was used for gas liquid 
chromatography to facilitate the elution of higher mol wt components. 

TABLE II 

Gas Liquid Chromatography Analysis of Esterified Steryl Glucoside a 

Sterol Percent Sugar Percent Fatty acid Percent 

/3-Sitosterol 75.6 Glucose 100 Palmitic 60 
Campest erol 4.3 Oleic 37 
Stigmasterol 6.0 Other 3 
Others 14.3 

Molar ratio 1.02 1.19 1.00 

aThe trimethylsilyl-sterol ethers and the fatty acid methyl esters of the acylated steryl 
glucoside (ESG) fraction were run on a 2 m x 3 mm column of 3% SE-30 on Gas Chrom Q 
(Analabs, North Haven, Conn.) 100-120 mesh, and the spectrum was recorded on an LKB 
9 0 0 0  combined gas liquid c h r o m a t o g r a p h - m a s s  spectrometer. T h e  column temperature was 
programed from 1"70-280 C at 5 C/min; the separator temperature was 280 C; the ion 
source temperature was 290 C; and ionizing electron energy was 70 eV. The sterols were 
quantified using the internal standard eholestane and the fatty acid peaks using hepta- 
decanoate as an internal standard. The sugars released from this ESG fraction by methanoly- 
sis were converted to their trimethylsilyi ethers and also quantified by gas liquid chromatog- 
raphy using mannitol as the internal standard. 

and  451 are p r o m i n e n t  and  m / e  204  is t he  base  
peak ,  an  i n d i c a t i o n  o f  hexose  p y r a n o s i d e  con-  
f igura t ion .  A s imi lar  s p e c t r u m  was obse rved  for  
i n t a c t  c o m p o n e n t  E, bu t  m / e  759  and  669  indi-  
ca ted  one  less d o u b l e  b o n d .  

A f t e r  pu r i f i ca t i on  of  t he  SG and  E S G  of  cot-  
t o n  f ibers  b y  TLC,  these  t w o  c o m p o u n d s  were  
sub jec ted  to  ac id-ca ta lyzed  me thano lys i s .  The  
agylcones  t h e n  were  e x t r a c t e d  w i t h  h e x a n e ,  and  
t he  t r ime thy l s i ly l  der ivat ives  were  ana lyzed  b y  
GLC a n d  MS. B o t h  SG and  ESG had  s imilar  
s terol  c o m p o s i t i o n  w i t h  f l-si tosterol  compr i s ing  
over  75% of  the  sterols ,  whi le  choles te ro l ,  cam- 
pes t e ro l ,  a n d  s t igmas te ro l  were  p r e s en t  in 
a m o u n t s  rang ing  f r o m  3-14% each.  T he  on ly  
sugar  p resen t  in  SG or  ESG was glucose.  T he  
c o m p o n e n t s  of  t h e  ESG are l is ted in Table  I! 
and  ind ica t e  a ra t io  of  1:1:1 for  t he  glucose,  
s terol ,  and  f a t t y  acid moie t ies  in  t he  i n t a c t  

molecu le .  Pa lmi t ic  and  oleic acids were  t he  
d o m i n a n t  f a t t y  acids whi le  several  o t h e r s  were  
p re sen t  in  smal le r  a m o u n t s .  

To d e t e r m i n e  the  pos i t i on  o f  t h e  sugar-acyl  
l inkage,  5 0 , 0 0 0  c p m  of  b o t h  SG and  ESG were  
sub j ec t ed  to  pe r ioda t e  o x i d a t i o n  to  cleave the  
sugar  m o i e t y .  Since t h e r e  was a poss ib i l i ty  t h a t  
t he  ESG migh t  be  de-es ter i f ied to  t h e  SG dur ing  
pe r ioda te  t r e a t m e n t ,  a l iquo ts  o f  b o t h  SG and  
ESG,  b e f o r e  and  a f t e r  cleavage, were  c h r o m a t o -  
g raphed  o n  Silica gel plates .  In all cases, t he  
r ad ioac t iv i ty  mig ra t ed  as a single b a n d .  I t  can  
be seen in  Table  III  t h a t  t he  acyl  m o i e t y  was 
still  i n t a c t  a f te r  pe r ioda t e ,  s ince,  i f  i t  h ad  b e e n  
r emoved ,  ESG wou ld  have s h o w n  t h e  same 
mob i l i t y  as SG. Glyce ro l  was t h e  o n l y  radio-  
act ive p r o d u c t  f o r m e d  b y  pe r ioda t e  cleavage 
fo l lowed  b y  NaBH4 r e d u c t i o n  o f  ESG,  ind ica t -  
ing e i t he r  a 2 or 6 pos i t i on  as the  s i te  o f  acyla- 
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TABLE Ill 

Cleavage Products Following Periodate Oxidation of the Steryl Glucoside (SG) and 
Acylated Steryl Glucoside (ESG) 

cpm in cpm in a Rf b 
original Before After 
sample Glycerol Erythritol Sorbitol cleavage cleavage 

SG 52,000 21,100 0 0 0.08 0.23 
ESG S 3,000 23,200 0 0 O. 19 O. 54 

aThe remainder of the samples were reduced, hydrolyzed, and chromatographed on paper 
in 1-butanol/pyridine/O.1 N HCI (5:3:2), and the areas corresponding to glycerol, erythritol, 
and sorbitol were cut out and counted in a liquid scintillation spectrometer. 

bFollowing periodate treatment, aliquots were chromatographed in chloroform-methanol- 
H20 (95:5:0.2) on Silica Gel G plates, andthe  positions of the radioactive bands were deter- 
mined by counting silica gel sections in a liquid scintillation spectrometer. 

IrfB ~D 

FIG. 8. Gas liquid chromatogram of the per- 
methylated alditol acetates. The upper tracing repre- 
sents the methylated glucose derived from the acy- 
lated steryl glucosides (peak A). The lower tracing 
represents a mixture of four permethylated glucose 
standards composed of tlle 3,4,6-trimethyl derivative 
from sophorose (peak C), the 2,3,6-trimethyl deriva- 
tive from cellobiose (peak D), and 2,3,4-trimethyl 
derivative from gentiobiose (also peak D), and the 
2,3,4,6~tetramethyl derivative derived from the non- 
reducing end of all 3 disaccharides (peak B). Samples 
were run on a Barber-Colman series 5000 instrument 
equipped with a 2 m column of 3% ESNSS-M coated 
on Gas-Chrom Q 100-200 mesh (Applied Science, 
State College, Pa.) at 190 C. 

t ion .  Since t he  y ie ld  o f  rad ioac t ivRy in  g lycerol  
a p p r o a c h e d  50% r a t h e r  t h a n  100% t h e  da t a  are 
cons i s t en t  wi th  t he  f o r m a t i o n  o f  1 mole  glyc- 
erol  w h i c h  wou ld  ind ica t e  a l inkage at  the  
6 pos i t ion .  C o n f i r m a t i o n  of  this  a s s i g n m e n t  of  
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FIG. 9. Hydrolysis rate curve of steryl glucosides 
(SG) .  Two ~ m o l e s  each of the SG, p-nitro- 
phenyl-a-D-glucoside, and p-nitrophenyl-O-D-glucoside 
were hydrolyzed in 2 ml 50% propanol containing 
0.35 N HC1 at 100 C. Aliquots (0.2 ml) were with- 
drawn at the indicated intervals, and the amount of 
reducing sugar was determined. 

the  acyl  group at pos i t i on  6 o f  glucose was ob-  
t a ined  b y  p e r m e t h y l a t i o n  o f  ESG as s h o w n  in 
F igure  8. A gas c h r o m a t o g r a p h i c  prof i le  o f  t he  
m e t h y l a t e d  a ld i to l  ace ta te  derived f r o m  ESG 
s h o w e d  the  absence  o f  a peak  c o r r e s p o n d i n g  to  
the  a ld i to l  ace ta te  of  3,4,6 t r i -o -me thy l  glucose,  
e l imina t ing  t he  poss ib i l i ty  of  an  acyl l inkage at  
t he  2 pos i t ion .  

To  d e t e r m i n e  w h e t h e r  glucose was l inked  to  
t h e  s te ro l  m o i e t y  in  the  a or  ~ con f igu ra t ion ,  
the  SG was h y d r o l y z e d  in 0 .35 N HC1 at 100 C. 
Al iquo t s  were  w i t h d r a w n  at in tervals  and  the  
a m o u n t  of  r educ ing  sugar  was d e t e r m i n e d .  The  
ra te  of  hydro lys i s  of  the  SG u n d e r  these  condi-  
t i ons  is s h o w n  in  F igure  9. Also s h o w n  for  com-  
par i son  are the  ra tes  of  hydro lys i s  of  p -n i t ro-  
phenyl -a -D-g lucos ide  and  p-n i t rophenyt -~-g luco-  
side. The  s imi lar i ty  in  t he  ra tes  of  hydro lys i s  of  
SG and  p-ni t rophenyl- /3-D-glucoside suggests 
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FIG. 10. Conversion of steryl glucoside (SG) to 
acylated steryl glucoside (ESG) by a particulate en- 
zyme fraction from cotton fibers containing an en- 
dogenous acyl donor. Radioactive SG was dissolved in 
methanol, and 15 #liters (10,000 cpm) were added to 
enzyme in a total  volume of 0.3 ml and incubated at 
37 C. 14C-SG and ESG were extracted with chloro- 
form-methanol (2:1) and separated by chromatog- 
raphy on Silica Gel F in solvent B. 

that the glucose moiety of SG is in a ~con-  
figuration. 

The acylation of SG was studied using mem- 
brane preparations of cotton fibers. As shown 
in Figure 10, when 14C_SG was incubated with 
these particulate extracts, radioactivity in SG 
declined with time, whereas radioactivity in 
ESG appeared in stoichiometric amounts. In 
this experiment, the C:M-soluble lipids were 
separated on thin layer plates, and the radio- 
activity in SG and ESG was determined. Since 
the acylation by the particulate enzyme pro- 
c e e d e d  for  an extended period of time 
(Figures 3 and 10), it did not seem likely that 
the acyl donor could be acyl CoA. Since the 
likely acyl donor would then be a membrane 
phospholipid, we decided to determine the ef- 
fect of phospholipase treatment upon the en- 
zyme preparation. Thus, particulate enzyme 
.was preincubated with bee venom (phospho- 
lipase) or snake venom (phospholipase) for 15 
to 30 min, and the particules were reisolated by 
centrifugation and washed. Particles treated 
with bee venom lost ca. 50% of their activity, 
and this could be restored by the addition of 
lecithin to incubation mixtures. 

We also have been able tO solubilize both the 
UDP-glucose:/~-sitosterol glucosyl transferase 
and the acyl transferase activities by treatment 
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FIG. 11. Gel filtration of solubilized glucosyl- 
transferase and acyltransferase on Sephadex G-200 
(2.5 x 40 cm column). Fractions (4.5 ml) were col- 
lected and assayed for glucosyltransferase activity 
(steryl glucoside formation) and acyltransferase activ- 
ity (acylated steryl glucoside formation). 
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FIG. 12. Conversion of steryl glucoside (SG) to 
acylated steryl glucoside (ESG) by the solubilized 
acyltransferase which had been chromatographed on 
Sephadex G-200. Enzyme, SG (100,000 cpm), and 
crude soybean lecithin or palmityl CoA (as indicated) 
]v~re incubated and assayed for the formation of 

C-ESG as described in the Experimental Procedure. 

of the membrane particles with 0.25% Trition 
X-100. Both of these activities were purified 
partially on DEAE-cellulose and then were frac- 
t ionated further on Sephadex G-200. Figure 11 
shows an elution profile of the Sephadex G-200 
column. Both the glucosyl transferase and the 
acyl transferase activities eluted in two peaks, 
one of which was excluded from the column, 
while the second peak was included in the 
column. The excluded peak probably represents 
small pieces of membrane, but the included 
peak probably represents truly solubilized en- 
zyme. This enzyme fraction (peak 2 ) showed  
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no  acyl t r ans fe rase  ac t iv i ty  unless  SG and  leci- 
t h i n  (or  some  o t h e r  app r op r i a t e  p h o s p h o l i p i d )  
were  p re sen t  in  the  i n c u b a t i o n  mix tu res .  Palmi- 
t o y l  CoA was also s o m e w h a t  e f fec t ive  as an  
acyl  d o n o r  b u t  m u c h  less so t h a n  was lec i th in .  
These  resul ts  are s h o w n  in  Figure  12 w h i c h  
compare s  s u b s t r a t e  c o n c e n t r a t i o n  curves o f  leci- 
t h i n  and  pa lmi ty l  CoA  as a f u n c t i o n  of  ESG 
f o r m a t i o n .  It can  be  seen t h a t  l ec i th in  was a far 
b e t t e r  acyl  d o n o r  t h a n  was p a l m i t o y l  CoA.  

To  s h o w  t h a t  l ec i th in  was ac t ing  as an  acyl 
d o n o r  r a t h e r  t h a n  as an  ac t iva tor ,  i n c u b a t i o n s  
were  p r e p a r e d  us ing 3H-SG ( labeled  in the  glu- 
cose )  a n d  14C4ec i t h in  ( labe led  in  t h e  f a t t y  
acids).  Af t e r  i n c u b a t i o n ,  t he  var ious  rad ioac t ive  
c o m p o u n d s  were  sepa ra t ed  b y  TLC to  isola te  
ESG.  The  i so la ted  ESG c o n t a i n e d  b o t h  14 C and  
3H. The  ESG was c h r o m a t o g r a p h e d  in  several 
a d d i t i o n a l  so lvents ,  and,  in  each  case, a radio-  
act ive b a n d  c o n t a i n i n g  b o t h  14 C a n d  3H was 
obse rved  w h i c h  mig ra t ed  w i t h  a u t h e n t i c  ESG. 
W h e n  th i s  b a n d  was sub j ec t ed  to  a lkal ine  
hydro lys i s ,  t h e  t r i t i u m  was sepa ra ted  f r o m  the  
14 C o n  t h i n  layer  plates .  The  3H, in  th is  case, 
mig ra t ed  w i t h  a u t h e n t i c  SG whereas  t he  14C 
co r r e sponded  to  pa lmi t i c  acid.  Thus ,  t h e  s teps 
in  f o r m a t i o n  of  ESG by  these  c o t t o n  f ibers  ap-  
pa r en t l y  p roceed  by  t he  fo l lowing  series of  
r eac t ions :  

Sterol + UDP-[ 14D] -glucose 

steryl glucoside + UDP 

~ / / / ~ .  endogenous 
phospholipid 

acylated steryl glucoside lysophospholipid 
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SHORT COMMUNI CATION 

Inhibition of Diplopterol Synthesis in Tetrahymena Pyriformis 
by a Hypocholesteremic Compound 

A B S T R A C T  

The hypocholesteremic compound, 
3/~ - (/3 - d i m e t h ylaminoetho xy)-androst -5 - 
en-17-one was earlier shown to inhibit the 
synthesis of tetrahymanol and two un- 
identified lipids. It now has been demon- 
strated that one of the unidentified com- 
pounds is diplopterol. 

I N T R O D U C T I O N  

Many hypoclolesteremic compounds have 
been reported to suppress the growth rate of 
Tetrahymena pyriformis (1-5). The compound, 
3/3-(~-dimethyl-aminoethoxy)-androst-5-en-17- 
one (DMAE-DHA), was observed (6) to inhibit 
the synthesis of tetrahymanol and two uniden- 
tified lipids from sodium acetate-2 -14C, and to 
cause the accumulation of squalene before any 
other aspects of metabolism were affected 
significantly. Identification of the unknown 
metabolites may be of importance in account- 
ing for the growth inhibitory properties of 
DMAE-DHA. It is the purpose of this communi- 
cation to provide evidence that one of the 
higerto unidentified lipids is diplopterol. 

M A T E R I A L  A N D  M E T H O D S  

A culture medium (40 liters) consisting of 
400 g peptone, 80 g yeast extract, 40 g 
KH2PO4, 24 g MgSO4" 7H 2 40 g sodium 
acetate, and 400 g glucose was adjusted to a pH 
of 6.8 and autoclaved for 1 hr 20 rain at 15 psi. 
The glucose was autoclaved separately. The 
medium then was inoculated with 500 ml of a 2 
day culture of T. pyriformis, mating type II, vari- 
ety 1. The fermentation was conducted at 28 C 
in a 75 liter fermentor (Fermetron, New Bruns- 
wick Scientific Co., New Brunswick, N.J.). Air 
was supplied at 1 v/v/min, and agitation was at 
100 RPM. Microscopic examination of the cul- 
ture after 3 days incubation revealed no indica- 
tion of contamination. Tetrahymena cells were 
collected with a model KDD-605 Westfalia sepa- 
rator (Centrico, Englewood, N.J.) and were 

washed with 3 liter of Ringer's phosphate 
buffer, pH 7.3 (7). The resulting heavy cell 
suspension (1200 ml) was disrupted in 200 ml 
aliquots with a Sorvall omnimixer for 30 sec at 
a setting of 7. The disrupted cell suspension was 
centrifuged for 30 rain at 26,000 x g in a 
Sorvali RC2B centrifuge at 4 C. The superna- 
tant was centrifuged again under the same 
conditions, and the two pellets of cell debris 
were combined and extracted and further dealt 
with as shown in Figure 1. 

Silicic acid chromatography was performed 
with Biosil A, 100-200 mesh (Calbiochem, Los 
Angeles, Calif.) Columns were prepared by 
slurrying the Biosil A in the least polar solvent 
to be used during development, and the samples 
were added to the column in the same solvent. 
For the first Biosil A column, this was Skelly- 
solve B-benzene 3:2, and for the second Biosil 
A column it was Skellysolve B-benzene 2:3. 
Thin layer chromatography (TLC) was con- 
ducted with 20 x 20 cm plates precoated with 
0.25 mm Silica Gel F-254 on aluminum or glass 
(EM Reagent Division, Brinkmann Instruments, 
Westbury, N.Y.). Diplopterol is not visualized 
by exposure to iodine but can be detected by 
spraying with concentrated H zSO4 and heating 
5-10 min at 110 C. A pink color develops 
before the compound chars. TLC systems used 
for following the isolation of diplopterol were: 
benzene-ethyl acetate, 95:5 (System I), and 
Skellysolve B-diethyl ether, 9:1 in an unsatu- 
rated tank (System II). In these systems, 
diplopterol migrates with Rlanosterol values of 
1.41 and 1.64, respectively. Tetrahymanol mi- 
grates with Rf values identical to lanosterol in 
both systems. 

Gas liquid chromatography (GLC) was per- 
formed with a Hewlett-Packard model 5750B 
gas chromatograph equipped with a flame 
ionization detector and containing a 1/8 in. 
inside diameter 6 ft stainless steel column 
packed with Anakrom ABS 90-100 mesh 
coated with 1% SE-30. The column tempera- 
ture was 205 C or 230 C as indicated; the 
injection temperature, 280 C and the detection 
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Cell debris from 40 liter culture 

F 
Pellet 

I 
[ 
Pellet 

Extract with 1.5 V diethyl ether 

f 
Ether extract (0.5 g) 

Extract 2 times 
with 2 V 95% ethanol 

Ethanol extract (14.5 g) 
(A) Concentrate in vacuo (2 phases) 
(B) Extract with 1 V benzene 

} Ben~ zene Aqueous 
(A) Dry with anhydrous Na2SO 4 
(B) Concentrate in vacuo to 5 ml 
(C) Saponify overnight, 22 C with 10 m120% KOH in 40% ethanol 
(D) Add 10 ml H20 and extract 3 times with I V diethyl ether 

Aqueous Ether extract (2.3 g) 

Chromatography on 60 g Biosil A 
(A) 160 ml Skellysolve B-benzene 3 : 1 
(B) 140 ml Skellysolve B-benzene 1:1 
(C) Two 80 ml fractions of benzene 

Second benzene fraction (26 rag) 
I Chromatography on 1.5 g Biosil A 

Elute with 10 ml Skellysolve B-benzene 2:3 
(A) Concentrate in vacuo 
(B) Thin layer chromatography Skellysolve B-diethyl ether 9:1 
(C) Elute zone at Rlanosterol = 1.64 

Diplopterol 

FIG. 1. Isolation of diplopteroi from Tetrahyrnena pyriformis. 

t empera ture ,  290 C. The carrier gas was N 2 at 
30 ml /min .  

Mass spectra were ob ta ined  with  a DuPont  
21-492 mass spec t romete r  at an ionizing voltage 
of  70 eV. The t empera tu re  of  the  direct 
inser t ion probe  was 150 C, and the source was 
180 C. All solvents were redisti l led before  use. 
DMAE-DHA was provided,  and lanosterol  was 
purchased f rom Appl ied Science Laboratories ,  
State College, Pa. 

RESULTS A N D  DISCUSSION 

Mallory, et al., (8) repor ted  the isolat ion of  a 
small amount  of  the p e n t a c y d i c  t r i t e rpenoid ,  
diplopterol ,  f rom a cul ture of  T. pyr i formis .  
Since DMAE-DHA has been shown to inhibit  
t e t r ahymanol  synthesis in this organism (6), it 
appeared reasonable to consider  that  one of  the  
unident i f ied  lipids, whose synthesis also was 
inhibi ted by DMAE-DHA,  might be diplopterol .  
Therefore ,  the labeling exper iment  was re- 
peated (6). Five ml cultures of  T. pyri formis  
were incuba ted  with  25 /ac sodium acetate-  
2-14C for  3 hr  in the  presence and absence of  
10 /am DMAE-DHA.  TLC in system I o f  the 
nonsaponif iable  f ract ion of  the  l ipid extract  

revealed a labeled c o m p o n e n t  sl ightly less polar  
than  t e t r ahymanol ,  whose synthesis was im- 
paired by DMAE-DHA.  This componen t ,  af ter  
e lut ion f rom the ch roma tog ram with  diethyl  
ether,  was purif ied fur ther  by TLC on system II 
(Fig. 2). Comple te  resolut ion f rom tetra-  
hymano l  was achieved,  and analysis of  the eluted 
sample revealed that  inhibi t ion o f  this sub- 
stance by DMAE-DHA amoun ted  to  70%. 
Moreover ,  the labeled metabo l i t e  migrated on 
sys tem II like reference diplopterol .  To estab- 
lish whether  or  not  this me tabo l i t e  was t ru ly  
diplopterol ,  a larger scale cul ture  was grown 
and processed as shown in Figure 1. The initial 
ether  extract  conta ined  t e t r ahymanol ,  but  l i t t le  
or  no diplopterol .  Fract ions whose TLC proper-  
ties on sys tem II were ident ical  to  the  u n k n o w n  
labeled metabol i te  were combined  and purif ied 
as indicated in Figure 1. A small amount  of  
crystals was obta ined  f rom the  diethyl  ether  
eluate f rom preparat ive TLC with  system II. 
TLC characteristics of  the crystall ine prepara- 
t ion  and the mo the r  l iquor  were identical  to  
those  o f  the labeled metabol i te  and to  reference 
d ip loptero l  wi th  4 solvent systems:  systems I, 
II, benzene-methanol  95:5  (Rlanosterol  = 
1.1 3) ,  a n d  Skel lysotve B-CHC13-CH3OH 
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FIG. 2. Inhibition of diplopterol synthesis by 
DMAE-DHA. Tetrahymena pyriformis was incubated 
with [2-14C]sodium acetate in the presence and 
absence of 10 /~M 3O-(~-dimethylaminoethoxy)-an- 
drost-5-en-17-one (DMAE-DHA) Nonsaponifiable 
lipids were chromatographed with system I, and 
compounds in a zone emcompassing tetrahymanol and 
a less polar product were eluted and rechromato- 
graphed in system II. 

70:20:10 (Rlanosterol = 1.22). Mass spectral 
data were obtained from the crystalline prep- 
aration and reference diplopterol. Both exhib- 
ited a molecular ion peak at m/e 428 and 
additional significant m/e peaks at 413, 410, 
395, 370, 369, 367, 341, and 191. The latter 
m/e value was the base peak in both spectra. 
These values agree well with those reported by 
Mallory, et al., (8). 

Diplopterol was first isolated from a fern by 
Kariyone and Ageta (9) and later shown to be 
identical to hydroxyhopane (10), a chemical 
derivative of hydroxyhopanone which was ob- 
tained from cats eye dammar (11,12). Diplop- 
terol can undergo dehydration to form a 
mixture of products (10) which may account 
for difficulty in utilizing GLC as a means of  
demonstrating purity of preparations (R.L. 
Conner, personal communication). GLC data of 
reference and isolated preparations of diplop- 
terol are shown in Figure 3, where it is evident 
that both samples reveal similar GLC patterns 
when chromatographed on 1% SE-30 at either 
205 or 230 C. The occurrence of  minor peaks 
and the altered retention times relative to 
cholesterol for the major peaks (1.25 at 205 C 
and 1.12 at 230 C) suggest that degradation of 

,4 8 12 Min 

9 4 6  Min 

B 

Min 

I D 

L 2 4 6  Min 
FIG. 3. Gas liquid chromatography of reference 

diplopterol (A and C) and a preparation isolated from 
Tetrahymena pyriformis (B and D). Curves A and B 
were obtained at a column temperature of 205 C and 
curves C and D at 230 C. 

diplopterol has proceeded to a different extent 
at the two temperatures. The fact that both 
preparations behaved similarly further attests to 
their common identity. It is, therefore, con- 
cluded that DMAE-DHA inhibits the synthesis 
of diplopterol and tetrahymanol. It has been 
established that cyclization of  squalene to 
tetrahymanol is inhibited by DMAE-DHA (5). 
Diplopterol synthesis may be inhibited at the 
same step. 

Z. BABIAK 
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C.E. HOLMLUND 
Department of Chemistry 
University of Maryland 
College Park, Maryland 20742 
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Fractionation and Analysis of Fluorescent Products of Lipid 
Peroxidation 
RICHARD TROMBLY and AL TAPPEL, Department of Food Science and Technology, 
University of California, Davis, California 95616 

ABSTRACT 

The fluorescence excitation spectrum 
of model conjugated Schiff base com- 
pounds that arise from the reaction of 
malonaldehyde with amino acids was 
s h o w n  to  c o n t a i n  a maximum at 
260-280 nm in addition to the previously 
observed maximum at 350-390 nm. Ex- 
citation at either maximum results in 
e m i s s i o n  at a s ingle  maximum at 
440-480 nm. The excitation and emission 
maxima of the model fluorescent com- 
pounds, together with the characteristic 
r e d u c t i o n s  in fluoresqence intensity 
caused by alkaline pH or heavy metal co- 
ordination, provide criteria with which to 
examine lipid peroxidation products for 
the presence of the conjugated Schiff 
base fluorophore. Silicic acid column 
chromatography and silica gel thin layer 
chromatography were employed to frac- 
tionate the fluorescent products of model 
lipid peroxidation systems and of rat tes- 
t i c u l a r  l ipid soluble extracts. These 
products contained large families of com- 
pounds whose fluorescence characteristics 
were the same as those of the Schiff base 
fluorophores. The fractionation methods 
used enabled more thorough fluorescence 
characterization of many of the products 
of lipid peroxidation, but the fluores- 
cence criteria available do not provide 
definitive proof of structure. 

INTRODUCTION 

Lipid peroxidation has been identified as a 
basic deteriorative process in cellular mem- 
branes (1,2). Subcellular organelles, with their 
high content of polyunsaturated fatty acids (3), 
are especially labile to lipid peroxidation, which 
yields a mixture of reactive carbonyl com- 
pounds via the chain reactions of free radical 
intermediates (4). Among these carbonyl prod- 
ucts is malonaldehyde (5), measurable by 
means of a sensitive colorimetric assay that can 
be used to gauge the relative extent of peroxi- 
dation of lipid systems in vitro (6,7). 

Lipofuscins, or age pigments, which appear 
as granular deposits in the cells of various mam- 
malian tissues, contain indigestible breakdown 
products of lipid peroxidation (8). The lumines- 
cent properties of age pigments have long been 

known (9). Much of the fluorescence is extrac- 
tible with lipid solvents (10,11), and its charac- 
teristic excitation and emission maxima, at 
340-375 nm and 420-490 nm, respectively, are 
comparable with spectra of fluorescent com- 
pounds extracted from peroxidized subcellular 
organelles (12). Dillard and Tappel (13) found 
that lipid extractible fluorescence was 10-100 
times more sensitive a measure of lipid peroxi- 
dative damage than the colorimetric malonalde- 
hyde assay. 

The major fluorescent species arising from 
lipid peroxidation appear to be conjugated 
Schiff base fluorophores with the basic struc- 
ture: 

I I 
- N = C - C = C - N  l -  

which is formed as the product of the crosslink- 
ing of two primary amines with malonaldehyde 
(14). Products of reaction of primary amino 
phospholipids with malonaldehyde and with 
peroxidizing polyunsaturated fatty acids have 
fluorescence maxima similar to those of the 
conjugated Schiff base fluorophore (15,16). 

The fluorescence of the conjugated Schiff 
base structure is decreased reversibly by alka- 
line pH in either aqueous or chloroform- 
methanol solution and is decreased by coordi- 
nation of the chromophoric nitrogens with a 
heavy metal chelating compound (17). There is 
evidence that these fluorophores have an excita- 
tion maximum in the near UV region at 
260-280 nm in addition to the maximum at 
340-390 nm (14); these excitation maxima have 
a common emission maximum at 430-490 nm. 

The purposes of the research presented here 
were twofold. The first was the verification of 
the 260-280 nm excitation maximum for the 
conjugated Schiff base fluorophores and exami- 
nation of the effect of alkaline pH upon 
fluorescence intensity when excited in this 
region, and the second was tile fractionation 
and purification of the products of lipid peroxi- 
dation to determine the, major species with 
characteristics of conjugated Schiff base fluoro- 
phores. 

EXPERIMENTAL PROCEDURE 

Materials 

Fluorescence  standards N,N-dileucinyl-1- 
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T A B L E  I 

F luorescence  Character is t ics  o f  A m i n o  Acid S tandards  in C h l o r o f o r m - M e t h a n o l  

Percentage  initial f luorescence  

Exc i t a t ion  
Percentage  Exc i t a t ion  Emiss ion 

270 n m  region 
aqueous  m a x i m a ,  m a x i m u m ,  

S tanda rd  f luorescence  n m  n m  base a acid b 

Exc i t a t ion  
380 n m  region 

base a acid b che la to r  c 

L e u 2 M A  57 270 375 450  69 80 60 72 83 
Va l2MA 58 275 375 445 52 76 51 75 81 
GIY2MA 51 265 390 470  77 89 77 86 70 

a lO/~l i ter  4 N s o d i u m  m e t h o x i d e  were  a dde d  to 2 ml c h l o r o f o r m - m e t h a n o l  solut ion.  

b R e n e u t r a l i z e d  by add i t ion  o f  10 g l i te r  4 N acet ic  acid in m e t h a n o l .  

CFinal concen t r a t i on  o f  E u ( t h d ) 3  was 6 x 10 .5 M. 

a m i n o - 3 - i m i n o p r o p e n e  (Leu2MA) ,  N,N- 
d i vali nyl-l-amino-3-iminopropene (Val2 MA), 
and  N, N- d igl y cinyl-l-amino-3-iminopropene 
(GlY2MA) were synthesized and purified by 
Chio and Tappel (14) and stored dessicated at 
-20 C. Quinine sulfate was purchased from Mal- 
rinckrodt Chemical Works, St. Louis, Mo.; 
synthetic dipalmityl phosphatidyl ethanolamine 
from Schwarz/Mann, Orangeburg, N.Y.; phos- 
phatidyl choline and phosphatidyl serine from 
Calbiochem, San Diego, Calif., and Schwarz/ 
M a n n ,  respectively; arachidonic acid from 
Sigma Chemical Co., St. Louis, Mo.; and 
malonaldehyde bis(diethylacetal) from J.T. 
Baker Chemical Co., Phillipsburg, N.J. The 
purity of the phospholipid standards was veri- 
f ied by thin layer chromatography (TLC). Rat 
testes were obtained from 10-14 month old 
Sprague-Dawley rats maintained since weaning 
on a basal rat chow diet (Purina). Europium 
(T r i c  [ 2 , 2 , 6 , 6 - t  e t r a m e t h y l - 3 , 5 - h e p t a n e -  
dionate]),  hereafter referred to as Eu(thd)3 , 
was obtained from Varian Instrument Corp., 
Palo 'Alto, Calif. Silicic acid (Bio-SiL A) for 
column chromatography was obtained from 
Bio-Rad Laboratories, Richmond, Calif. Molyb- 
denum blue reagent for the detection of phos- 
phoripids on TLC was prepared as described by 
Dittmer and Lester (18). Precoated Silica Gel G 
TLC plates were obtained from Quantum In- 
dustries, Fairfield, N.J. All solvents used were 
of spectral grade. 

Synthetic Phospholipifl Reaction Systems 

Synthetic dipalmityl phosphatidyl ethanol- 
amine (PE) was reacted with malonaldehyde 
(MA) prepared by the method of Kwon and 
Watts (19). MA (75 pmoles) were combined 
with 150 pmoles of PE in 25 ml chloroform- 
methanol 4:1. PE and arachidonic acid were 
similarly reacted, except that the mixture was 
irradiated with UV light (maximum emission 
360 nm) for 20 rain at 8 hr intervals to induce 

free radical formation from arachidonate and to 
initiate peroxidation. The mixtures were al- 
lowed to react with stirring at room tempera- 
ture for 72 hr. Single reactant blanks of PE, 
MA, a nd  arachidonic acid were similarly 
treated. The fluorescence excitation and emis- 
sion spectra of the products of each reaction 
system were recorded. 

Preparation of Tissue Extracts 

Fluorescent products of rat testicular tissue 
were extracted as described by Fletcher, et al. 
(11). The testes of five rats were combined for 
each extraction. The fluorescence spectra of the 
extracts were recorded, and each extract was 
dried in vacuo. 

Fractionation of Fluorescent Products 

The products of the synthetic phospholipid 
reaction systems were chromatographed on a 
silicic acid column (2.3 x 45 cm) with a step- 
wise g~adient of chloroform with increasing 
concentrations of methanol. The lipid extracts 
of rat testes were similarly fractionated on a 
silicic acid column (1 x 8 cm). The contents of 
tubes that composed distinct fluorescent frac- 
tions were combined and dried in vacuo. 

The fluorescent components recovered from 
silicic acid column chromatography were ap- 
pried to Silica Gel G TLC plates for further 
fractionation. Solvents used for development 
were :  cy c lohe  xan  e - c h l o r  o form-methanol,  
7 0 : 3 0 : 3 ; chl  or oform-methanol-acetic acid- 
water, 80:20:1:1;  and chloroform-methanol- 
acetic acid-water, 60: 40:2:1. 

Analytical Methods 

Excitation and emission spectra of samples 
dissolved in chloroform-methanol, 2:1,. were 
measured with an Aminco-Bowman spectro- 
photofluorometer linked to a ratio photometer 
(American Instrument Co., Silver Spring, Md.) 
and were recorded on an X-Y recorder (model 
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2000, Houston Instrument Co., Bellaire, Tex.). 
A slit arrangement of 3, i ,  and 3 mm was used 
for the 3, 4, and 6 slit positions, respectively. 
The  qu in ine  sulfate fluorescence standard 
(1 /ag/ml [1.28 x 10 .6 M] in 0.1 N H2SO 4) had 
a fluorescence intensity of 50 with the sensitiv- 
ity multiplier set at 10, and the sensitivity 
vernier set at 40. 

The effects of alkaline pH and metal chela- 
tion on the fluorescence of components re- 
covered from silicic acid chromatography were 
measured as described previously (17). Absorp- 
tion by the chelating agent, Eu(thd)3 , between 
200-300 nm prevented the observation of the 
quenching of  fluorescence when fluorophores 
were excited with radiation in this region. 

Compounds isolated on TLC were detected 
first by fluorescence under UV light with a 
maximum emission of  365nm,  then with 
iodine vapor, and finally with molybdenum 
blue phospholipid detection reagent. 

R ESU LTS 

The fluorescence characteristics of  the three 
amino acid conjugated Schiff base flourescence 
standards, Leu2MA , Val2MA , and Gly2MA , in 
c h l o r o f o r m - m e t h a n o l ,  2 :1 ,  were similar 
(Table I). Each showed two excitation maxima 
in the near UV region with a single emission 
maximum in the blue region (Fig. 1). Adjust- 
ment of  the solutions to pH 10-11 by the addi- 
t ion of  base caused a significant decrease in 
fluorescence intensity, which was partially 
reversible by reneutralization with acetic acid. 
This effect was noted when the standards were 
excited at either of  the two excitation maxima. 
Coordination with the heavy metal compound 
Eu(thd) 3 significantly decreased fluorescence 
when the standards were excited at their higher 
wave length maxima. The fluorescence intensity 
of the Schiff base standards in chloroform- 
methanol was only 51-58% of that observed in 
aqueous solution. 

The products of  the synthetic reaction sys- 
tems that contained PE and either MA or 
arachidonic acid were fluorescent with excita- 
t ion maxima at 260 mn and 365 nm and an 
emission maximum at 430 nm. These products 
were separated by silicic acid column chroma- 
tography into four major fluorescent compo- 
nent fractions (Fig. 2). The spectral character- 
istics of each fraction conformed to those 
noted for the conjugated Schiff base fluores- 
cence standards, including excitation and emis- 
sion maxima and the effects of  alkaline pH and 
Eu(thd) 3 coordination upon fluorescence inten- 
sity (Table II). Fraction 4 from each synthetic 
system was eluted with chloroform-methanol,  
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FIG. 1. Corrected fluores~nce excitatmn and 
emission spectra of the conjugated Schiff base stan- 
dard, GlY2MA, in chloroform-methanol, 2:1. Excita- 
tion maxima are recorded at 265 nm and at 390 nm 
with the emission maximum at 470 nra. 
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FIG. 2. Elution pattern of fluorescent products of 
phosphatidyl ethanolamine and malonaldehyde frac- 
tionated on a silicic acid column by chloroform solu- 
tions with increasing concentrations of methanol (-). 
The fluorescence intensity (o) was measured with the 
excitation monochrometer set at the fraction's higher 
wave length excitation maximum, and the emission 
monochrometer was set at the fraction's emission 
maximurrL The bars beneath the component numbers 
indicate the fractions pooled. 

60:40, and contained ca. two-thirds of  the 
fluorescence units recovered from column chro- 
matography. 

Figure 3 is representative of the TLC of the 
four column fractions of the PE/arachidonic 
acid synthetic reaction system. Chromatograms 
of the corresponding fractions of  the PE/MA 
reaction system were qualitatively identical. 
Fraction 4 contained four chromatographically 
discernible fluorescent species, two of which 
contained phosphate. Among the other three 
component  fractions there were three phos- 
phate-containing fluorescent species. The faint- 
ly fluorescent spots observed in the MA and 
arachidonic acid reactant blanks and the corres- 
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T A B L E  II  

F luorescence  Character is t ics  o f  the  Produc ts  o f  Syn the t i c  Phosphol ip id  Reac t ion  Sy s t ems  

Reac t ion  s y s t e m  
and c o l u m n  

f rac t ion  
n u m b e r s  

Percen tage  initial f luorescence  

Exc i t a t ion  Exc i t a t ion  
Percentage  Exc i t a t ion  Emiss ion 270  n m  region 370 n m  region 
r ecove red  m a x i m a ,  m a x i m u m ,  

f luorescence  n m  n m  base a acid b base a acid b che la to r  c 

Ma lona ldehyde  
l 2 265 340 415 63 82 67 89 58 
2 1l  260  385 450  75 96 79 96 67 
3 13 260  385 450  80 95 89 97 72 
4 64 260  365 430  60 79 56 76 20 

A r a c h i d o n i c a c i d  
1 5 265 355 435 71 95 74 92 86 
2 10 260  370 435 76 84 78 90 60 
3 14 255 370 435 65 92 66 85 78 
4 60 255 365 430  72 93 83 95 44 

a 10 #l i ter  4 N s o d i u m  m e t h o x i d e  were  a dde d  to 2 ml c h l o r o f o r m - m e t h a n o l ,  2 :1 ,  solut ion.  

b R e n e u t r a l i z e d  by  addi t ion  o f  10 #l i ter  4 N acet ic  acid in me th an o l .  

CFinal c o n c e n t r a t i o n  o f  Eu ( thd )  3 was 5 x 10 "5 M. 

T A B L E  I I I  

F luorescence  Yield o f  Rat  Testes  Ex t r ac t s  and 
Recove ry  of  F luorescence  f r o m  

Silicic Ac id  Co lumn  C h r o m a t o g r a p h y  

C o l u m n  
Sample  Tissue w e t  F luorescence  recovery ,  b 
n u m b e r  wt ,  g yield a % 

I 20.5 2.7 85 
II  18.9 1.4 79 

I I I  19.1 1.8 78 

aNanoequ iva l en t s  o f  GIY2MA/g tissue. 

bsi l ic ic  acid c o l u m n ,  1 x 8 cm.  

ponding spot in fraction 1 contained polymer- 
ized malonaldehyde, which had yellow fluores- 
cence. All other fluorescent species were blue 
to violet under UV irradiation. The PE reactant 
b lank showed two faint phosphate-bearing 
spots in addition to the predominant PE spot at 
Rf 0.60. These were not detected earlier during 
TLC examination for purity, and they may 
represent small amounts of methanolysis prod- 
ucts of the PE. 

Table III shows the fluorescence yield from 
the rat testes extracts. The mean yield of three 
extractions was 2.0 molar nanoequivalents of 
GlY2MA/g wet tissue. The gross extracts were 
f l u o r e s c e n t  w i t h  e x c i t a t i o n  maxima at 
260-270 nm and 345-350nm and with one 
emission maximum at 415-430 nm. 

Silicic acid column fractionation of the ex- 
tracts produced three distinct fluorescent frac- 
tions. Fraction 1 was eluted by 100% chloro- 
f o r m ,  f r a c t i o n 2  by chloroform-methanol, 
90:10, and fraction 3 by chloroform-methanol, 
80:20. Table IV shows the fluorescence charac- 

teristics of each fraction. Fractions 2 and 3 
each showed the fluorescence characteristics of 
the standard conjugated Schiff base fluorescent 
compounds. Fraction 1 had a single excitation 
maximum at 305-310nm with emission at 
375-400 nm. Furthermore, the mean reduction 
in fluorescence intensity caused by alkaline pH 
was significantly less pronounced for fraction 1 
than for fraction 2 or 3 (p<0.0025). 

Figure 4 shows the distribution of column 
chromatographed lipid-soluble compounds of 
rat testes obtained by TLC. The less polar sol- 
vent A was used for fraction 1, which contained 
a single yellow fluorescent spot. Several fluores- 
cent species were observed in fractions 2 and 3, 
and  all but one contained phosphate. The spots 
that corresponded with the PE standard were 
only faintly fluorescent, while the intensity of 
blue color produced by the molybdenum blue 
reagent spray indicated large amounts of phos- 
pholipid. This work is detailed more thoroughly 
elsewhere (20). 

DISCUSSION 

The characteristic fluorescence of con- 
jugated Schiff base fluorophores at 430-490 nm 
with excitation at 350-390 nm is a highly sensi- 
tive means of detecting these lipid peroxidation 
products. It is well known that the fluorescence 
of conjugated Schiff bases when excited at 
350-390 nm is decreased by alkaline pH or by 
heavy metal chelation. Observation of a second 
excitation maximum at 260-280 nm for each of 
the  th ree  fluorescent standards, Leu2MA, 
Val2MA , and Gly2MA , and the quenching ef- 
fect of alkaline pH upon fluorescence excited in 
this region provide additional criteria to test for 
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FIG. 3. Thin layer chromatogram of the reaction 
products of phosphatidyl ethanolamine (PE) and 
arachidonic acid. Silicic acid column fractions 1, 2, 3, 
and 4 are shown along with the reactant blanks PE, 
malonaldehyde, and arachidonic acid. Hatched spots 
were detected by fluorescence; solid circles were de- 
tected with molybdenum blue reagent; and dashed cir- 
cles were detected with iodine vapors but not with 
molybdenum blue. Used for development was chloro- 
form-methanol-acetic acid-water, 60:40:2:1. 

the  presence  o f  con juga ted  Schif f  base com-  
pounds  among  the  f luorescent  p roduc t s  o f  l ipid 
pe rox ida t ion .  

The e lec t ronic  t rans i t ion  induced  by  excita- 
t ion  at 260-280 n m  is f rom the  singlet g round  
s ta te  So to  the  second  exc i ted  singlet s tate  S~. 

The emission observed u p o n  decay of  this ex- 
ci ted s ta te  is t ha t  o f  the  S~ to  S o t rans i t ion  also 
character is t ic  Of the  decay of  the  exc i ted  state  
p r o d u c e d  by  exc i ta t ion  at 350-390 nm.  The 
lowered  f luorescence  in tens i ty  o f  the  s tandard  
c o m p o u n d s  in c h l o r o f o r m - m e t h a n o l  solut ion is 
p robab ly  the effect  o f  quenching by the heavy 
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FIG. 4. Thin layer chromatogram of the lipid- 
soluble components of rat testes. Silicic acid column 
fractions 1, 2, and 3 are shown along with the phos- 
pholipid standards phosphatidyl ethanolamine (PE), 
phosphatidyl choline (PC), and phosphatidyl serine 
(PS). Spots are designated as in Figure 3. Solvent A 
cons i s t ed  o f  cyclohexane-chloroform-methanol,  
70: 30: 3. Solvent B consisted of chloroform-methanol- 
acetic acid-water, 80:20:1:1. 
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a tom solvent  c o m p o n e n t ,  ch lo ro fo rm,  which  
facil i tates e lec t ron  spin reversal to  fo rm the  ex- 
cited t r ip le t  s ta te  T~, which,  in so lu t ion ,  decays  
nonradia t ive ly  (21).  

The p roduc t s  o f  the  syn the t i c  lipid peroxida-  
t ion  sys tems con ta ined  a large family  of  com-  
pounds  wi th  f luorescence  character is t ics  of  con- 
jugated  Schiff  base f luorophores .  The single 
f luorescent  species in greatest  c o n c e n t r a t i o n  
among  the  p roduc t s  appeared  to  be tha t  o f  Rf  
0.12 f o u n d  in f rac t ion  4 recovered  f rom silicic 
acid co lumn  chromatography .  This species was 
the  only  f luorescent  spo t  on TLC, o the r  t h a n  
those  co r respond ing  wi th  polymerized  MA, tha t  

TABLE IV 

Fluorescence Characteristics of Lipid-Soluble Components Extracted from Rat Testes 

Percentage initial fluorescence 
Sample and Excitation Excitation 

column Percentage Excitation Emission 270 nm region 350 nm region fraction recovered maxima, maximum, 
numbers fluorescence nm nm base a acid b base a acid b chelator c 

I-1 15 310 400 88 93 
ILl 40 305 395 88 99 

III-1 30 305 375 88 98 
I-2 55 265 350 425 66 86 

II-2 41 260 350 425 65 92 
III-2 30 270 360 435 73 91 

I-3 30 265 345 420 70 90 
II-3 19 270 350 430 60 90 

III-3 40 270 355 435 65 87 

73 100 76 
68 95 82 
30 80 79 
64 90 78 
SO 88 80 
40 76 76 

al0 #liter 4 N sodium methoxide were added to 2 ml chloroform-methanol solution. 
bReneutralized by addition of 10 #liter 4 N acetic acid in methanol. 
CFinal concentration of Eu(thd)3 was 5 x 10 -5 M. 
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was detectable with the less sensitive means of 
iodine vapor. This spot, containing phosphate 
and fluorescing an intense turquoise blue, was 
probably the crosslinked PE conjugated Schiff 
base compound sought in this investigation. 

Although the composition of the products 
of these simple synthetic reaction systems was 
complex, it was relatively constant, regardless 
of whether MA was added directly to the 
system or generated in situ via lipid peroxida- 
tion. Furthermore,  virtually all of the fluores- 
cent species produced showed specific fluores- 
cence characteristics of the conjugated Schiff 
base structure. 

The mean level of fluorescence extracted 
from the testes of middle-aged rats was com- 
parable to that of  the fluorescence extracted 
from mice of the same age (22). Column frac- 
t ionation showed that 15-40% of the recovered 
fluorescence, that contained within fraction 1, 
could not be attributed to the Schiff base 
fluorophore. The coincidence of  most of  the 
lipid-soluble Schiff base-like fluorescence in rat 
testes with detectable phosphate supports the 
thesis of  the involvement of phospholipid with 
in v ivo  lipid peroxidation. The testicular 
fluorescence corresponding to the PE standard 
was very faint considering the large amount of 
phosphate detected, and it tended to be con- 
centrated in the forward portion of  the spot. 
This fluorescence was probably due to lower Rf 
species displaced by PE during development 
(23). 

TLC fractionation of the rat testis fluores- 
cent products with more polar developing sol- 
vent revealed no discernible correlation with 
products of  the synthetic peroxidation systems. 

The column and TLC methods employed 
were of great value in extending the fluores- 
cence analysis of  lipid peroxidation products to 
the level of the individual fluorescent com- 
pounds. Silicic acid column chromatography 
proved to be a valuable preparative step for 
fluorescence analysis, although frequent and 
considerable overlap of fluorescent species be- 
tween fractions showed this method to be in- 
concise in its fractionation. Silica gel TLC was 
useful for separation and identification of in- 
dividual fluorescent compounds, but prepara- 
tive TLC for the analysis of their fluorescence 
characteristics was hampered by solubilized 
silica, which amplified solvent Raman scatter 
and overshadowed measurable fluorescence. 

Definitive analysis of  purified fluorescent 
products of lipid peroxidation cannot be ac- 
complished by means of fluorescence character- 
ization alone. Preparative TLC of the lipid- 
soluble fluorescent components for IR spectro- 
metric or gas chromatographic-mass spectro- 

metric analysis could provide structural defini- 
t ion of  the major fluorescent species resulting 
from lipid peroxidative damage. These methods 
previously have been used in the analysis of  
various model conjugated Schiff base com- 
pounds (14,24). 

The accumulation of fluorescent lipofuscin 
pigments with age has been observed in many 
different mammalian tissues (25). Hendley, et 
al., (26) performed column and thin layer frac- 
tionations of human cardiac age pigment and 
found a variety of compounds with similar 
fluorescence emission maxima. Direct qualita- 
tive and quantitative comparison of  lipid- 
soluble fluorescent aging products accumulating 
in different tissues, as well as in different 
organisms, would add significantly to the know- 
ledge of the specific damaging events of aging 
and the cell's abilities to deal with them. 

The accumulation of lipofuscin pigments is 
observed in connection with numerous physio- 
logical and pathological disorders, including 
atherosclerosis (27), liver cirrhosis (28), and 
neuronal lipofuscinosis (Batten's disease) (29). 
Analysis of the lipid-soluble fluorescent prod- 
ucts associated with such metabolic disorders 
could provide a more thorough understanding 
of their biochemical and physiological bases. 
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Substitution Reactions of Linoleic Acid Hydroperoxide 
I somerase 1 
D.D. CHRISTIANSON and H.W, GARDNER,  Northern Regional Research Laboratory, 2 
Peoria, Illinois 61 604 

ABSTRACT 

Linoleic acid hydroperoxide isomerase 
was extracted from corn germ and partial- 
ly purified by differential centrifugation. 
This enzyme catalyzed the isomerization 
of l i n o l e i c  ac id  hydroperoxide (R- 
C H O O H - C H ~ C H - C H ~ C H - R 1 )  to the 

e x p e c t e d  a -ke to l  (R-CHOH-CO-CH 2- 
CHcis=~CH-R1) and 7-ketol (R-CH2-CO- 

CH~sCH-CHOH-R 1)- Isomerase also cata- 

lyzed the substitution of various reagents 
at the carbon bearing the hydroperoxide 
group. These fatty acid products had the 
f o l l o w i n g  f u n c t i o n a l  g r o u p i n g s :  
R-CHX-CO-CH2-CH~CH-R 1 where X is 

either oleoyloxy, ethylthio, or methoxy 
resulting from the presence of oleic acid, 
ethanethi01, or methanol, respectively. A 
crude wheat germ extract containing both 
lipoxygenase and isomerase enzymes re- 
acted with linoleic acid to yield a-ketols, 
3,-ketols, and a substitution product, the 
linoleoyloxy ester of c~-ketol. Character- 
izat ion of these products from wheat 
germ enzymes showed that the substitu- 
tion reaction was not unique to corn 
germ. Because anions of the reagents 
tested are typical nucleophiles, the substi- 
t u t i o n  reactions may proceed by a 
nucleophilic mechanism as mediated by 
the isomerase enzyme. 

INTRODUCTION 

Zimmerman (1) has shown that flaxseed 
contains an enzyme that catalyzes the isomeri- 
zation of finoleic acid hydroperoxides to mono- 
u n s a t u r a t e d  a - k e t o l s .  When 180_labele d 
13-hy droperoxy-cis-9,trans-11-octadecadienoic 
acid was the substrate for this flaxseed enzyme, 
only one oxygen atom of the 13-hydroperoxy 
function transfers to the 12-oxo group, the 
other is not retained in the product (2). This 
transfer indicates that a cyclic intermediate, 
cyclic peroxide, or epiperoxide is involved in 
the reaction and that the hydroxyl group origi- 

1presented at the AOCS Spring Meeting, Dallas, 
April 1975. 

2ARS, USDA. 

nates from elsewhere, presumably from a sol- 
vent. 

Gardner (3) isolated three products from the 
isomerization of linoleic acid hydroperoxide in 
the presence of linoleic acid and corn germ iso- 
merase. The product fatty acids were 9- 
hydroxy-10-oxo-cis-12-octadecenoic acid (a- 
k e t o l ) ,  1 3 - h y d r o x y - 1 0 - o x o - t r a n s - I  1-octa- 
decenoic acid (3,-ketol), and the linoleoyloxy 
ester of the a-ketol, 9-(cis-9,cis-12-octadeca- 
die n o y lo  xy)-I O-oxo-cis-12-octadecenoic acid 
(B). He postulated that acylation occurred dur- 
ing formation of B and was catalyzed by 
another enzyme; however, the involvement of 
an acylase was not proved. Gardner also showed 
that B would not form when the a-ketol was 
incubated with linoleic acid in the presence of 
the corn germ enzyme preparation, but that 
formation of B only occurred when linoleic 
acid hydroperoxide and linoleic acid were incu- 
bated with the enzyme. 

Upon further examination of the enzyme re- 
action, we found that other fatty acids and 
other nucleophiles will substitute for the hydro- 
peroxy group in the presence of corn germ iso- 
merase. We also describe a wheat germ isomer- 
ase that in the presence of linoleic acid 
produces the same products as those obtained 
with corn germ isomerase. 

EXPERIMENTAL PROCEDURES 

Materials 

(B37TMS X H84) (Oh43RF X A619) hybrid 
corn, Zea mays, came from the University of 
Illinois, Urbana. After harvest, the corn was 
dried with ambient air and stored at 0 F. Germ 
was prepared by a laboratory dry-miUing opera- 
tion. Germ dry milled from a soft red winter 
wheat, Triticum aestivum, was supplied by 
Mennel Milling Co., Fostoria, Ohio. 

Lipoxygenase (EC 1.13.1.13) was obtained 
from Sigma Chemical Corp., St. Louis, Mo., 
(activity = 130,000 units/mg). The Hormel In- 
stitute, Austin, Minn., supplied linoleic acid 
(purity~99%). Oleic acid wwas purchased from 
Applied Science Laboratories, State College, Pa. 

Hydroperoxide Isomerase 

Isomerase was isolated by stirring hexane- 
defatted corn germ flour for 15 min in 0.1 M 
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phosphate buffer (1 g germ/10 ml) and by cen- 
trifuging at 8000 x g for 20 rain to remove 
cellular debris. Further isomerase purification 
was achieved by recentrifuging the clarified 
supernatant at 78,400 x g for 1 hr to collect the 
particulate matter containing isomerase. The 
pellet, when resuspended in 0.2 M phosphate 
buffer at pH 6.9, served as the enzyme source 
for isomerization and substitution reactions. 

Specific activity of the resuspended pellet in 
50 ml buffer (equivalent to 4 g defatted corn 
germ) was 15.6 / lmoles/min.mg protein. Iso- 
merase activity was measured by the initial rate 
of decrease in conjugated diene absorption at 
234 nm (3). The isomerase enzyme could be 
stored at -20 C in buffer for several days with- 
out substantial loss of activity. Protein content 
of the enzyme preparation was determined by 
the Folin-Wu procedure (4). 

In the wheat germ study, linoleic acid was 
oxidized with an extract prepared from wheat 
germ. Full fat wheat germ (15 g) was extracted 
with 150 ml 0.1 M phosphate buffer (pH 6.9) 
and centrifuged at 10,000 x g for 20 min. The 
supernatant (100 ml) was mixed directly with 
500 ~liter linoleic acid (K salt) and 500/Alter 
Tween in 70 ml water under bubbling oxygen 
for 50 min. Reaction was stopped by acidifica- 
t ion to pH 4 with 1 N HC1. The products were 
extracted with CHC13-CH3OH 2:1 (v/v) and 
separated by silicic acid column chromatog- 
raphy (3) with an elution gradient similar to 
that used for product separation obtained from 
corn germ sequential reaction. 

Substitution Reactions 

Reactions were conducted with column- 
isolated hydroperoxide prepared by reaction of 
oxygen with linoleic acid in the presence of soy 
lipoxygenase. The method of oxidation, includ- 
ing the concentration of enzyme (units/ml), 
and the isolation of hydroperoxide were the 
same as used previously (5). The hydroperoxide 
was taken up in water in the presence of 
Tween, the reagent added and an equal volume 
of isomerase in 0.2 M phosphate buffer mixed 
for I hr. 

Oleic acid, ethanethiol, and methanol were 
the reagents used for the corn germ isomerase 
reactions. The oleic acid reaction mixture con- 
t a i n e d  21 3 mg hydroperoxide (3.6 mM), 
0.927 ml Tween, 1.854 g oleic acid (0.034 M) 
and 150/amoles/min isomerase activity (equiva- 
lent to 6 g defatted germ) in a total volume of 
188 rrd. The ethanethiol reaction contained 
213 mg h y d r o p e r o x i d e  (3.4mM), 0 .2ml  
Tween, 2 m l  ethanethiol (0.14M) and 150 
/lmoles/min isomerase activity (equivalent to 
6 g defatted germ) in a total volume of 198 ml. 

Methanol reaction contained 353 mg hydro- 
peroxide (3.7 mM), 0.175 ml Tween, 61.2 ml 
methanol (20% by volume) and 250/2moles/ 
rain isomerase activity (equivalent to 10 g de- 
fatted germ) in a total volume of 301 ml. 

The product mixture was acidified to pH 4 
with 1 N HC1 and extracted with CHC13- 
CH3OH , 2:1 (v/v). The organic phase contain- 
ing fatty acid products was washed twice with 
water. The product mix was stored in ether at 
-20 C. 
Chromatography 

Fatty acid products from the substitution 
reactions were separated by silicic acid column 
chromatography essentially under conditions 
described previously (3). Compounds were ap- 
plied to the column in a slurry of 2 g silicic acid 
in hexane and eluted with a modified step-wise 
gradient; 350 ml 10% ether, 350 ml 20% ether, 
350 mi 30% ether, 200ml  40% ether, and 
300 ml 50% ether in hexane. Fractions were 
monitored by Silica Gel G thin layer chroma- 
tography (TLC) using isooctane-ether-acetic 
acid, 70:30:1 (v/v/v) solvent system (double 
development). Products were detected on plates 
by spraying with 0.4% 2,4-dinitrophenylhydra- 
zinc in 2 N HC1 or by charring with 50% 
H2SO4. Separated compounds were combined, 
evaporated to dryness under nitrogen, and 
stored in ether at -20 C for spectral analysis. 
For certain spectral analyses, the methyl ester 
of the products were prepared with diazo- 
methane (6). 

Structural Characterization of Products 

NMR, IR, and mass spectra (MS) were used 
to characterize the structures of the products 
by methods described previously (7), with one 
exception: the MS of 13-oleoyloxy-12-oxo-cis- 
9-octadecenoic acid (methyl ester) was ob- 
tained from a probe sample rather than by gas 
liquid chromatography (GLC) elution. 

R ESU LTS 

Identification of Substitution Products 

Corn germ hydroperoxide isomerase action 
on substrate hydroperoxides in the presence of 
various reagents gave the usual products (0t- and 
3 , -ke to ls )  p lus  p r o d u c t s  resul t ing from 
substitution of the reagent anion with the 
hydroperoxy group. One was a fatty acid with 
the foUowing functional moiety = R-CHX-CO- 
C H 2 - C H ~ C H - R  1 where X is the anion of the 

reagent added. Since soybean lipoxygenase was 
used to produce the hydroperoxide, derivatives 
would be predominantly from 13-hydroperoxy- 
trans-11,cis-9-octadecadienoic acid (79%). One 
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FIG. 1. NMR spectra of B], 13-methoxy-12-~xo- 
c/s-9-octadecenoic acid; B2, 13-ethylthio-12-oxo-cis-9- 
octadecenoic acid; B3, 13-oleoyloxy-12-oxo-cis-9- 
octadecenoic acid; and B, 13-1inoleoyloxy-12-oxo-cis- 
9-octadecenoic acid. 

major isomer of the substitution product was 
obtained with each reagent tested. Those substi- 
tut ion compounds derived from the 13-hydro- 
peroxide were identified as: 13-methoxy-12- 
oxo-cis-9-octadecenoic acid (B]) from reaction 
with methanol, 13-ethylthio-12-oxo-cis-9-octa- 
deceno ic  acid (B2) from ethanethiol, 13- 
oleoyloxy-12-oxo-cis-9-octadecenoic acid (B3) 
from oleic acid. Since minor amounts of the 
9-hydroperoxide (21%) were present in the sub- 
strate, the corresponding isomer of B1, B2 and 
B 3 also was observed as detected by character- 
istic fragment ions in MS, although in some 
samples the corresponding fragment ions for 
this isomer were barely detectable. Elution 
volumes of B1, B2, and B 3 upon chromatog- 
raphy by the silicic acid column regime outlined 

in Experimental Procedures were in ranges of 
740-820 ml tor B 1 540-560 ml for B2 and 
480-550 ml for B 3. For the purposes of this 
paper, we need not discuss the minor isomer of 
these three compounds. 

The substitution products were identified by 
their spectral properties as outlined. 

Product BI: Assignment of resonances in 
NMR spectrum (Fig. 1) are as follows: the 
methoxyl protons absorb at ~ 3.34 (S, 3H). The 
doublet at 3.24 8 is the methylene between the 
double bond and the oxo-group. Double irradia- 
t ion of the olefinic proton centered at 8 5.54 
(m, 2H) decoupled the absorption at 3.24 8 and 
thus confirmed the position of the olefin as a 
to the C-11 methylene. 

Characteristic IR absorptions (B1 methyl 
ester) were 1100 cm -1, methoxy C-O stretch; 
1720 cm -1, keto carbonyl; and 1740 cm -1 , es- 
ter carbonyl. 

MS of product B1 clearly supported the pro- 
posed structure. Replicate MS taken over the 
GLC peak showed m/e 115 ion with greatest 
i n t e n s i t y  (CH3-[CH2]4-~-OCH3) and m/e 

115-31. Both M and M - 31 were absent. 
Product B2: Assignments of resonances in 

the NMR spectrum of product B2 (Fig. 1) are 
as follows: methyl protons of ethylthio at 
6 1.16 (t, 3H); methylene protons of ethylthio 
centered around 6 2.38. Irradiation of the ab- 
sorption at 6 1.16 confirmed the position of 
the methyl a to the methylene of the ethylthio 
group. Irradiation of the olefinic protons cen- 
tered at 8 5.52 (m, 2H) confirmed its position a 
to the C-11 methylene. 

Characteristic IR absorptions (B2 methyl 
ester) were 1720 cm -1, keto carbonyl; 1740 
cm-l,  ester carbonyl; and 730 cm -1 , sulfide ab- 
sorption (8). 

MS of product B2 gave greatest intensity of 

m/e I45 ion (CH3-[CH2]4-C-S-CH2-CH3). M 
H 

(m/e 370), M - 31, and M - 61 (ethylthio) were 
evident. 

Another compound, produced along with B 2 
in the presence of ethanethiol, was hydroxy- 
octadecadienoic acid, the reduction product of 
the linoleic acid hydroperoxide. This compound 
was ehited from the silicic acid column in a 
range of 1040-1100 ml using the solvent series 
described in Experimental Procedures. IR ab- 
sorptions of its methyl ester were 3620~ 950, and 
985 cm -1 , which is characteristic of a cis, trans 
conjugated dienol. UV absorption at ~max 233 
also indicated a conjugated dienol. The Rf of 
this compound (methyl ester) by TLC was less 
than the Rf of the methyl ester of linoleic acid 
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TABLE I 

Yields a of Fatty Acids Produced from Linoleic Acid Hydroperoxide in 
Presence of Isomerase and Various Reagents 

451 

Reagent 

Methanol Ethanethiol Oleic acid Linoleic acid c 
Product b wt, mg wt, mg wt, mg wt, mg 

Substitution compounds 66.7 14.5 96.0 24.1 
~-Ketol 53.0 19.2 31.0 72.7 
T-Ketol 14.7 ..d 16.6 _.d 
Excess hydroperoxide 45.9 Trace 68.4 39.9 
Unknowns 14.2 8.5 12.8 16.0 
Hy droxyoctadeeadienoic ._d 48.6 ..d __d 

awt of combined peak fractions as eluted from a silica acid column. Total amount of 
hydroperoxide used in the reactions was 353 mg for the methanol, 213 mg for ethanethiol 
and oleic acid. Total amount of linoleic acid used for the sequential wheat germ reaction was 
452 mg. 

bSubstitution compounds: 13-X-12-oxo-cis-9-octadecenoic acid where X is, methoxy, 
ethylthio, oleoyloxy, or linoleoyloxy, according to the respective reagent used as listed in 
the box head: ~-ketol: 13-hydroxy-12-oxo-cis-9-octadecenoic acid; and "y-ketol: 9-hydroxy- 
l 2-oxo-trans- 10-octadecenoic acid. 

CLinoleic acid enzyme reaction obtained with a sequential wheat germ reaction. 
dNot determined. 

h y d r o p e r o x i d e ,  and,  since the  c o m p o u n d  did 
n o t  reac t  w i th  a fe r rous  t h i o c y a n a t e  spray,  i t  
was no t  a h y d r o p e r o x i d e .  The  c o m p o u n d  had  
an  ident ica l  Rf  to  an  a u t h e n t i c  s t anda rd ,  w h i c h  
was syn thes i zed  f r o m  l inoleic  h y d r o p e r o x i d e  by  
s o d i u m  b o r o h y d r i d e  r e d u c t i o n  and  ester i f ica-  
t ion .  

Product B3: NMR s p e c t r u m  of  the  oleoyl-  
oxy  es ter  (B3)  of  t he  a -ke to l  (Fig. 1) compares  
closely wi th  the  NMR s p e c t r u m  o f  the  l ino-  
l eoy loxy  ester  (B) of  t he  0~-ketol f r o m  t he  
whea t  germ sequen t ia l  e n z y m e  reac t ion .  The  
N M R  s p e c t r u m  of  B was ident ica l  w i th  t he  
s p e c t r u m  of  t he  l i no l eoy loxy  es ter  o f  t he  ct- 
ke to l  p r o d u c e d  f r o m  co rn  germ sequen t i a l  en- 
z y m e  r eac t i on  previous ly  (3). One  d i f fe rence  in  
the  B 3 s p e c t r u m  c o m p a r e d  to  t h a t  of  B is t h e  
lack of  a b s o r p t i o n  due to  t he  m e t h y l e n e  be- 
t w e e n  t he  d o u b l e  b o n d s  of  t he  l i no l eoy l oxy  es- 
te r  a t  6 2 .73 (m,  2H).  The  o t h e r  d i f fe rence  in 
the  B 3 s p e c t r u m  is t h a t  t he  o lef in  a b s o r p t i o n  of  
B 3 at 5 .34 6 in tegra tes  for  2H ins tead  of  4H for  
B. 

The  IR s p e c t r u m  of  t he  free acid s h o w e d  
clearly t h a t  the  es ter  c a r b o n y l  abso rbed  at  1730 
cm -1 and  no  h y d r o x y l  a b s o r b e d  at 1070 cm -1 
( s econda ry  h y d r o x y l )  or  at 3460  cm -1 . 

The  m o s t  in t ense  ion  in t he  MS was at m/e 

265 (CH3 [CH2 ] 7CH=CH-[CH2 j 74 ;  | ). Less 

i n t e n s e  i o n s  w e r e  obse rved  a t  m/e 309 
. o  

( C H 3 - [ C H 2  ] 4 - C - C - C H 2 - C = C - [ C H  2 ] 7 -C"-"  
h6 

OCH3)  and  m/e 309 + 16 (O at C-13).  Also, M 
(m/e 590 ion)  and  M - 31 were de tec ted .  

Reaction Conditions 

S u b s t i t u t i o n  reac t ions  were f irst  c o n d u c t e d  
on  a smal l  scale to  d e t e r m i n e  c o n c e n t r a t i o n s  
necessary  f o r  m a x i m u m  yields of  B1,  B2 and  
B 3. A c o n c e n t r a t i o n  series of  m e t h a n o l  (10,  20,  
a n d  3 0 %  b y  v o l u m e ) ,  e t h a n e t h i o l  
(0 .01-0 .225  M), and  oleic acid (0 .002 -0 .034  M) 
was mixed  w i th  l inoleic  acid h y d r o p e r o x i d e  
p repa red  f r o m  soy  l ipoxygenase  and  i n c u b a t e d  
30 rain w i th  t he  i somerase  enzyme.  Yields of  
p r o d u c t s  were assessed visually af te r  TLC sepa- 
r a t i o n  and  char r ing  t he  plates.  All th ree  re- 
agents  can  s u b s t i t u t e  in  t he  f o r m a t i o n  of  
R - C H X - C O - C H 2 - C H ~ C H - R  1. Respec t ive  Rf  

values of  B I ,  B2,  and  B 3 were 0 .47,  0 .56,  a n d  
0.57.  O p t i m u m  yields of  e i the r  B I ,  B2,  or  B 3 
appea red  to  be  e i the r  w i t h  20% m e t h a n o l ,  
0 .034  M oleic acid,  or 0 .14  M e t h a n e t h i o l  in the  
r eac t ion  mix tu re .  E t h a n e t h i o l  at c o n c e n t r a t i o n s  
h igher  t h a n  0 .14  M shif ts  p r o d u c t s  to  o t h e r  
c o m p o u n d s  p r e s u m a b l y  because  of  non-  
e n z y m i c  reac t ions .  

The  TLC m e t h o d  used  in th is  s t u d y  could  
s e p a r a t e  t h e  two  i somers  o f  t he  ct-ketol, 
9 - h y  d ro  x y -  1 0 - o  x o - c i s - 1 2 - o c t a d e c e n o i c  acid 
( R f  = 0 .25) ,  and  13-hydroxy-12-oxo-cis-9- 
o c t a d e c a n o i c  acid ( R f  = 0.29) .  

Yields 

T h e  e n z y m e  r e a c t i o n s  w i t h  m e t h a n o l ,  
e t hane th io l ,  and  oleic acid were  scaled-up to  

separa te  t he  s u b s t i t u t i o n  p roduc t s ,  ~-keto l  and  
7-keto l ,  b y  c o l u m n  c h r o m a t o g r a p h y .  Yields of  
the  separa ted  p r o d u c t s  a f te r  c o l u m n  ch roma-  
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TABLE II 

Centrifugation of Linoleic Acid Hydroperoxide Isomerase Activity from 
Corn Germ Extracts 

Percent of Specific activity 
Fraction total activity #mole/ruin, mg protein 

Whole germ extract a 100 2.1 
Supernatant 20 0.68 
Pellet b 56 8.2 
Liposome 29 -- 

De fatted germ extract a 100 2.0 
(NH4)2SO4 pellet c 30 8.1 
Straight pellet 35 15.6 

aCellular debris removed by preliminary centrifugation at 8000 x g for 10 rain. 
bCentrifuged at 159,000 x g for 1 hr. The pellet is not washed. 
CA separate portion of the defatted germ extract was made to 40% (NH4)2SO 4 and cen- 

trifuged at 78,400 x g for ] hr to obtain the (NH4)2SO 4 pellet. 

TABLE III 

Mole Ratios of Substitution Compounds (Bn) vs a-Ketol (A) Produced by 
Isomerase and Effect of Concentration of Reagent 

Molarity Molarity Mole ratio, Bn/oCn: 
Reagent Product of reagent of water Bn/A A/CH._20 a 

Methanol B 1 5.0 45 1.2 l 1 
Ethanethiot  B2 O. 14 55 0.66 260 
Oleic acid B 3 0.034 54 1.7 2658 

alnitial molar concentration of reagent, C n and of H20, C~t20. 

t og raphy  are s h o w n  in Table  I. (See Experi-  
m e n t a l  Procedures  for  detai ls  o f  reac t ion . )  

Yields o f  t he  s u b s t i t u t i o n  p r o d u c t  w i th  
e t h a n e t h i o l  were lower  because  r e d u c t i o n  of  
the  h y d r o p e r o x i d e  to  the  h y d r o x y l  g roup  ap- 
pa r en t l y  b e c o m e  a c o m p e t i n g  reac t ion .  As ex- 
pec ted  in e x p e r i m e n t s  where  i somerase  act iv i ty  
was greater ,  t he  r e d u c t i o n  p r o d u c t  was di- 
min i shed  great ly .  

Purification of Corn Germ Isomera~e 

Z i m m e r m a n ,  et  al., (9)  has s h o w n  t h a t  iso- 
merase  is associa ted w i t h  r r~ tochondr ia  (cy to-  
c h r o m e  C oxidase  as m a r ke r )  in s u n f l o w e r  
c o t y l e d o n s  and  seeds. A par t ia l  pu r i f i ca t ion  o f  
i somerase  f r o m  crude  co rn  germ ex t rac t s  could 
b e  a c h i e v e d  b y  d i f fe ren t ia l  c en t r i f uga t i on  
(Table  II). The  " s t r a igh t  pe l l e t "  f r o m  d e f a t t e d  
co rn  germ served  as t he  h y d r o p e r o x i d e  isomer-  
ase source.  

Substitution Reaction of Wheat Germ Isomerase 
Grave land  (10)  iden t i f i ed  p r o d u c t s  in  a 

whea t  f lou r -wa te r  su spens ion  t h a t  were pre- 
s u m e d  to be  p r o d u c e d  b y  l ipoxygenase  and  
l inoleic  acid h y d r o p e r o x i d e  i somerase  on  l ino- 
leic acid. Grave land  did  no t  observe  any  subst i -  
t u t i o n  p r o d u c t s  in the  whea t  ex t r ac t s  like t hose  
obse rved  in c o r n  germ ex t rac t s  by  G a r d n e r  (3) .  

Possibly whea t  germ isomerase  act iv i ty  is re- 
duced  in f lour  suspens ions .  We no t i c ed  t h a t  
w h e n  l inoleic  acid was added  to  a c rude  w h e a t  
germ ex t rac t  and  f lushed w i th  oxygen ,  the  
t h r ee  p roduc t s ,  B, a -ke to l ,  and  7-ketol ,  were 
syn thes ized .  In this  r eac t ion ,  the  sequence  of  
events  (3)  was previous ly  s h o w n  to  be:  (A.) 
Linole ic  acid is ox id ized  b y  l ipoxygenase  to  
l inoleic  acid h y d r o p e r o x i d e ,  (B.) l inoleic  acid 
h y d r o p e r o x i d e  is ac ted  u p o n  by  i somerase  to  
f o r m  a -ke to l  and  in  the  p resence  of  res idual  
l inole ic  acid t he  l i no l eoy loxy  es ter  (B) of  t he  
a -ke to l  is fo rmed ,  and  (C.) l inole ic  acid h y d r o -  
pe rox ide  is ac ted  u p o n  by  i somerase  to  f o r m  
the  7-ketol .  Figure 1 shows an  NMR s p e c t r u m  
for  B iden t ica l  in  p roper t i e s  w i th  t h a t  of  the  B 
r e p o r t e d  by  G a r d n e r  (3).  

DISCUSSION 

We d e m o n s t r a t e d  t h a t  w i th  13 -hydrope roxy-  
o c t a d e c a d i e n o i c  acid as subs t ra te ,  l inoleic  acid 
h y d r o p e r o x i d e  i somerase  ca ta lyzed  f o r m a t i o n  
o f  s u b s t i t u t i o n  p r o d u c t s  f r o m  m e t h a n o l ,  
e thane th io l ,  or  oleic acid w h i c h  s u b s t i t u t e d  at  
ca rbon-13  as the  m e t h o x y ,  e t h y l t h i o ,  or oleoyl-  
o xy group,  respect ively .  Since s u b s t i t u t i o n  
p r o d u c t s  are f o r m e d  wi th  each  o f  the  reagents ,  
acy la t ion  is no t  ca ta lyzed  by  an acylase e n z y m e  
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as postulated previously (3). Rather, formation 
of substitution products is an inherent part of 
the isomerase catalysis. The nature of the sub- 
stitution is reminiscent of a nucleophilic re- 
action; each reagent being a typical nucleophile. 
In the absence of  these reagents, the solvent, 
water, is the only nucleophile readily available 
and, thus, the usual a- and "y-ketols are the only 
products observed. Previously, Veldink, et al., 
(2) showed that the 13-hydroxyl of the a-ketol 
is not derived from the 13-hydroperoxy group, 
and, presumably, was derived from the solvent. 
In this study we show that other reagents, all of 
which are known nucleophiles, substitute even 
more readily than water. 

The mole ratio of  the substitution products 
to a-ketol found in each product mixture 
(Table III) could be considered to be a measure 
of the competit ion of the solvent, water, with 
the reagent. According to these ratios and 
molar concentrations of the reagents, it:is possi- 
ble to list, at least in a semiquantitative manner, 
an order of decreasing reactivity as follows: 
o l e i c  a c i d > e t h a n e  thiol> methanol> water. 
Since reaction rates are concentration depen- 
dent and each of the nucleophiles tested was in 
considerable excess (approached C ~ at comple- 
tion of  the reaction), the ability of  each reagent 
to substitute in preference to H 2 0  can be em- 
phasized by including the effect of concentra- 
t ion in the mole ratio calculation as follows: 
Bn/Cn:A/C~I20 , where Bn is moles of the sub- 
stitution compound produced; Cn is the initial 
molar concentration of the reagent; A is moles 

O 
of a-ketol; and CH20 is the initial molar con- 

centration of H20  (Table II1). As can be seen 
from these calculated values in Table III, the 
order of reactivity is accentuated. In other ex- 
periments when oleic acid, ethanethiol and 
methanol each was reacted in equimolar con- 
centrations (0.034 M), the mole ratio of  B2 to 
A was even lower (0.30) for the ethanethiol 

reaction than given in Table III; no B 1 product 
could be detected with the methanol reaction. 
In this manner, the relative reactivity of  the 
three reagents was confirmed. 

All the isomerase reactions occurred largely 
without problems, except those catalyzed in 
the presence of ethanethiol. Use of ethanethiol 
leads to significant (presumably nonenzymatic) 
reduction of linoleic acid hydroperoxide to the 
corresponding hydroxyoctadecadienoic acid, 
but since this side reaction is parallel to the 
substitution reactions of interest and the re- 
agent is present in considerable excess, the de- 
sired comparison of  the reactivity of the various 
nucleophiles in the course of the isomerase re- 
action is not compromised seriously. 
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24-Methylenelanost-9( 11 )-en-3/3-ol, New Triterpene Alcohol 
from Shea Butter 
T. ITOH, T. TAMURA, and T. MATSUMOTO, College of Science & Technology, 
Nihon University, Tokyo, Japan 

ABSTRACT 

A new triterpene alcohol was isolated 
from shea butter and its structure was 
shown to be 24-methylenelanost-9(l l)-  
en-3/3-ol. Gas chromatographic correla- 
tions between this triterpene alcohol and 
other related compounds are discussed. 

INTRODUCTION 

The presence of lanosta-9(l 1),24-dien-3/3-ol 
(parkeol, Fig. 1, II; RI = OH, R 2 = iii), a bio- 
genetically interesting triterpene alcohol, in 
shea butter from the kernels of Butyrospermum 
parkii {Sapotaceae) has already been known 
(1,2). a-Amyrin (2), /3-amyrin (2,3), lupeol 
(2,3) and butyrospermol (2,4,5) also have been 
isolated from shea butter. We report here the 
isolation and structure of a new A9(l l ) - t r i -  
terpene alcohol (II; R 1 = OH, R 2 = i v ) f r o m  
shea butter. Gas chromatographic correlations 
between this and related triterpene alcohols 
also are discussed. 

EXPERIMENTAL PROCEDURES 

Melting points were determined with a Micro 
mp apparatus (Yanagimoto Seisakusho Ltd., 
Kyoto, Japan) and uncorrected. All recrystal- 
lizations were performed in acetone-methanol. 
IR spectra (KBr) were obtained with a Type 
IRA-2, IR spectrophotometer (Japan Spectro- 
scopic Co., Tokyo, Japan). Optical rotations 
were measured in CHCI 3 using an Automatic 
Polarimeter, Model MP-1T (Applied Electric 
Lab. Ltd., Tokyo, Japan) or a Carl Zeiss Circle 
Polarimeter 0.01 o (Carl Zeiss, Oberkochen, Ger- 
many). Concentrations used are indicated in 
parentheses as g/100 ml. NMR spectra in 
CDC13 were recorded on a JNM-C-60-HL (60 
MHz, Japan Electron Optics Laboratory Co., 
Tokyo, Japan) and calibrated against internal 
tetramethylsilane as 0 ppm. Mass spectra were 
recorded on a Hitachi RMU-7M mass spec- 
trometer (Hitachi Ltd., Tokyo, Japan) by probe 
injection, or on a Shimadzu LKB-9000 gas 
chromatograph-mass spectrometer (Shimadzu 
Seisakusho Ltd., Kyoto, Japan). 

Preparative argentation thin layer chroma- 
tography (TLC) for the fractionation of triter- 
pene acetates was carried out on the plates of 
Wakogel B-10 (Wako Pure Chemical Industries 

Ltd., Osaka, Japan) impregnated with 10% sil- 
ver nitrate, using a Toyo continuous flow de- 
velopment preparative TLC (Toyo Roshi Kaisha 
Ltd., Tokyo, Japan). Separated zones were ob- 
served under UV light (3600 A) after spraying a 
rhodamine-6G solution in ethanol on the de- 
veloped plate, and were cut off and quantita- 
tively extracted with ether. The alumina (about 
300 mesh) for column chromatography was 
purchased from Wako Pure Chemical Industries 
Ltd. Gas liquid chromatography (GLC) was per- 
formed on a Shimadzu GC-5A gas chromato- 
graph (Shimadzu Seisakusho Ltd.) equipped 
w i t h  a f l a me  i o n i z a t i o n  detector and a 
2 m x 3 mm i n t e r n a l  diameter (ID) glass 
c o l u m n  p a c k e d  with 3% OV-17 on Gas 
Chrom-Z, 80-100 mesh. The column was oper- 
ated generally at 255 C with nitrogen at 
50 ml/min as carrier gas. Detector temperature 
was 280 C. Relative retention time (RRT) was 
expressed by the ratio of the retention time for 
the substance under examination to the reten- 
t ion time (30 rain) for/3-sitosterol. Hydrolysis 
of triterpene acetates was performed by reflux- 
ing for 2 hr with an alcoholic 0.5 N potassium 
hydroxide, and then the reaction mixture was 
diluted with an excess of water and extracted 
several times with ether. The ether extract was 
washed 3 times with water and dried over an- 
hydrous sodium sulfate. The solvent was re- 
moved on a rotary evaporator. 

Isolation of 24-Methylenelanost-9(11)-en- 
3[J-ol from Shea Butter: Unsaponifiable 
material (69.6 g) was separated from shea but- 
ter (1.4 kg) in the same manner as described 
previously (2). It was treated with acetone and 
the acetone soluble portion (55 g) was acety- 
lated by refluxing for 3 hr with acetic anhy- 
dride (300 ml). The reaction mixture then was 
poured onto 1.5 liter of ice cooled water. The 
brown solid mass obtained (50 g) was fraction- 
ally crystallized from acetone-methanol to re- 
move the bulk of the less soluble acetates of 
&-amyrin, lupeol and butyrospermol. The final 
f i l t r a t e  con ta ined  a viscous oily material 
(13.8 g). A portion (6 g) of this material was 
s u b j e c t e d  to preparative argentation TLC 
(hexane:benzene [7:31) for 60 rain to give 
three principal zones. The zone closest to the 
starting line (1109 mg) was further fractionated 
by TLC (hexane:benzene [3:2])  for 70 min 
to give eventually a fraction (52 mg) which con- 
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sis t e d o f 24-  methylenelanost-9(11 )-en-3~yl 
acetate (RRT = 1.62; GLC purity = 95%). 

2 4 - M e  t h y lenelanost-9 (11 }-en-3[J-yl acetate 
(II; R 1 =OAc,  R2=iv ) ,  its free alcohol {II, R1 = 
OH, R2=iv) ,  and its 3-keto derivative (II; 
R 1 =0, R 2 = iv): The acetate crystallized as 
plates. The mp was 159.5-160.5 C, [a] 3~ + 78 ~ 
(c, 1.00); the IR spectrum was 1723, 1642, 
1390, 1372, 1250, 890, 813, 800, and 792 
cm-1; and the NMR spectrum was 0.65, 0.751 
0.87, 0.89, 0.98, 1.09, 2.05, 4.54, 4.69, and 
5.21 ppm. Hydrolysis of the acetate gave free 
alcohol with RRT = 1.35; m p =  178.5-179.5 C 
(fine needles); [o~]~) ~ +60 ~ (c, 0.92); N M R =  
0.66, 0.75, 0.83, 0.99, 1.06, 1.08, 3.28, 4.70, 
and 5.25 ppm; and mass spectrum (MS)= m/e 
4 4 0 . 4 0 2 1  (molecular ion [M+]), 425.3802, 
4 0 7 . 3 7 1 2 ,  397.3449, 356.3078, 341.2820, 
323.2727, 313.2538, 273.2249, 259.2057, and 
255.2114. The new alcohol was oxidized with 
CrO3 as follows (6). A solution of 24-methyl- 
enelanost-9(11)-enol (50 mg) in pyridine (1 ml) 
was added to CrO3 (55 rag) in pyridine (1 ml), 
and the mixture was allowed to stand at room 
temperature for 16 hr. Water (30 ml) was added 
and the product  was extracted with ether. The 
ether extract was worked up in the usual way. 
The final product  obtained was dissolved in 
hexane and chromatographed on alumina (6 g). 
The fractions eluted with 50 ml hexane:ben- 
zene (1 : 1 ) gave 24-methylenelanost-9(11)-en-3- 
one (29 rag) with RRT = 1.27; mp = 142-143 C 
(needles); MS = m/e 438 (M+), 395, 354, 339, 
311, 271, and 257; I R =  1703, 1382, 1373, 
895, 886, 810, and 790 cm -1; and NMR = 0.70, 
0.77, 0.99, 1.09, 1.25, 4.70, and 5.30 ppm. 

2 4-Methyllanost-9(l  l )-en-3t3-yl acetate (II; 
R1 = OAc, R 2 = ii) and its free alcohol (II, R 1 = 
OH, R 2 =  ii): A solution of  24-methylene- 
l a n o s t - 9 ( l l ) - e n y l  acetate (50rag)  in 2 0 m l  
ether was hydrogenated in the presence of plati- 
num oxide (50 ml) for 3 hr at room tempera- 
ture. The catalyst then was removed by filtra- 
t ion, and 24-methyl lanos t -9( l l ) -enyl  acetate 
(RRT = 1.57) was almost quantitatively re- 
covered (46 rag) with ether. The acetate crystal- 
lized as fine needles with a m p  = 171-172.5 C; 
[c~]~ ~ +87 ~ (c, 0.74); I R =  1720, 1388, 1373, 
1260, 811, and 790 c m ' l ;  and N M R =  0.66, 
0.76, 0.82, 0.85, 0.88, 0.90, 0.91, 1.11, 2.06, 
4.51, and 5.21 ppm. Hydrolysis of  the acetate 
gave free alcohol ( R R T =  1.31) with a m p =  
1 8 8 . 5 - 1 8 9  C ( f i n e  needles) ;  [ a ] ~  2 +62 ~ 
(c, 0.34); MS = m/e 442.4178 (M+), 427.3927, 
409.3865, and 273.2263; and NMR = 0.66, 
0 . 7 5 ,  0 . 8 2 ,  0 . 9 1 ,  1.00,  1.05, 3.25 and 
5.24 ppm. 

Synthesis of 24-Methyllanost-9(11 )~en-3/3-ol 
from 24-Methylcycloartanol by HCI Isomerization 

I s o l a t i o n  o f  2 4 - m e t h y l e n e c y c l o a r t a n y l  
acetate f r o m  the acetylated unsaponifiables o f  
rice bran oil: Repeated recrystallization (11) of 
the acetylated unsaponifiables (37 g) of rice 
bran oil from acetone-methanol gave a triter- 
pene acetate fraction (4.3 g) containing the 
acetates of  cycloartenol (RRT = 1.52, ca. 32%), 
24-methy lenecyc loar tano l  ( R R T =  1.69, ca. 
68%) and a trace amount  of  cycloartanol  
( R R T  = 1.26). Preparative ,argentation TLC 
(hexane:benzene [7:3 ])  of the acetate fraction 
(3 g) for 40 rain afforded three fractions, 1-3. 
Fract ion 1 (58 mg) from the zone closest to the 
solvent front was rich in cycloartanyl  acetate. 
Fract ion 2 (868 rag) from the medium zone 
was cycloartenyl acetate. Fraction 3 (2010 mg) 
from the zone closest to  the starting line gave 
24-methylenecycloart  anyl acetate. 

24-Methylenecycloartanyl  acetate (I; R1 = 
OAc,  R 2  = iv) and its free alcohol {I," R1 = OH, 
R 2  = iv):  24-Methylenecycloartanyl acetate 
(RRT = 1.69, 96% pure by GLC) crystallized as 
needles with m p =  116-117 C; [a] 3~ +52 ~ (c, 
1 . 0 0 ) .  Hydrolysis of the acetate gave 24- 
m e t h y l e n e c y c l o a r t a n o l  ( R R T =  1.37) with 
mp = 121-122C (plates); IR = 3400, 3080, 
1640, 1375, 1020, and 885 cm-1; and MS = 
m/e 440 (M+), 425, 422, 407, 378, 353, and 
3O0. 

24-Methylcycloartanyl  acetate and its iso- 
merization: A solution of 24-methylenecyclo- 
artanyl acetate (1500 rag) in ether (50 ml) was 
hydrogenated in the presence of plat inum oxide 
(110 mg) for 4 hr at room temperature.  After  
removal of  the catalyst, 24-methylcycloartanyl  
acetate (1480 rag, RRT = 1.64) was recovered 
from the ether solution. It showed, on recrys- 
tallization, an mp = 125-126 C (long needles, 
>99% GLC purity);  [a] 3o +53 ~ (c, 1.25); and 
I R =  1730, 1370, 1248, and 1022 cm "1. Hy- 
drolysis of the acetate gave free alcohol (RRT = 
1.33) with a m p  = 138-139 C (fine needles). A 
s o l u t i o n  o f  24-methylcyc loar tanyl  acetate 
(1073 rag) in CI-IC13 (30 ml) was treated with a 
stream of dry HC1 at -30 C for 4 hr. The CHC13 
was evaporated and the residue was taken up in 
ether. The ether solution was washed first with 
sodium carbonate aqueous solution and then 
with water, after which the ether layer was 
dried over anhydrous sodium sulfate and the 
ether was evaporated. Preparative argentation 
TLC (hexane: benzene [ 7: 3 ] ) of the isomerized 
product  (1045 rag) for 50 rain gave three frac- 
tions, 1-3. 

2 4-Methyl lanost-9(l  l)-en-3~-yl acetate (II; 
R1 = OAc, R 2 = ii}, its free alcohol {II; R1 = 
OH, R 2 = ii), and its 3-keto derivative {II; R1 = 
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O, R 2 = ii): Fraction 3 (545 rag) from the zone 
closest to the starting line gave 24-methyl- 
l anos t -9( l l ) -enyl  acetate (RRT = 1.57) with 
m p =  169.5-171.5 C (fine needles); [c~] 30 +89 ~ 
(c, 1.00); I R =  1724, 1390, 1372, 1260, 812, 
and-791 cm-1; and NMR = 0.66, 0.76, 0.82, 
0.85, 0.89, 0.91, 1.10, 2.06, 4.50, and 5.22 
ppm. The acetate (200 mg) was hydrolyzed to 
give free alcohol (RRT = 1.31, 174 mg) with 
m p =  187-188.5 C (fine needles) and MS = m/e 
4 4 2 . 4 2 0 9  (M+) ,  4 2 7 . 3 9 3 5 ,  4 0 9 . 3 8 3 2 ,  
259,2036, and 255.2092. A solution of  24- 
methy l l anos t -9 ( l l ) - eno l  (97 mg) in pyridine 
(2 ml) was added to CrO 3 (100 mg) in pyridine 
(2 ml) and the mixture was allowed to stand at 
room temperature for 16 hr. The product  was 
added with water (60 ml) and extracted with 
ether. The ether extract  was worked up in the 
usual way to give the oxidation product  which 
was then chromatographed on alumina (10 g). 
The  fract ions eluted with 100ml  hexane: 
benzene (1 : 1) gave 24-methyllanost-9(11)-en-3- 
one (57 mg, RRT = 1.23)owith mp = 138-139 C 
(fine needles); [~] 3 ~ +59 (c, 0.82); IR = 1709, 
1380, 810, and 790 cm-1; NMR = 0.70, 0.78, 
0.82, 0.93, 1.11, 1.26, and 5.29 ppm; and MS = 
m / e  440 .4057  (M+), 425.3808, 313.2553, 
257.1955, 245.1943, and 231.1745. 

24-Methyl lanost-8-en-313-yl  ace ta te  (III, R 1 = 
O A c ,  R 2 =ii) a n d  its f ree  a l coho l  (III; R 1 = OH, 
R 2 = ii): The fraction 1 from the zone closest 
to the solvent front on the argentation TLC 
gave 24-methyllanost-8-enyl acetate (40 mg, 
RRT--- 1.39, >99% GLC puri ty)  with a m p  = 
133-134 C (fine needles); [0~] 3o +42 ~ (c, 0.91); 
IR = 1720, 1385, 1371, and 1256 cm -1. Hy- 
drolysis of the acetate gave free alcohol (RRT = 
1.15) with a m p =  155-156C (fine needles), 
and MS = m/e 442 (M+). 

24-Methyl lanost -7-en-3[3-yl  ace ta te  ( IV;  R1  = 
OAc ,  R 2 = ii) a n d  its f ree  a l coho l  (IV," R 1 = 
OH, R 2 = ii): The fraction 2 (208 mg), from 
the medium zone on the argentation TLC de- 
scribed above, gave a mixture of 24-methyl- 
lanost-8-enyl acetate (RRT--  1.39) and 24- 
methyllanost-7-enyl acetate (RRT = 1.67). The 
A7-isomer was isolated from the mixture by 
treatment  with CrO3 in acetic acid (7) in the 
following way. The mixture (50 mg) in acetic 
acid (5 ml) was treated with CrO 3 (30 rag) in 
90% acetic acid (1 ml) at 80 C for 10 min. The 
reaction product  was added with water (30 ml) 
and extracted with ether. The ether extract  was 
worked up in the usual way. The resulting 
material in hexane was chromatographed on 
alumina (6 g). The fractions eluted with 50 ml 
hexane:benzene (1:1) gave the unreacted A7. 
isomer, 24-methyllanost-7-enyl acetate (29 mg, 
R R T =  1.67, >99% GLC purity) with mp = 
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149-150C (needles); [c~]3o +18 ~ (c, 1.20); 
I R =  1730, 1394, 1380, 1364, 1244, 835, and 
825 cm-1; and NMR = 0.66, 0.83, 0.89, 0.93, 
1.00, 2.06, 4.52, and 5.20 ppm. Hydrolysis of 
the acetate gave free alcohol (RRT = 1.38) and 
MS = m/e 442 (M+). 

Triterpene Alcohols with C8-Side Chain 

C y c l o a r t e n y l  ace ta te  (1; R 1 = OAc ,  R 2 = iii) 
and  cyc loar t eno l  (I; R 1 = OH, R 2 = iii): Cyclo- 
artenyl acetate (868 rag, RRT = 1.52, 95% pure 
by GLC), isolated from the tr i terpene acetate 
mixture of rice bran oil described above, 
showed mp = 122-123 C (plates). Hydrolysis of 
the acetate gave cycloartenol (RRT = 1.23); 
IR = 3360, 1376, 1023, 820, and 800 cm-1; 
and MS = m/e 426 (M+). 

Cyc loar tany l  ace ta te  (I; R1  = OAc ,  R 2 = i) 
a n d  cyc loar tano l  (I; R1  = OH, R 2 = i): Hy- 
drogenation of cycloartenyl acetate, in the 
same manner described above, gave cyclo- 
a r t a n y l  acetate (RRT = 1.26) with m p =  
133-134 C (plates). Hydrolysis of the acetate 
gave cycloartanol (RRT = 1.02) with m p =  
104.5-105 C (fine needles); I R =  3360, 1385, 
1377, and 1021 cm -1 ; and MS = m/e 428 (M+). 

Lanos ta -9  (11) ,24-d ien-33-y l  ace tare (11; R 1 = 
OAc ,  R 2 = iii; p a r k e y l  ace ta te )  a n d  its f ree  al- 
c o h o l  (111; R 1 = OH, R 2  = iii): Isolation of the 
acetate ( R R T =  1.46, mp = 170-171 C, plates) 
from shea butter  was described in the previous 
article (2). The NMR = 0.66, 0.76, 0.89, 0.90, 
1.10, 1.62, 1.70, 2.06, 4.51, 5.10, and 5.20 
ppm. Hydrolysis of the acetate gave free al- 
cohol ( R R T =  1.22) with mp = 157.5-158.5 C 
(fine needles); and MS = m/e 426 (M+). 

Lanost -9(11)-en-3[J-y l  ace ta te  (II; R 1 = OA c, 
R 2 = i) a n d  its f r ee  a lcoho l  (I1: R 1 = OH, R 2 = 
i): Partial hydrogenation of lanos ta-9( l l ) ,24-  
dienyl acetate in ether over plat inum oxide at 
r o o m  t e m p e r a t u r e  gave lanos t -9( l l ) -enyl  
acetate (RRT = 1.21) with mp = 174-176 C 
(plates); NMR = 0.66, 0.75, 0.83, 0.88, 0.90, 
0.92, 1.09, 4.54, and 5.20 ppm. Hydrolysis of 
the acetate afforded free alcohol (RRT = 1.01) 
and MS = m/e 428 (M+). 

L a n o s t a - 8 , 2 4 - d i e n - 3 [ J - y l  a c e t a t e  (III; 
R1  =OAc,  R 2 = iii, lanos tery l  ace ta te )  a n d  its 
f ree  a lcohol  (III; R 1 = OH, R 2 = iii): A mixture 
of lanosta-8,24-dienol and lanost-8-enol pur- 
chased from L. Light & Co. (Colnbrook, En- 
gland) was acetylated and separated into two 
fractions by preparative argentation TLC. Frac- 
t ion 2 from the zone closer to the starting line 
afforded lanosta-8,24-dienyl acetate ( R R T =  
1.28, >99% GLC purity) with m p =  133-135 C 
(needles). Hydrolysis of  the acetate gave free 
alcohol (RRT = 1.07) and MS = m/e 426 (M+). 

Lanost-8-en-3(3-yl  ace ta te  (III, R 1 = OAc ,  
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R 2 = i) a n d  its f ree  a l coho l  (I l l ;  R 1 = OH, R 2 = 
i): Fraction 1 from the zone closer to the sol- 
vent front on the TLC gave lanost-8-enyl 
acetate (RRT = 1.07) with m p =  119-121C 
(plates). Hydrolysis of the acetate gave free al- 
cohol (RRT = 0.89) and MS = m/e 428 (M+). 

Lanost-7-en-3{J-yl  ace ta te  {IV," R I - -  OAc ,  
R 2 = i) a n d  i t s f r e e  a lcoho l  (IV," R I = OH, R 2  = 
i): Lanost-7-enol was prepared according to the 
procedure given by Marker, et al., (7): A solu- 
tion of lanost-8-enyl acetate in CItC13 was 
treated with a stream of HCI at 0 C for 3 hr to 
give a mixture of partial isomerization products 
consisting of lanost-7-enyl acetate (ca. 35%) 
and unreacted A8-compound (ca. 65%). The 
mixture was then treated with CrO3 for the 
removal of the A8-isomer in the same manner 
as described above for the preparation of 
24-methyllanost-7-enyl acetate. Lanost-7-enyl 
acetate thus obtained showed R R T =  1.28 
(>99% GLC purity); IR = 1722, 1390, 1376, 
1370, 1240, 834, and 823 cm-I; and NMR= 
0.66, 0.83, 0.88, 0.92, 0.98, 2.05, 4.53, and 
5.20 ppm. Hydrolysis of the acetate gave 
lanost-7-enol (RRT = 1.06) with MS = m/e 428 
(M+). 

SKELETON 
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RESULTS AND DISCUSSION 

The new triterpene acetate (Fig. I, II; Rt = 
OAc, R2 = iv) showed IR maxima at 1642 and 
890 (>C = CH2), and 813, 800, and 792 (>C = 
CH-) cm -l .  The free alcohol (Fig. 1, II; R1 = 
OH, R 2 = iv) prepared by hydrolysis of the 
acetate gave MS with a M § at m/e 440.402I 
(C31 H52 O, required 440.4014) and other prin- 
cipal ions at m/e 425.3802 (M- CI13, required 
425.3781), 407.3712 (M - CH 3 - H20 , required 
407.3676), 356.3078 (M- C6H12 [part of side 
c h a i n ] ,  r e q u i r e d  3 5 6 . 3 0 7 7 ) ,  313.2538 
( M - C 9 H I 7  [ s ide  c h a i n ] - 2 H ,  required 
313.2529) and 259.2057 (M-C9HI7-C3H6 
[part of ring D] - CH 2 required 259.2060) (8), 
i n d i c a t i n g  a C9-side chain possessing 24- 
methylene group (the fragments m/e 313.2538 
and 356.3078) (9) and a skeleton possessing 
three methyl substituents (4a, 4/3 and 140 and 
a double bond. The NMR signals at 0.65 (sin- 
glet, 18-methyl), 0.75 (singlet, C-14~-methyl), 
0.87 and 0.89 (singlets, C-4,4-dimethyl), 1.09 
(singlet, 19-methyl), 2.05 (singlet, 3~acetoxyl),  
4.54 (multiplet, 3a-proton) and 5.21 (mul- 
tiplet, C-11-proton) ppm of the acetate were 
basically identical with the corresponding sig- 
nals  in their chemical shifts observed on 
lanosta-9(11 ),24-dienyl acetate (parkeyl acetate, 
Fig. 1, H; R 1 = O A c ,  R 2 = iii). These results 
may admit to interpret the skeletal structure of 
the new alcohol as identical with that of par- 

Re R2 
..H 

Rl M ~  Rl 
(Ill) ( IV ) 

SIDE CHAIN(Rz) 

( @  
( i ) ( il ) 

( i i t  ) ( tv ) 

FIG. I. Diagram of the skeletons and side chains 
(R2) of lanostane series compounds. Skeleton I = 
913,19-cyclo; II = ,a9(11); III-'- A8; and IV = AT. Side 
chain (R2) i = 24-unsubstituted; ii = 24~-methyl; iii = 
A24; and iv = 24-methylene. 

keol. On the other hand, the chemical shift of 
the doublet at 1.04 ppm (J 6.6 Hz) attributable 
to the 26,27-geminal dimethyl protons of the 
acetate was almost identical with that observed 
on 24-inethylene compounds such as 24-meth- 
y le  necycloartanol (24-methylene-9~,l 9-cyclo- 
l a n o s t a n o l )  (10),  cycloeucalenol (4a,14a- 
dimethyl-24-methylene-9/~, 19-cyclocholestanol) 
(11) and gramisterol (4a-methyl-24-methylene- 
cholest-7-enol) (12); however, it differed con- 
siderably from that recognized on the sterols 
with a saturated side chain such as cholesterol 
(i.e., doublet, 0.86 ppm, J 4.8 tlz) (T. Iida, T. 
Tamura and T. Matsumoto, unpublished data). 
This is explicable by the presence of a 24-meth- 
ylene group in the side chain of the new alco- 
hol. From these spectral evidences, the struc- 
ture (Fig. 1, II; R 1 = OH, R2 = iv) is assigned to 
the new alcohol. 
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TABLE I 

Relative Retention Time (RRT) of the Triterpene Alcohols and ARAc-Values on 3% OV-17 Column 

RRT a Skeletal Side chain 
substituent Compound R 2 R 1 = OAc R 1 = OH ARAc b 

93,19-cyclo (I)C 24-Met hylenecycloart anol iv 1.69 1.37 1.23 
24-Met hylcycloartanol ii 1.64 1.33 1.23 
Cycloartenol iii 1.52 1.23 1.24 
Cycolartanol i 1.26 1.02 1.24 

A9(11) (II) 24-Methylenelanost-9(l 1)-enol iv 1.62 1.35 1.20 
24-M et hyllanost-9 (11)-enol ii 1.57 1.31 1.20 
Lanost a-9( 11),24-dienol (Parkeol) iii 1.46 1.22 1.20 
Lanost-9(11)-enol i 1.21 1.01 1.20 

A8 (III)  24 -Methy l lanos t -8 -eno l  ii 1.39 1.15 1.21 
Lanosta-8,24-dienol (Lanosterol) iii 1.28 1.07 1.20 
Lanost-8-enol i t.07 0.89 1.20 

A7 (IV) 24-Methyllanost-7-enol ii 1.67 1.38 1.21 
Lanost-7-enol i 1.28 1.06 1.21 

aRetention time for J3-sitosterol (30 min) is taken as 1.00. 
bARAc-Value is expressed by the ratio of RRT of the acetate to RRT of the free alcohol. 
CSee Fig. 1 for diagram. 

Oxidat ion  of  the free a lcohol  (Fig. 1, II; R 1 
= OH, R2 =iv) with CrO3 (6) gave 24-methyl-  
e n e l a n o s t - 9 ( l l ) - e n - 3 - o n e  which showed  IR  
m a x i m u m  at 1703 ( > C - - 0 )  cm -1 and M + at 
m/e  438 corresponding to the  formula  of  
C 3 1 H 5 0 0 .  In its NMR,  a relatively large lower  
field shift of  the  signals o f  the 19-methyl  and 
C-4,4-dimethyl  pro tons  was observed;  i.e., 1.25 
(singlet, 19-methyl)  and 1.09 (singlets, coin- 
cided, 4 ,4-dimethyl)  ppm,  respect ively,  while 
the  resonances of  the 18- and the C-14a-methyl  
groups actually remained in their  original posi- 
t ions (18-methyl ,  0.70 ppm;  and C-14a-methyl ,  
0.77 ppm).  Such lower  field shift of the  signals 
arisen f rom the  protons  in the  ne ighborhood  of  
the  C-3 funct ional  group due to  the in t roduc-  
t ion of  a 3-keto group in the molecule  had al- 
ready been repor ted  (13,14).  

F u r t h e r m o r e ,  t h e  d i h y d r o  c o m p o u n d  
(Fig. 1, II; R 2 = ii) prepared f rom the  new al- 
cohol  is found  to  be ident ical  with 24-methyl-  
lanost-9(11)-enol  prepared f rom 24-methylene-  
cycloar tanol ,  because b o t h  compounds  agree 
with each o ther  in their  spectral  data and physi- 
cal constants.  The d ihydroaceta te  (Fig. 1, II; 
R1 = OAc, R 2 = ii) prepared by hydrogena t ion  
of the new t r i te rpene  acetate  showed IR  still 
exhibi t ing the t r isubst i tuted olef inic  absor- 
bances at 811 and 790 cm -1. The MS of  the  
free a lcohol  showed M + at m/e  442.4178 
( C 3 1 H s 4 0 ,  required 442 .4171)  wi th  o ther  
principal ions at m/e  427.3927 ( M -  CH3, re- 
quired 427.3936) ,  409.3865 ( M - C H  3 - H 2 0  , 
required 409 .3832)  and 273.2263 ( M -  C9H19 
[side chain] - C3H6, required 273.2217) ,  and 
indicated the  presence of a C9-saturated side 
chain and a skeletal double bond in the  

molecule .  In the NMR of the  dihydro-aceta te  a 
double t  a t t r ibutable  to  the  26 ,27-d imethyl  pro- 
tons  was observed at 0.87 (J  5.4 Hz) ppm indi- 
cating the same c h e m i c a l s h i f t  as the case wi th  
cholesterol ,  while the  chemical  shifts of  the 
o ther  signals were pracially ident ical  wi th  those  
of  the  new t r i terpene acetate.  Thus, it is appar- 
ent  f rom these spectral  evidences that  in the  
hydrogena t ion  of  the  new t r i te rpene  acetate  the  
24-methylene  group is conver ted  to 24-methyl  
group. 

It  is known  that  9~,19-cyclo t r i terpene al- 
cohols give a mix ture  of  A9(11)_, A8_, and A% 
isomers by HC1 isomeriza t ion  (15). To prepare 
an  au then t ic  specimen of  24-methyl lanost -  
9 ( l l ) - e n o l ,  24-methylcyc loar tanyl  acetate  ob- 
ta ined by hydrogena t ion  of 24-methylenecyc lo-  
ar tanyl  acetate  was t rea ted  wi th  HC1 in CHCI 3. 
GLC of  this isomerized product  indicated the  
presence of  three components ,  the  isomers 
above ment ioned .  

24-Methyllanost-9(1 l ) -enyl  acetate  (Fig. 1, 
II;  R1 -- OAc,  R2 -- ii) separated f rom o ther  
two  isomers by preparat ive argenta t ion TLC 
showed IR  bands a t t r ibutable  to the  trisub- 
s t i tu ted olefine at 812 and 791 cm -1. The MS 
of the  free alcohol  t he re f rom exhib i ted  M + at 
m/e  442.4209 ( C 3 1 H 5 4 0 )  wi th  the  principal  
f r a g m e n t s  c o r r e s p o n d i n g  t o  M - C H 3 ,  
M - C H  3 - H 2 0  , M - s i d e  chain - C 3 H  6 - C H 2 ,  and 
M -  side c h a i n -  Ca l l  6 - H 2 0 .  These spectral  
data as well as NMR and GLC behaviors of  
24-methyl lanost -9(11)-enol  and its acetate  were 
essentially ident ical  wi th  those o f  the  dihydro-  
compounds  (Fig. 1, II;  R 1 = OH, and OAc,  
R 2 = ii). Hence,  the new t r i te rpene  a lcohol  
f rom shea but te r  is character ized wi th  reason- 
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TABLE I1 

Skeletal Separation Factors of Triterpene Alcohols on 3% OV-17 Column 

459 

Side chain Separation factors 
Comparison of skeleton R 2 R 1 = OAc R 1 = OH 

I/II (93,19-cyclo/A9l 11 ]) 

III/II (AS/A9[ 11 ]) 

IV/II (A7/za9l 111) 

iv 1.04 1.02 
ii 1.04 1.02 
iii 1.04 1.01 
i 1.04 1.01 
ii 0.89 0.88 
iii 0.88 0.88 
i 0.88 0.88 
ii 1.06 1.05 
i 1 . 0 6  1 .05  

TABLE III 

Side Chain Separation Factors of Triterpene Alcohols on 3% OV-17 Column 

Comparison of side chain 

Separation factors 

Skeleton R 1 = OA c R 1 = OH 

iifi I 1.30 1.30 
II 1.30 1.30 
III 1.30 1.29 
IV 1.30 1.30 

iiifi I 1.21 1.21 
II 1.21 1.21 
III 1.20 1.20 

ivfi I 1.34 1.34 
II 1.34 1.34 

able ce r t a in ty  as 24 -me thy l ene l anos t -9 (11 ) - en -  
3/3-ol (Fig. I ,  II; R1 = OH, R2 = iv). 

O x i d a t i o n  of  24 - m e t hy l l anos t - 9 ( 11 ) - eno l  
wi th  CrO3 (6)  gave a 3-ke to  c o m p o u n d  wh ich  
showed  IR  m a x i m u m  at  1709 ( > C  = O) cm -1 
and  M + at m/e  4 4 0 . 4 0 5 7  ( C 3 1 H 5 2 0 ) .  The  
N M R  p a t t e r n  o f  th is  k e t o n e  was t he  same as 
t h a t  o b t a i n e d  w i th  the  new  t r i t e r p e n e  k e t o n e  
(II;  R 1 = O, R2 = iv) excep t  t h a t  t he  doub l e t  
ar isen f r o m  the  2 6 , 2 7 - d i m e t h y l  p r o t o n s  ap- 
peared  at 0 .88 ( J  6.6 Hz) p p m  for  the  former ,  
and  at 1.04 ( J  6.6 Hz) p p m  for  the  la t te r .  

To es tab l i sh  the  co r re l a t ion  o f  the  gas chro-  
ma tog raph ic  charac ter i s t ics  b e t w e e n  skeleta l  
s u b s t i t u e n t  i somers  of  l anos t ane  series t r i ter -  
pene  alcohols ,  several m e m b e r s  of  this  series 
wi th  fou r  d i f f e ren t  t ypes  of  isomers ,  i.e., 
9fl ,19-cyclo (I), A9(11)  (II),  A8 ( l iD,  and  A7 
( IV)  compounds, were gas c h r o m a t o g r a p h e d  on  
3% OV-17 c o l u m n  wi th  the  resul ts  s h o w n  in 
Table  I. The  co r re l a t ion  of  ARAc-Value , the  
ra t io  o f  R R T  of  t he  ace ta te  to  the  R R T  of  t he  
co r r e spond ing  free a lcohol ,  was f o u n d  basical ly 
s imilar  to  t ha t  d e t e r m i n e d  on  1.5% OV-17 
c o l u m n  (16) ,  i nd ica t ing  t h a t  t he  m e m b e r s  o f  
t he  9/3,19-cyclo t y p e  had  s o m e w h a t  larger 
ARAc-Values t h a n  t he  o t h e r  m e m b e r s  posses- 
sing a skele ta l  doub le  b o n d .  Table  II p resen ts  

ske le ta l  sepa ra t ion  fac to rs  ca lcula ted f rom t h a t  
da ta  in Table  I; and  Table  III p resen t s  side 
chain  sepa ra t ion  fac tors  ca lcu la ted  f rom the  da ta  
in  Table  I. An i n s p e c t i o n  of  the  da ta  s h o w n  in 
Tables  I, II, and  III may  jus t i fy  the  s t ruc tu re  
(Fig. 1, ske l e ton  II: A9(1 1); side cha in  iv: pos- 
sessing 2 4 - m e t h y l e n e  g roup)  given fo r  the  new 
t r i t e r p e n e  a lcohol  in  th is  s tudy .  

The presence  of  the  new 2 4 - m e t h y l e n e s t e r o l  
in  the  kernels  of  Butyrospermum parkii may  
reflect  an  a l t e rna t ive  to  t he  a p p a r e n t l y  more  
c o m m o n  b i o s y n t h e t i c  rou te  t h r o u g h  24- 
methylenecycloartanol as a l ready discussed in 
par t  by  G o o d w i n  (1 7). 
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Dietary Fats and Properties of Endoplasmic Reticulum" I. 
Dietary Lipid Induced Changes in Composition of Microsomal 
Membranes in Liver and Gastroduodenal Mucosa of Rat 
M. LAITINEN, E. HIETANEN, H. VAINIO, and O. H~,NNINEN. Department of Physiology, 
University of Kuopio, SF-70100 Kuopio, Finland 

ABSTRACT 

Rats were fed for four weeks with 
different lipid diets to determine the 
effects on the endoplasmic reticulum 
membranes of the liver and on the post- 
mitochondrial  supernatant fraction of the 
gastroduodenal mucosa. The diets con- 
tained cholesterol, cacao butter ,  olive oil, 
and these in combination.  The results 
showed that  dietary lipids were able to 
modify the composit ion of  the hepatic 
endoplasmic reticulum and, to a lesser 
extent,  that  of postmitochondrial  frac- 
t ion of  gastroduodenal mucosa. Cacao 
butter in the diet decreased the relative 
propor t ion of  protein in hepatic micro- 
somes. Cholesterol and olive oil were able 
to increase the cholesterol content of 
microsomes. The trypsin digestion of 
membranes revealed that  cholesterol in- 
creased the solubili ty of microsomal pro- 
tein and decreased the trypsin sensitive 
protein-lipid binding. The neutral  fat 
diets increased the binding of proteins to 
the membrane, and cholesterol had no 
effect when it was given in combination.  
The low power photomicrographs re- 
vealed vacuolization of the cytoplasm of 
the hepatocytes when rats were fed on 
lipid rich diets. Also fat ty degeneration 
was present. Cholesterol in combination 
with olive oil, however, did normalize the 
structure of the hepatocytes to a marked 
extent.  

INTRODUCTION 

The endoplasmic reticulum (ER) consists of 
lamellar, tubular,  and cisternal structures sepa- 
rating spaces from the cytoplasmic compart-  
ment of  the cell (1,2). However, it  cannot be 
separated intact;  but homogenization breaks 
the tubular structures into vesicles, called as 
microsomes (1). The main components  of 
microsomes are proteins and lipids (3,4). The 
protein fraction has a dual function in the 
membrane, having both  catalytic and structural 
properties (5,6). The microsomal phospholipids 
are structural and storage components,  but, 
moreover, they have a role in the regulation of 

enzyme activities and in the control  of  mem- 
brane permeabil i ty (4, 7-9). Cholesterol, which 
makes up to 7% of the total  lipids, probably has 
both  metabolic and structural functions (8,10). 
It stabilizes the molecular structures and makes 
the lipid matrix compact,  and also contributes 
to the regulation of  membrane permeabili ty 
(8, 11-13). 

Characteristics of the liver ER is the high 
adaptat ion capacity to various physiological 
and experimental  conditions (14-17). The ER is 
not  a static structure, but  it is being renewed at 
all times. It is known that  alteration in the l ipid 
port ion of  the diet can change the cholesterol 
and phospholipid fractions in the plasma 
(18,19). Our main problems have been to 
study: (A) whether the changes in the fat and  
cholesterol port ions of  the diet are reflected in 
the composit ion of  microsomal membranes in 
the liver and gastroduodenal mucosa; (B) 
whether there are any differences in micro- 
somal structure when rats are fed saturated or 
unsaturated lipid diets; and (C) whether there is 
any difference in the trypsin sensitive fraction 
of the microsomal membranes when rats are fed 
different diets. 

EXPERIMENTAL PROCEDURES 

Thirty adult  male rats (Rattus norvegicus), 
purchased as specific pathogen free Wistar/Af/ 
Han/Mol/(Han 67) weighing 90-140 g, were 
used as experimental  animals. The rats were fed 
test or standard diets for four weeks ad l ibi tum 
before they were sacrificed. The standard diet 
(Hankkija Ltd., Helsinki, Finland) contained 
240 g/kg protein,  35 g/kg fat and 0.4 g/kg 
cholesterol. The composit ion of  experimental  
diets is expressed in the Table I. The content of 
salt mixture was: 150 g/kg NaC1, 120 g/kg KC1, 
310 g/kg KH2PO 4, 140 g/kg Ca a (PO4)2 ,210  
g/kg CaCOa, 90 g/kg MgSO 4, 14.7 g/kg 
FePO4*4H20 , 0.20 g/kg MnSO4, 0.09 g/kg 
KA1 (SO4)2 * 12H 2 O, 0.39 g/kg CuSO4*5H20,  
0.57 g/kg NaF, and 0.05 g/kg KI (19). The 
vitamin mixture (ICN, Nutri t ional Biochemical 
C o r p o r a t i o n ,  Cleveland, Ohio) contained 
900,000 units vitamin A, 100,000 units vitamin 
D, 5.0 g a- tocopherol ,  45.0 g ascorbic acid, 5.0 
g inositol, 75 g choline chloride, 2.25 g menadi- 
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TABLE I 

The Composition of Experimental Diets 

Diet a (g/kg) 

Component C CB CB+C O0 00+C 

Casein 150 100 100 200 200 
Sucrose 380 210 210 495 445 
Salt mixture 40 40 40 40 40 
Vitamin mixture 30 30 30 30 30 
Sodium cholate 10 10 10 5 5 
Cholesterol 50 --- 50 --- 50 
Cacao butter --- 340 340 . . . . . .  
Olive oil . . . . . . . . .  240 240 
Cellulose 280 180 130 . . . . . .  
Water 60 90 90 . . . . . .  

ac  = cholesterol diet, CB = cacao butter diet, CB+C = cacao butter plus cholesterol diet, 
00 = olive oil diet; 00+C = olive oil plus cholesterol diet. The composition of salt and vita- 
min mixtures are given in "Experimental Procedures." 
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FIG. 1. The liver/body wt ratio in rats on various 
lipid diets. The ratio is shown as % of body wt. SD = 
standard, C = cholesterol, CB = cacao butter,  CB+C = 
cacao butter plus cholesterol, OO = olive oil, OO+C = 
olive oil plus cholesterol. *significantly (P<0.001) 
different from standard diet. **significantly (P<0.01) 
different from standard diet. 

one,  5.0 g p - a m i n o b e n z o i c  acid,  4.5 g n iac in ,  
1.0 g r ibof lavin ,  1.0 g p y r i d o x i n e  h y d r o c h l o -  
r ide,  1.0 g t h i a m i n e  h y d r o c h l o r i d e ,  3.0 g 
ca lc ium p a n t h o t e n a t e ,  20 mg b io t in ,  90 mg 
folic acid and  1.35 mg  v i t amin  B-12. The  
e x p e r i m e n t a l  diets  were p repa red  by  a m e a t  
gr inder  in  ou r  l abo ra to r y .  

The  rats  were ki l led by  a b low  on  the  head  
and  b led  by  cu t t i ng  the  rena l  vessels. The  liver, 
s t o m a c h ,  and  10 cm of  the  u p p e r  small  intes-  
t ine  were i m m e d i a t e l y  dissected and  placed i n to  
iced 0.25 M sucrose.  Par t  of  t he  l iver  was p laced  
in 10% formal in  and  mic rosomes  were made  
f r o m  the  rest  of  liver. The  l iver was homoge -  
n i zed  in iced 0.25 M sucrose  to  give a 20% 
(wt/vol) suspens ion  b y  a Po t t e r -E lveh jem t y p e  
glass Tef lon  homogen ize r .  The  cel lular  debris ,  
nuclei ,  and  m i t o c h o n d r i a  were separa ted  b y  a 
10,000 X gay cen t r i f uga t i on  (Sorval l  SS-1) at  4 
C for  15 min,  and  t he  rn ic rosomal  f r ac t ion  was 
s e d i m e n t e d  by  105 ,000  x gay cen t r i f uga t i on  
(MSE Superspeed  50) for  60 min  (20) .  The  
pel le t  was r e suspended  in 0.25 M sucrose  to  
yie ld  1 g l iver/ml.  The  m u c o s a  of  the  s t o m a c h  
and  smal l  i n t e s t ine  were sc raped  off  b y  an  
a m p o u l e  file and  h o m o g e n i z e d  in 0 .25 M 
sucrose  by  a Po t t e r -E lveh jem t y p e  glass-Teflon 
h o m o g e n i z e r  t o  give a 20% (wt /vo l )  h o m o g e -  
na te  (21) .  The  suspens ion  was cen t r i fuged  at 
10,000 x gay for  15 min  at 4 C, and  the  
s u p e r n a t a n t  was used  for  f u r t h e r  s tudies .  

The  t ryps in  d iges t ion of  hepa t i c  mic rosomes  
was adap t ed  f r o m  the  p rocedu re  of  H/ inn inen  
and  P u u k k a  (22) ;  1 mg  t r yps in  (Type  III, Sigma 
Chemica l  Co., St. Louis ,  Mo.) dissolved in 0.01 
M Tris-HC1 buf fe r ,  pH 7.4,  con t a in ing  0.15 M 
KC1, was added  in v o l u m e o f  1.0 ml mic rosomes  
in  0.25 M sucrose.  Af t e r  an i n c u b a t i o n  at 37 C 
for  30 minutes ,  t he  d iges t ion was s t o p p e d  by  
add ing  a respect ive  a m o u n t  of  t ryps in  i n h i b i t o r  
(Type  II-O, Sigma Chemica l  Co., St. Louis ,  
Mo.).  The  unso lub le  f r ac t ion  was ha rves ted  by  
cen t r i fuga t ion  at  105 ,000  x gay for  60 min .  The  
pel le t  was r e suspended  in 2 ml  0.25 M sucrose.  

The  m i c r o s o m a l  p ro t e in  c o n t e n t  was deter -  
m ined  b y  the  b i u r e t  m e t h o d  using bov ine  s e rum 
a l b u m i n  (Sigma Chemica l  Co.,  St. Louis ,  Mo.)  
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TABLE II 

Protein Content, Phospholipid/Protein, and Cholesterol/Protein Ratios in 
Rat Liver Microsomes of Rats Fed Different Lipid Diets 

463  

Phospholipid/protein Cholesterol/ 
Diet a Protein a (mg/g liver) ratio protein 

Standard 32.6 -+ 2.9 b 0.52 0.02 
Cholesterol 33.7 -+ 0.4 0.42 0.04 
Cacao butter 24.5 + 1.5 0.33 0.02 
Cacao butter + cholesterol 24.9 - 0.6 a 0.37 0.03 
Olive oil 37.2 -+ 4.6 0.24 0.07 
Olive oil + cholesterol 28.3 + 2.1 0.40 0.05 

aThe number of rats in each group = 5, except the cacao butter diet, where n = 4. 
bMeans and standard error of the  means, given in protein con ten t s .  

CStatistically (P<0.05) different. 

TABLE IIl 

Protein Content of Hepatic Microsomes and of Trypsin-Treated 
Liver Microsomes of Rats Fed Different Lipid Diets 

Conventional Trypsin-treated % Protein released 
Diet a microsomes b microsomes b by trypsin 

Standard 32.6 + 2.9 c 22.9 + 1.1d,e, f 30 
Cholesterol 33.7 +- 0.4 19.5 + 0.8 d 42 
Cacao butter 24.5 + 1.5 20.9 + 1.1 15 
Cacao butter + cholesterol 24.9 + 0.6 c 21.6 + 1.4 13 
Olive oil 37.2 + 4.6 35.1 + 3.0e,g 6 
Olive oil + cholesterol 28.3 + 2.1 26.4 + 0.4f,g 7 

aThe number of rats in each group = S, except cacao butter diet where n = 4. 
bMeans and standard error fo the means, given in protein content. 
CSignificantly (P<0.05) different. 
dSignificantly (P<O.05) different. 
eSignificantly (P<0.01) different. 
fSignificantly (P<0.05) different. 
gSignificantly (P<0.05) different. 

as a re fe rence  (23).  M e m b r a n e  f rac t ions  were  
d iges ted  by N a - d e o x y c h o l a t e  (5%, F luka  AG,  
Buchs ,  Swi tze land)  be fo re  add ing  b iu r e t  re- 
agent .  Af t e r  m e a s u r i n g  t he  samples ,  t h e y  were 
decolor ized  b y  add ing  KCN and  the  back-  
g r o u n d  was e s t ima ted .  The  a m o u n t  o f  p h o s p h o -  
l ipid was d e t e r m i n e d  by  m e a s u r i n g  the  inor-  
ganic  p h o s p h a t e  a f t e r  su lphu r i c  acid hyd ro lys i s  
as descr ibed  by  Bar t le t t  (24) ,  and  t he  resul ts  
were  expressed  as equ iva len t s  to  lec i th in  (25) .  
The  choles te ro l  c o n t e n t  o f  m i c r o s o m e s  and  
10 ,000  x gay g a s t r o d u o d e n a l  s u p e r n a t a n t  were 

m e a s u r e d  as descr ibed  by  Abell ,  et al., (26)  as 
mod i f i ed  by  A n d e r s o n  and  Keys  (27).  The  liver 
slices f ixed  in 10% fo rma l in  were u sed  to  
p repare  m i c r o g r a p h s  for  mic roscop ic  eva lua t ion  
o f  t he  liver s t ruc tu re .  T h e  liver slices were 
r e m o v e d  f r o m  fo rma l in  in to  increas ing  concen-  
t r a t ions  o f  e t h a n o l  ( m a x .  99.5%) to  r e m o v e  
wa te r  and  fo rma l in .  Herea f te r  t he  slices were 
e m b e d d e d  in to  para f f in  and  cu t  in to  10 /.tin 
slices and  f ixed  o n  mic roscop ic  glasses. T h e  

t i s sue  p repa ra t ions  were  visual ized by  s ta in ing  
w i th  h e m a t o x y l i n  eosin .  The  p h o t o m i c r o g r a p h s  
were  t a k e n  t h r o u g h  a Lei tz  O r t h o p l a n  mic ro-  
scope  us ing  Agfa  p ro fes s iona l  film. 

RESULTS 

The  l iver -body wt  rat io  w a s  s o m e w h a t  ele- 
va t ed  in  ra ts  fed  cacao b u t t e r  or  olive oil diets ,  
and  s ign i f ican t  ( P < 0 . 0 0 1 )  h ighe r  (2-3 fold)  in 
ra ts  fed  on  h igh cho les te ro l  d ie ts  (Fig.  1). The  
cacao b u t t e r  diet c o m b i n e d  wi th  cho les te ro l  
increased  the  l iver-body wt  rat io  up  to  9%. The  
s t a n d a r d  and  cacao b u t t e r  diets  m a i n t a i n e d  the  
m i c r o s o m a l  cho le s t e ro l -p ro te in  ra t io  at  the  
lowes t  level (Table  II). The  olive oil diet  was  
able to  increase  the  relat ive cho les te ro l  a m o u n t  
3.5 fold.  The  h igh  cho les te ro l  diet  and  choles-  
te ro l  in c o m b i n a t i o n  w i th  o t h e r  l ipids were also 
able to  increase  the  m i c r o s o m a l  cho les te ro l  
c o n t e n t ,  bu t  n o t  to  the  s a me  e x t e n t  as t he  olive 
oil diet.  The  p h o s p h o l i p i d  c o n t e n t s  in re la t ion  
to  p ro t e in  c o n t e n t s  in hepa t i c  rn ic rosomes  also 
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FIG. 2. The low power (250 x magnification) photomicrographs of livers from rats fed various lipid diets. 
The stain used was hematoxylin-eosin. A = Standard diet, B = Cholesterol diet, C = Olive oil diet, D = Cacao 
butter diet, E = Cacao butter plus cholesterol diet and F = Olive oil plus cholesterol diet. 

showed marked variations (Table II). The rats 
fed olive oil diet had the lowest levels of 
hepatic microsomal phospholipid. They exhibi- 
ted only 50% of the mean of the group fed the 
standard diet. The highest amount of phospho- 
lipid was found in the rats fed standard and 
cholesterol diets. In rats fed fat rich diets, 
cholesterol was also found to increase the 
microsomal phospholipid content (Table II). 
Rats fed standard, cholesterol, and olive oil 
diets exhibited highest protein contents in the 
liver. The cacao butter diet decreased micro- 
somal protein 30% from the control level, and 
cholesterol in combination did not increase the 
protein content. In the group fed olive oil, 
cholesterol was found to decrease the protein 
level slightly (Table II). 

The trypsin digestion of the hepatic micro- 
somes revealed marked differences in the tight- 
ness of protein attachment. In the group fed 
the standard diet, 30% of the microsomal 
protein could be removed from the membranes 
into the soluble fraction (Table III), and in the 
group fed cholesterol diet, more than 40% of 
the protein could be sohibilized. On the other 
hand, diets rich in neutral fats increased the 
trypsin sensitive protein binding in the micro- 
somes. In the olive oil group, only 6% of the 
lnicrosomal protein was solubilized. The addi- 
tion of cholesterol in diets did not decrease the 
attachment of membrane proteins (Table III). 

The low power photomicrographs showed 
fatty infiltration in the liver of rats on choles- 
terol or fat diets (Fig. 2). The high cholesterol 
diet (Fig. 2B) was found to cause vacuolization 

of the cytoplasm and partial crystallization. In 
livers from rats fed olive oil diet, vacuolization 
was also present as was possible crystallization 
(Fig. 2C). Fatty degeneration was found in the 
liver of rats fed cacao butter  diet, and was also 
present when diet was supplemented with 
cholesterol (Fig. 2D and E). In the livers from 
rats f e d  olive oil plus cholesterol diet, the 
microscopic view was rather different from 
those fed olive oil or cholesterol diets alone 
(Fig. 2F). In this group fed olive oil containing 
cholesterol, cytoplasm was granular and the 
hepatocytes were somewhat enlarged from the 
controls. The fatty degeneration was not  as 
advanced as in rats fed other lipid diets. Due to 
the vacuolization, nuclei were poorly visualized 
in hepatocytes of rats fed other diets, except 
the groups fed standard and olive oil plus 
cholesterol diets (Fig. 2A and F). 

The samples of gastric and intestinal mucosa 
showed less variation in the contents of choles- 
terol, phospholipid, and protein than did the 
hepatic microsomes. Cholesterol, contents were 
highest in the groups fed cholesterol and olive 
oil plus cholesterol diets. The highest concen- 
tration of cholesterol was twice the control 
level (Table IV). The phospholipid content of 
the stomach was lowest in the cholesterol-fed 
group, and the duodenal mucosa did not show a 
marked variation (Table IV). The protein con- 
tent  of both stomach and duodenum was rather 
independent from the diet. 

DISCUSSION 

The present study was conducted to clarify 
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TABLE IV 

Protein, Cholesterol, and Phospholipid Contents  of Postmitochondrial  Supernatant  
of The Stomach and Duodenum 

Protein (mg/g tissue, wet wt) b 
Phospholipid {mg/mg 

protein)O Cholesterol (mg/mg protein) b 

Diet a Stomach Duodenum Stomach Duodenum Stomach Duodenum 

Standard 47 66 1.19 0.79 
Cholesterol (C) 37 71 0.64 0.84 
Cacao but ter  42 59 0.98 1.23 
Cacao butter  + C 44 64 1.20 0.89 
Olive oil 42 57 0.82 1.09 
Olive oil + C 45 64 1.02 1.13 

0.09 0.07 
0.11 0.11 
0.06 0.06 
0.07 0.09 
0.06 0.08 
0.15 0.18 

aThe number  of  rats in each group = 5, except  cacao but ter  diet, where n = 4. 

bExpressed as mean value determined from pooled samples of each group. 

whether dietary lipids play any active role in 
determining the composit ion of hepatic ER and 
gastroduodenal mucosa. The cacao but te r  and 
olive oil were selected as test :neutral fats, 
because the former contains saturated fa t ty  
acids and the lat ter  contains unsaturated fat ty 
acids, primarily monounsaturated fat ty acids. 
The standard diet also contained a rather high 
proport ion of fat ty acids in the unsaturated 
form, but the total  amount of lipids was much 
lower than in the specific diets. The cholesterol 
was selected as a test diet component  because it 
is known to have a significant membrane 
stabilizing effect, thus, possible effects on the 
protein-lipid interactions (8, 11, 12, 28). It has 
been shown earlier that  dietary fats markedly 
increased cholesterol and phospholipid contents 
of the plasma (28). Dietary lipids change the 
composit ion of  plasma after 12 weeks, but  in 
3-4 weeks plasma changes are distinct. For  this 
reason, 4 weeks was selected to be the duration 
of  the test period. 

The present s tudy revealed that dietary 
lipids are able to modify the composit ion of 
hepatic ER, and, to a lesser extent,  the gastro- 
duodenal  mucosa. It appeared that  saturated 
neutral fat in the diet decreased the relative 
propor t ion of  hepatic microsomal protein. The 
diet containing unsaturated fat ty acids was able 
to increase the propor t ion of membrane choles- 
terol. This might be due to endogenous cho- 
lesterol synthesis. The cholesterol in the diet 
was shown to increase hepatic cholesterol con- 
tent,  and it is suggested that  this was because of  
direct cholesterol incorporat ion into the liver. 
This idea is supported also by studies of Tsai 
and Dyer (29), who determined that cholesterol 
feeding increased hepatic cholesterol content ,  
but  depressed cholesterol synthesis. It was 
evident from the photomicrographs that  lipids 
caused marked fat ty  degeneration of the hepa- 
tocytes independent  of the degree of saturation 

of fa t ty  acids in the diet. However, it was 
interesting to note that cholesterol, when com- 
bined with olive oil, was able to prevent 
degeneration of  hepatocytes to a great extent,  
although no such effect was present when 
cholesterol was added to the cacao butter  diet. 

Trypsin digestion of hepatic microsomes 
showed that  diets containing both cholesterol 
and different types of neutral fats have a 
considerable role in the binding of trypsin 
sensitive proteins to the membranes. It was 
shown that cholesterol increased the solubili ty 
of microsomal proteins and decreased the tight- 
ness of proteins in the membrane. This finding 
is in good accordance with a recent study (8), 
where it was shown that  cholesterol inhibited 
the penetrat ion of proteins into phospholipid 
monolayers.  Moreover, it  was observed that  
neutral fats in the diet increased the binding of  
proteins to  the membrane, so that  even choles- 
terol was not able to loosen the binding 
between proteins and lipids. 

The present s tudy showed that  dietary lipids 
are of great importance in the regulation of  the 
composit ion of the hepatic ER, and in the 
control  of  the protein-lipid ratio and their 
interaction. The composit ion of  the gastroduo- 
denal mucosa is also, to some extent,  adaptive 
to dietary modifications. 
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Dietary Fats and Properties of Endoplasmic Reticulum: II. 
Dietary Lipid Induced Changes in Activities of Drug Metabolizing 
Enzymes in Liver and Duodenum of Rat 
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University of Kuopio, SF-701 O0 Kuopio, Finland 

ABSTRACT 

Rats were fed cholesterol, cacao but- 
ter, or olive oil diets to determine the 
effect of  dietary lipids on the rate o f  drug 
biotransformation in the liver and duo- 
denum. The cholesterol rich diet main- 
rained the hepatic aryl hydrocarbon 
hydroxylase activity at the same level as 
did the standard diet. Rats fed olive oil 
and cacao but ter  diets showed lower 
hepatic aryl hydrocarbon hydrorylase ac- 
tivity. The p-nitroanisole 0-demethylase 
activity was doubled in hepatic micro- 
somes of rats fed the high cholesterol diet 
when compared to rats fed the standard 
diet. The hepatic uridine diphosphate 
glucuronosyltransferase activity showed 
different patterns depending on the m 
vitro t reatment  of the microsomal mem- 
branes. If  the enzyme activity was as- 
sayed from the native, untreated micro- 
somes, an increase in the measurable 
uridine diphosphate glucuronosyl trans- 
ferase activity was found in rats having 
cholesterol rich diet. After  the in vitro 
activation of membrane-bound uridine 
diphosphate gtucuronosyltransferase by 
trypsin, the increase in measurable activ- 
i ty was 10 fold in the group fed the 
standard diet, 6 fold in group fed choles- 
terol, 4 fold in group fed cacao butter,  
and 3 fold in group fed olive oil. Trypsin 
digestion of rrticrosomes increased the 
measurable uridine diphosphate glucuro- 
nosyltransferase activity less in rats fed 
diets rich in neutral fats than those fed 
the standard diet. In the duodenal mu- 
cosa, l ipid diets decreased the activities of 
drug hydroxyla t ion  and glucuronidation. 

INTRODUCTION 

Phospholipids and cholesterol, in addit ion to 
proteins, are important  structural and func- 
tional components of  microsomal membranes 
(1-3). In previous studies i t  has been shown that 
crude dietary modifications,  and changes in the 
chyme passage, are able to change hepatic and 
intestinal enzyme activities (4-8). It has been 
shown that diets used to feed other  species 

change the rate of  intestinal and hepatic drug 
metabolism in rats (7). Severe protein defi- 
ciency may result in decreased activity of  drug 
hydroxyla t ion and increased uridine diphos- 
phate (UDP) glucuronosyltransferase activity 
(8-10). Drug hydroxyla t ion  and glucuronida- 
t ion take place in the endoplasmic reticulum 
(ER), where an enzyme complex oxidizes drugs 
to their more polar metabolites,  which, then are 
glucuronidated to more water soluble deriva- 
tives (11-13). The drug oxidizing enzymes are 
located on the cytoplasmic surface of the ER, 
whereas, UDP glucuronosyltransferase, which 
catalyzes the conjugation step, is located deeper 
in the microsomal membrane (13-17). Phospho- 
lipids exhibit  an important  role in drug hydrox- 
ylat ion,  and they contribute to the control  of 
ac t  i v i t y  o f UDP glucuronosyltrartsferase 
(18,19,20). Cholesterol has a membrane stabi- 
lizing effect (2). It appears evident that  the 
activities of drug metabolizing enzymes are 
dependent  on the structure of the ER. 

In a previous study (3) we have shown that  
lipid, diets are able to modify the composit ion 
of hepatic and gastroduodenal ER. The present 
report  is concerned with the regulation of the 
activity of  drug metabolizing enzymes. An 
effort is made to interpret  the changes in drug 
biotransformation as a result of composit ional  
changes of microsomal membranes after feeding 
fat rich diets. In this s tudy we have investigated 
t h e  a ry l  hydrocarbon hydroxylase (EC. 
1.14.14.2), p-nitroanisole 0-demethylase and 
UDP glucuronosyltransferase (EC. 2,4.1.17) in 
the liver and duodenal mucosa of rats. 

EXPERIMENTAL PROCEDURES 

Thirty adult male rats (Rattus norvegicus, 
purchased as specific pathogen free Wistar/Af/ 
Han/Mol/[Han 671, outbred by the rotational 
mating system) 1.5 months of  age, and weigh- 
ing 90-140 g, were used. The rats were fed 
various neutral fat, cholesterol, and standard 
diets as described previously (3). After  feeding 
rats for 4 weeks ad libitum, they were stunned 
by a blow on the head and were bled by  cutting 
the renal vessels. The hepatic microsomes and 
postmitochondrial  supernatant of duodenal mu- 
cosa were prepared as described earlier (3). The 
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FIG.  1. The activities o f  aryl hydrocarbon hydroxylase  (benzpyrene hydroxylase  [OH-BP] ) and p-nitro- 
anisole 0-demethylase in the  hepat ic  mierosomes o f  rats fed different lipid diets. The data  are reported as means 
and  s tandard errors o f  the means  (vertical bars). Statistical analysis, if no t  otherwise stated,  was run by  Student ' s  
t- test  compar ing  exper imental  groups to the  group on  standard diet. SD = standard,  C = cholesterol,  CB = cacao 
butter,  OO = olive oil, CB+C = cacao but ter  plus cholesterol and OO+C = olive oil plus cholesterol. (A) Repre- 
sents the  activity o f  aryl hydrocarbon  hydroxylase /g  liver (wet wt), and (B) aryl hydroca rbon  hydroxylase  
activity/rag microsomal protein.  (C) Represents  the activity o f  p-nitroanisole 0-demethylase/g  liver (wet wt) and 
(D) p-nitroanisole 0-demethylase act ivi ty/mg microsomal  protein.  The number  of  rats in each group = 5, except  
the  cacao but ter ,  where n = 4. 
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FIG. 2. The uridine diphosphate glucuronosyltransferase activity in hepatic microsomes from rats fed various 
lipid diets, expressed per g liver (wet wt) a or per mg microsomal protein m. The nontreated microsomes are 
presented in (A) and trypsin treated in (B). The data are reported as means and standard errors of the means 
(vertical bars). SD = standard diets; C = cholesterol; CB = cacao butter; OO = olive oil; CB+C = cacao butter plus 
cholesterol; OO+C = olive oil plus cholesterol. For other explanations, see Figure 1. 

protein content of tissue preparations was 
measured by the biuret reaction (3, 21). 

The aryl hydrocarbon hydroxylase activity 
was determined using 3,4-benzpyrene (Sigma 
Chemical Co., St. Louis, Mo.) 0.16 mM as a 
substrate in the presence of 50 mM Tris-HC1 
buffer, pH 7.4, 1 mM NADP + (Sigma Chemical 
Co., St. Louis, Mo.), 5 mM MgC12, 0.005 mM 
MnCI2, 2.5 ram Na3-isocitrate (Fluka Ag, 
Buchs, Switzerland) and 0.5 International units 
(IU) pig heart isocitrate dehydrogenase (Boeh- 
ringer, Mannheim, Germany), and 0.1-0.2 mg 
microsomal protein in a final volume of 0.5 ml. 

After 20 rain incubation at 37 C the reaction 
was stopped by 1 ml cold acetone. The amount 
of hydroxylated 3,4-benzpyrene was measured 
by Perkin-Elmer MPF-2A spectrophotofluoro- 
meter as described by Wattenberg, et al., (22) 
and modified by Nebert and Gelboin (23). 
p-Nitroanisole 0-demethylase activity was de- 
termined by measuring the rate of formation of 
p-nitrophenol at 420 nm in a Perkin-Elmer 402 
spectrophotometer  (24,25). The incubation 
mixture contained 0.07 M Na-phosphate buffer, 
pH 7.8, 1.1 mM p-nitroanisole (Fluka Ag, 
Buchs, Switzerland), and the same NADPH 
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FIG. 3. The activities of aryl hydrocarbon hydroxylase and uridine diphosphate glucoronosyltransferase in 
duodenal mucosa of rats fed various lipid diets. The data are reported as means and standard errors of the means 
(vertical bars). (A) Represents the activity aryl hydrocarbon hydroxylase per g liver (wet wt), and (B) per mg 
microsomal protein. (C) Represents the activity of UDP glucuronosyltransferase/g liver (wet wt) ~ or per mg 
microsomal protein m. SD = standard diet; C = cholesterol; CB = cacao butter; OO = olive oil; CB+C = cacao 
butter plus cholesterol; OO+C = olive oil plus cholesterol. For other explanations, see Figure 1. 

generating system as described above. The 
amount of microsomal protein was 1 mg in a 
final volume of 1 ml. The UDP glucuronosyl- 
transferase activity was measured using uridine 
diphosphoglucuronic acid (ammonium salt, 
Sigma Chemical Co., St. Louis, Mo.), concentra- 
t ion of 4.5 mM, and p-nitrophenol (0.35 mM) 
as an aglycone (26,27). The Student's t-test was 
used to calculate statistical significances of  the 
results. 

R ESU LTS 

The aryl hydrocarbon hydroxylase activity 
was highest in the hepatic microsomes of rats 
fed standard or cholesterol diets, and lowest 
(only 10-15% of the standard) in the rats fed 
cacao butter on cacao butter plus cholesterol 
diets (Fig. 1A,B). The aryl hydrocarbon hy- 
droxylase activity in the group fed olive oil plus 
cholesterol was twice as high as the activity in 
these two groups whose diets were high in 
cacao butter or cacao butter plus cholesterol. In 
the groups fed olive oil or olive oil plus 
cholesterol, the rats fed the olive oil diet 
showed higher aryl hydrocarbon hydroxylase 
activity when calculated on the wet wt basis 
(Fig. 1A). On the contrary, the activity was 
higher in the group fed olive oil plus cholesterol 

diet, when calculated on the protein basis, (Fig. 
1B). The p-nitroanisole 0-demethylase activity 
was highest in hepatic microsomes isolated 
from the rats fed cholesterol diet (Fig. 1 C,D). 
Other diets containing saturated (cacao butter) 
or unsaturated (olive oil) neutral fats, with or 
without cholesterol (including the standard 
diet), exhibited about 50% lower p-nitroanisole 
0-demethylase activity than did the choles- 
terol-fed group. However, in the group fed 
cacao butter, cholesterol increased the activity 
slightly, i.e., to the same level as in rats fed 
diets rich in olive oil. 

The hepatic UDP glucuronosyltransferase 
activity was measured in nonactivated micro- 
somes and microsomes pretreated in vitro with 
trypsin. Trypsin treatment is known to increase 
the measurable UDP glucuronosyltransferase 
activity (17,24). In the present study, trypsin 
increased the measurable activity in the stan- 
dard diet group ca. 10 fold. In groups of  rats 
fed various lipid diets, the extent  of activation 
was smaller, i.e., in the cholesterol-fed group, 6 
fold; in the cacao butter-fed group, 4 fold; and 
in the olive oil plus cholesterol-fed group, and 
in olive oil fed-group, 3 fold (Fig. 2). The rats 
fed olive oil rich diet showed the lowest UDP 
glucuronosyltransferase activity when measured 
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with and without trypsin digestion (Fig. 2). The 
groups fed olive oil and cacao butter diets 
combined with cholesterol exhibited higher 
transferase activities than those groups fed olive 
oil and cacao butter diets without cholesterol. 

The intestinal aryl hydrocarbon hydroxylase 
activity was highest in the rats fed standard 
diets, whereas, other groups exhibited activities 
30-50% of that (Fig. 3 A,B). The intestinal UDP 
glucuronosyltransferase activity was highest in 
the standard diet and cholesterol groups (Fig. 
3C). The rats fed neutral fat diets showed 
50-80% of the activity found in the group fed 
standard diet (Fig. 3C). Also, the UDP glucuro- 
nosyltransferase activity was lowest in the 
group fed olive oil. 

DISCUSSION 

Paine and McLean (28) detected that 10% 
herring oil or olive oil had no eft~ect on the 
hepatic aryl hydrocarbon hydroxylase activity, 
whereas, 5% olive oil enhanced it. On another 
study (29), it was found that 6-10% olive oil 
enhanced the hepatic mono-oxygenase system, 
compared with the data from the livers of rats 
fed fat free diet. Paine and McLean (28) found 
that a respective amount of herring oil and 
cacao butter enhanced renal aryl hydrocarbon 
hydroxylase activity in the kidneys. It might be 
that variations exist in the response of tissue to 
fatty diets. In the present study, the amount of 
fat in the diet was much higher (24-34% of the 
total wt of the diet) than in earlier studies 
(29,30). This increased amount of fat in the 
diet was found to lower the hepatic and 
intestinal mixed function oxidases independent 
of the degree of saturation of fatty acids in the 
diet. The response of UDP glucuronosyltrans- 
ferase activity was somewhat different from the 
aryl hydrocarbon hydroxylase and p-nitroani- 
sole 0-demethylase activities. It might be that 
lipid rich diets decreased the latency of UDP 
glucuronosyltransferase. Trypsin treatment did 
not enhance the activity as much in microsomes 
isolated from the lipid fed rats as from the 
controls. This may reflect changes in the 
membrane structure. 

A clearcut difference was observed between 
the two hydroxylation reactions measured. 
Aryl hydrocarbon hydroxylase activity was 
lower in rats fed lipids diets, whereas, p-nitro- 
anisole 0-demethylase activity exhibited a high 
level in rats fed cholesterol diet. The difference 
may be due to the different P-450 hemopro- 
teins. Cytochrome P-450 is responsible for 
catalysis of p-nitroanisole 0-demethylase, and 
another hemoprotein, cytochrome P1-450 or 
P-448, is needed for the catalysis of aryl 

hydrocarbon hydroxylase (30-32). It might be 
suggested that the enhancement  of p-nitroani- 
sole 0-demethylase activity by cholesterol is 
mediated through induction of cytochrome 
P-450, because the catabolism of cholesterol is 
mediated through this hemoprotein (33). The 
data obtained indicate that cholesterol has an 
important role in maintaining drug hydroxyla- 
t ion activity in the liver, although its role is less 
pronounced in the gastrointestinal tract. It is 
evident that the cholesterol diet enhanced 
p-nitroanisole 0-demethylase activity. How- 
ever, no such effect was found when cholesterol 
was combined with fat diets. 

In the preceeding paper (3), it became 
evident that lipid rich diets profoundly changed 
the composition of hepatic and intestinal mi- 
crosomes. Moreover, they caused very marked 
microscopic changes in the liver structure by 
increasing the connective tissue components 
and by inducing hepatic cirrhosis. Extremely 
high proportion of lipids in the diet may cause 
hazardous effects on the hepatic structure and 
hepatic and intestinal function. Possibly, re- 
spective changes are the postulated atherogenic 
changes in cardiovascular system produced by 
lipids. Although the human diet rarely contains 
as high a proportion of lipids as in the present 
study in rats, it might be concluded from the 
present study and from the earlier reports 
(28,29) that excessive lipids in the diet may 
interfere with the hepatic and intestinal capac- 
i ty to detoxify drugs. Thus, there might be 
harmful consequences in drug therapy if the 
possible exceptional diet of the patient has not 
been taken into account. 
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Effect of Glucose Administration on Cholesterol and Bile Acid 
Metabolism in Rats 
K. UCHIDA, Shionogi Research Laboratory, Shionogi & Co. Ltd., Fukushima-ku, 
Osaka, 553 Japan and N, TAKEUCHI and Y. YAMAMURA 3rd Department of Internal Medicine, 
Osaka University Hospital, Fukushima-ku, Osaka, 553 Japan 

ABSTRACT 

Glucose administered to fasted rats 
caused a marked s t imulat ion in hepat ic  
c h o l e s t e r o g e n e s i s  a n d  c h o l e s t e r o l  
7a-hydroxyla t ion ,  and an increase in bili- 
ary excre t ion  o f  choles terol  and total  bile 
acids. The excre t ion  of  cholic acid was 
not  inf luenced during the first few hr 
after  glucose adminis t ra t ion,  but  was sig- 
nif icant ly increased after  5 hr. Cheno- 
d e o x y c h o l i c  a c i d  showed a similar 
change, but  the  increase was only ca. one 
t en th  of  that  of  cholic acid. The excre- 
t ion of  deoxycholic acid was markedly  in- 
creased by 1 hr, but  gradually decreased 
thereafter .  Pre t rea tment  wi th  neomyc in  
abolished the  increase in deoxychol ic  acid 
by fasting and glucose adminis t ra t ion.  
Other  bile acid componen t s  showed no 
significant change. It thus was presumed 
t h a t  choles terol  endogenously  synthe-  
sized in the liver was metabol ized  mainly  
to  cholic acid. In contrast ,  exogenous  
cholesterol was metabol ized  mainly to 
chenodeoxycholic acid. During the per iod 
o f  the acute  enhancement  of  cholic acid 
fo rma t ion  f rom the  endogenous  choles- 
terol ,  bil iary excre t ion  o f  deoxychol ic  
acid was increased. This probably  oc- 
curred th rough  the  depression o f  7a-  

1 Presented at the 47th Annual Meeting of Japanese 
Biochemical Society, Okayama, 1974. 

r ehydroxy la t ion  o f  deoxychol ic  acid, or  
through the  enhancement  of  microbial  
fo rmat ion  of  deoxycho l i c  acid in the 
lumen,  and through the  increase of  intes- 
t inal  absorpt ion.  

INTRODUCTION 

Recent ly ,  it has been  demons t ra ted  that  
hepat ic  7a -hydroxy la t ion  is well  correlated 
with  hepat ic  cholesterol  synthesis (1-3). Be- 
cause the react ion o f  cholesterol 7o~-hydroxyla- 
t ion  is regarded as a rate l imit ing step in bile 
acid synthesis in the liver (4-7), the  enhance-  
ment  of  7a -hydroxy la t ion  is considered to  ac- 
celerate the  subsequent  react ion steps of  bile 
acid synthesis. The pa thway  for  bile acid forma- 
t ion f rom 7a-hydroxycholes te ro l  in the liver 
branches o f f  in to  two  main routes,  leading 
ei ther to  cholic acid or chenodeoxycho l i c  acid 
(8). Usually,  cholic acid is fo rmed  predominant -  
ly, but  in some instances the  fo rmat ion  of  
chenodeoxycholic acid increases. The ratio o f  
cholic acid to chenodeoxycholic acid in the  bile 
is known  to  vary under  various condi t ions,  bY 
t rea tment  wi th  ho rmones  (9-11) and drugs 
(12,13),  in certain diseases (14), or  according to 
race (15). 

In the present  exper iment ,  hepat ic  choles- 
terogenesis,  cholesterol  7a-hydroxylase  activity,  
bile secret ion,  biliary excre t ion  rates of  choles- 
terol  and bile acids, and thei r  composi t ions  
were invest igated in rats given an oral glucose 
adminis t ra t ion  after  fasting for 36-40 hr. 

TABLE I 

Effect of Glucose Administration on Hepatic Cholesterogenesis, Cholesterol 7a-Hydroxylation, and 
Biliary Excretion of Total Bile Acids and Cholesterol in Fasted Rats a 

Cholesterol Biliary total 
Cholesterogenesis 7c~-hydroxylation Bile volume bile acid 

(nmoles/hr/g (nmoles/hr/mg (ml/hr/100 g (mg/hr/100 g 
tissue) protein) body wt) body wt) 

Control 5.52 + 1.02 b 0.36 • 0.02 b 0.26 • 0.02 b 2.73 + 0.41 b 
(14) c (14) (6) (6) 

Glucose 14.88 • 1.60 d 0.93 -+ 0.14 d 0.26 • 0.02 4.08 • 0.33 d 
(14) (14) (8) (7) 

aTwo ml of 50% glucose solution/100 g body vet was administered orally after fasting for 36-40 hr. Rats were 
sacrificed 3 hr after glucose administration. 

bMean • S.E. 
c (  ) = N o .  o f  ra t s .  

dSignifieantly (P<0.05) different from control level. 
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TABLE II 

Hourly Changes in Bile Volume and Biliary Excretion of Total Bile Acids and 
Cholesterol after Glucose Administration in Fasted Rats a 

Hr after glucose administration 

0 1 2 3 5 

No. of rats 10 3 8 9 10 

Bile volume 
(ml/hr/lO0 g body wt) 0.37 + 0.02 b 0.32 + 0.05 b 0.33 -+ 0.03 b 0.36 +- 0.02 b 0.39 + 0.01 b 

Total bile acids 
(mg/hr/100 g body wt) 3.20 +- 0.26 3.31 -+ 0.58 4.00 +- 0.50 3.70 -+ 0,47 5.16 +- 0.40 c 

Cholesterol 
(/zg/hr/100gbodywt) 97-+4.3 85+_11.8 118_+9.0 119_+7.2 c 128+5.6 c 

aTwo ml of 50% gtucose solution/100 g body wt was administered orally after fasting for 36-40 hr, Bile was 
collected for 30-40 rain after the hr indicated. 

bMean + S.E. 
eSignificantly (P<0.05) different from values at 0 hr. 

MATERIALS AND METHODS 

Wistar strain male rats weighing ca. 200 g 
were used. They  were kept  in an air condi-  
t ioned  r o o m  (25 + 1 C, 50-60% humidi ty) ,  and 
mainta ined on a balanced commerc ia l  s tock 
diet (Japan CLEA CA- l ,  Tokyo ,  Japan).  

Af te r  fasting for 36-40 hr, 2 ml 50% glucose 
so lu t ion /100  g body wt was administered by 
s tomach  tube.  Paired cont ro l  rats were given 
water.  Neomyc in  sulfate (Sigma Chemical  Co. 
Ltd.,  St. Louis, Mo.) was dissolved in saline and 
adminis tered orally at a dose of  25 rag/100 g 
body  wt once a day for 3 consecutive days (in- 
cluding the  day of  exper iment )  before  glucose 
administrat ion.  

Three hr  af ter  glucose adminis t ra t ion,  the  
rats were decapi ta ted and the  livers were per- 
fused with  10 ml saline and remove  immedia te-  
ly. Choles terol  synthesis act ivi ty in the liver was 
de termined  in vi tro as repor ted  previously (3). 
7~-Hydroxylase  assay was pe r fo rmed  by the  
isotope incorpora t ion  me thod  (3) based upon 
the isotope derivative m e t h o d  of  Mit ropoulos  
and Balasubramaniam (16). Fo r  bile acid analy- 
sis, PE-10 po lye thy lene  tube  was inser ted in to  
the c o m m o n  bile duct 1, 2, 3, or 5 hr  af ter  
glucose adminis t ra t ion.  Bile was col lected for 
30-40 rain under  sodium pentobarbi ta l  anesthe- 
sia. Fasted,  control  rats served as 0 hr group 
wi thou t  glucose administrat ion.  Af te r  hydroly-  
sis of  the bile samples wi th  1.25 N NaOH at 
120 C, 15 psi for  6 hr, the  sterol  f rac t ion  was 
ext rac ted  wi th  pe t ro leum ether  and cholesterol  
conten t  was de te rmined  by co lor imet ry  (17). 
The bile acid fract ion,  obta ined  by extract ing 
with  e thyl  ether,  after acidifing the hydrolysa te  
wi th  2 N HC1, was analyzed by gas l iquid chro- 
matography  as described previously (11). Sta- 

tistical significance was es t imated by the Stu- 
dent ' s  t-test. 

RESULTS 

Table I shows in vitro hepat ic  cholesterol  
synthesis, choles terol  70t-hydroxylation,  bile 
volume,  and biliary excre t ion  of  to ta l  bile acids 
3 hr  af ter  oral adminis t ra t ion of  glucose to  
f a s t e d  rats. Hepat ic  cholesterogenesis and 
hydroxy la t ion  increased to as much  as 3 t imes 
the cont ro l  level. Al though  bile volume was not  
inf luenced by the  adminis t ra t ion of  glucose, 
biliary excre t ion  of  to ta l  bile acids increased 
significantly (P<0.05) .  

Table II shows the excre t ion  rates of  biliary 
cholesterol  and total  bile acids at various t imes 
after glucose adminis t ra t ion.  Excre t ion  of  cho- 
lesterol  was enhanced  after  3 hr  and remained 
high thereaf ter .  Excre t ion  o f  to ta l  bile acids 
gradually increased up to 5 hr, the  longest t ime 
per iod examined.  

Figure 1 shows two  typical  gas ch romato-  
grams of  bile acid fract ions f rom fasted cont ro l  
and glucose t reated rats. As shown in this 
figure, the main cons t i tuent  of  biliary bile acid 
was cholic acid, which comprised  42% in fasted 
cont ro l  rats and 38% in glucose t reated rats. 
Deoxychol ic  acid was minor  in cont ro l  rats, but  
was markedly increased to  comprise  about  30% 
in glucose t rea ted  rats. The o the r  componen t s  
were not  significantly altered. 

The values in glucose t rea ted  rats, however ,  
varied with  t ime after ingestion.  Table III shows 
the biliary excre t ion  rates of  individual  bile acid 
fractions at various t imes  af ter  the  t rea tment .  
The excre t ion  of  deoxycho l i c  acid in nonfas ted  
rats was as low as 0.32 mg /h r /100  g body  wt,  
but  was increased almost  twice by fasting and 
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FIG. 1. Typical gas chromatogram patterns of bile acid fractions in the bile from fasted control and glucose 
treated rats. After fasting for 36-40 hr, rats were administered 2 ml of 50% glucose solution/100 g body wt by 
stomach tube, and then sacrificed 3 hr after the glucose administration. 

TABLE III 

Hourly Changes in Biliary Excretion of Individual Bile Acids after 
Glucose Administration in Fasted Rats a 

Hr after glucose administration 

0 1 2 3 5 

No. of rats 10 3 8 9 10 

Bile acid excretion 
(mg/hr/100g body wt) 
Lithocholic 0.18 + 0.03 b 0.10 --- 0.03 b 0.10 -+ 0.03 b 0.13 -+ 0.03 b 0.23 -+ 0.03 b 
Deoxycholic 0.69 -+ 0.06 1.19 • 0.02 d 1 . 1 8  + 0.14 d 1 . 0 3  • 0.13 0.83 • 0.07 
Chenodeoxycholic 0.14 -+ 0.02 0.11 • 0.04 0.24 + 0.04 0.28 + 0.05 0.27 • 0.03 d 
Hyodeoxycholic 0.33 -+ 0.04 0.57 • 0.10 0.61 +- 0.08 0.43 • 0.10 0.64 + 0.15 
Cholic 1.35 -+ 0.13 1.01 • 0.45 1.55 -+ 0.21 1.44 • 0.24 2.57 + 0.20 d 
Others c 0.52 • 0.06 0.31 -+ 0.09 0.33 -+ 0.07 0.38 • 0.06 0.63• 0.07 

aTwo ml of 50% glucose solution/100 g body wt was administered orally after fasting for 36-40 hr. Bile was 
collected for 30-40 rain after the hr indicated. 

bMean + S.E. 
COther bile acids comprise a-muricholic acid and keto bile acids. 
dSignificantly (P<0.05) different from value at 0 hr. 

fur ther  by glucose adminis t ra t ion .  The highest  
value was ob ta ined  at I-2 hr, then  it decreased 
gradually over several hr. On the  o the r  hand ,  

the  excre t ion  o f  cholic acid was s o m e w h a t  de- 
creased at 1 hr, but  gradually increased there-  
af ter  and a t t a ined  the  highest  level 5 hr  af ter  

glucose adminis t ra t ion .  C h e n o d e o x y c h o l i c  acid 
also increased later,  but  the  amoun t  of  cheno-  
deoxycho l i c  acid was only  ca. one t e n t h  of  
cholic acid. Excre t ion  of  h y o d e o x y c h o l i c  acid 
was slightly enhanced  at 2 and 5 hr  af ter  
glucose ingest ion.  L i thochol ic  acid was no t  in- 
f luenced  signif icantly.  

The increase of  deoxycho l i c  acid af ter  glu- 
cose adminis t ra t ion ,  however ,  was p reven ted  by 
the  t r ea tmen t  wi th  neomyc in .  Table IV shows 
the  ef fec t  o f  n e o m y c i n  on  the  compos i t i on  

ratios of  deoxycho l ic  and cholic acids in fasted 
con t ro l  and glucose t rea ted  rats. Fast ing alone 
increased deoxycho l i c  acid con ten t ,  and it was 
fu r the r  increased by glucose adminis t ra t ion ,  as 
s h o w n  in Table III and Fig. 1. As shown in 
Table IV, p r e t r e a t m e n t  wi th  n e o m y c i n  pre- 
ven ted  the  increase of  deoxycho l ic  acid by fast- 
ing or  glucose admin is t ra t ion ,  and b rough t  
abou t  a reciprocal  increase in cholic acid. 

LIPIDS, VOL. 10, NO. 8 



476 K. UCHIDA, N. TAKEUCHI, AND Y. YAMAMURA 

TABLE IV 

Effect of Neomycin on Composition Ratios of Deoxycholic Acid and Cholic Acid in 
Fasted Control and Glucose Fed Rats a 

Control Neomycin b 

Deoxycholic Cholic Deoxycholic Cholic 
(%) (%) (%) (%) 

Fasted control 22.0 • 1.44 c 42.1 • 1.91 c 2.8 • 0.53 c 72.1 • 1.16 c 
(10) d (10) (5) (5) 

Fasted glucose 29.4 • 2.74 37.8 • 3.09 3.0 • 0.43 71.5 • 2.48 
(9) (9) (5) (5) 

aTwo ml of 50% glucose solution/100 g body wt was administered orally after fasting for 36-40 hr. Rats were 
sacrificed 3 hr after glucose administration. 

b25 rag/100 g body wt/day was administered orally for 3 days before glucose administration. 
CMean + S.E. 
d( ) = No. of rats. 

DISCUSSION 

It is thought that cholesterol synthetic en- 
zymes in the liver collaborate with cholesterol 
7a-hydroxylase, which is the rate limiting en- 
zyme for bile acid synthesis (1-3). Bile acid re- 
moval by biliary drainage or cholestyramine ad- 
ministration enhances cholesterol synthesis as 
well as cholesterol 7a-hydroxylation in rats 
(4-6). The data presented here clearly demon- 
strate that the administration of glucose to 
fasted rats increased biliary excretion of choles- 
terol and total bile acids, as well as enhancing 
both cholesterol synthesis and 7a-hydroxyla- 
tion in the liver. Consequently, it is concluded 
that increased cholesterol 7a-hydroxylase activ- 
ity brings about a stimulation of the subsequent 
reaction steps of  bile acid formation. Myant 
and Eder (18) also suggested that an increase in 
cholesterol synthesis accelerates biliary excre- 
tion of  bile acid, while the inhibition of hepatic 
cholesterol synthesis reduces bile acid excretion 
(12,13,19). Recently, Mitropoulos, et al., (20) 
demonstrated that bile acid excretion from bile 
fistula of rats has a diurnal variation, and that 
f luc tua t ion  in bile acid excretion is well 
synchronized with the change of g-hydroxy 3- 
methylglutaryl (HMG) CoA reductase and cho- 
lesterol 7~-hydroxylase activity. 

Although biliary excretion of cholesterol is 
increased by the stimulation of hepatic choles- 
terol synthesis (21), the increment of bile acids 
is much larger than that of cholesterol. In the 
present experiment, bile acid excretion at 5 hr 
a f t e r  g l u c o s e  a d m i n i s t r a t i o n  was 2.04 
mg/hr[100 g body wt over the control value, 
while the increase of cholesterol excretion was 
43.4/ag/hr/100 g body wt. The increase of bile 
acid was about 50 times that of cholesterol 
when compared on the same molar basis. Thus, 
it can be concluded that the increase in bile 

acid excretion has more significance for sterol 
degradation following enhanced hepatic cho- 
lesterogenesis than cholesterol excretion does. 

Biliary excretion of deoxycholic acid was 
markedly increased as early as I hr after the 
treatment with glucose. The level thereafter re- 
mained high for several hr with only a gradual 
decrease. With regard to the increase of deoxy- 
cholic acid excretion, the following are conceiv- 
able: (A) an inhibition of 7a-rehydroxylation 
of deoxycholic acid by the liver; (B) an increase 
in the formation of deoxycholic acid by intes- 
tinal microflora; and (C) an increase in the ab- 
sorption of the bile acid through the intestinal 
wall. The increase of deoxycholic acid 1 hr 
after glucose administration is, however, slight- 
ly faster than the time of one enterohepatic 
circulation of bile acid, which is reported to be 
10-12 times]day (22,23). 

Neomycin administration completely sup- 
pressed the increase of biliary deoxycholic acid 
by glucose administration and brought a re- 
ciprocal increase in cholic acid. Samuel, et al., 
(24) reported that in vitro formation of  deoxy- 
cholic acid from cholic acid by human fecal 
microflora was inhibited by previous oral ad- 
ministration of neomycin. However, another 
explanation for the effect of neomycin is that it 
combined with bile acids to prevent their intes- 
tinal absorption, thereby, increasing fecal bile 
acid excretion and, consequently, decreasing 
biliary excretion of  deoxycholic acid (25,26). 

Although it is known that deoxycholic acid 
reabsorbed from the intestinal tract is re- 
hydroxylated to cholic acid in rats (27), the 
increase of biliary cholic acid excretion ob- 
served at a later stage is derived from hepatic 
cholesterol. This increase results from the 
stimulation of hepatic cholesterol synthesis, be- 
cause the increase of  cholic acid is far larger 
than the decrease of deoxycholic acid (Table 
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III). This increase o f  cholic acid fo rma t ion  af ter  
glucose feeding is in cont ras t  to  the  increase o f  
c h e n o d e o x y c h o l i c  acid fo rma t ion  which  is ob- 
served af ter  choles terol  feeding (11,28).  Thus,  
it  is conceivable tha t  endogenous ly  syn thes ized  
choles terol  is me tabo l i zed  to  bile acid, main ly  
th rough  the  cholic acid pa thway ,  and tha t  
exogenous  choles terol  is degraded th rough  the  

c h e n o d e o x y c h o l i c  acid pa thway .  Recent ly ,  
Mitropoulos ,  et  al., (29) have indica ted  tha t  
newly  syn thes ized  cholesterol  in the  liver is a 
prefer red  subs t ra te  for  the  fo rma t ion  o f  cholic 
acid in rats, Our conclusions cor respond  well 
wi th  this finding. 
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Occurrence of 7-Methyl-7-Hexadecenoic Acid, the Corresponding 
Alcohol, 7-Methyl-6-Hexadecenoic Acid, and 
5-Methyl-4-Hexadecenoic Acid in Sperm Whale Oils 
J.C. PASCAL 1 and R.G. ACKMAN, 2 Environment Canada Fisheries and 
Marine Service, Halifax Laboratory, Halifax, Nova Scotia B3J 2R3, Canada 

ABSTRACT 

Two sperm whale oils from the north- 
ern hemisphere and two from the south- 
ern hemisphere were fractionated. Tri- 
glyceride and wax esters were examined 
for fatty acids and alcohols with mono- 
ethylenic unsaturation bearing a methyl 
branch on an ethylenic carbon. The 7- 
methyl-7-hexadecenoic acid (0.37-1.37%) 
was accompanied by the corresponding 
alcohol (0.28-0.72%), but  these materials 
were not accompanied by shorter chain 
h o m o l o g u e s .  The 7-methyl -6-hexa-  
decenoic acid was relatively less impor- 
tant (0.23-0.68%), but was accompanied 
b y  5 - m e t h y l - 4 - h e x a d e c e n o i c  ac id  
(0.10-0.39%), and a partially identified 
C13 compound. Chromatographic proper- 
ties on silver nitrate impregnated silicic 
acid TLC and on three GLC liquid phases 
are reported. 

INTRODUCTION 

The positive identification of 7-methyl-7- 
hexadecenoic acid in the liver oil from the 
ocean  sunfish (Mola mola) (1) created a 
problem because 7-methyl-6-hexadecenoic acid 
had been conclusively demonstrated as a com- 
ponent in the oils of fin whales (Balaenoptera 
physalus) and sperm whales (Physeter catodon) 
(2). The respective isolations appeared to be 
free of other isomeric components, but two 
such isomers occurring in a pure form in marine 
oils seemed unusual. We have examined four 
sperm whale oils for components of this type, 
including both fatty acids and alcohols, and 
have found the two isomeric C17 acids to be 
present in varying proportions in the different 
oils. Only the 7-methyl-6-hexadecenoic acid 
was reflected in the occurrence of 5-methyl-4- 
tetradecenoic acid, although it is usually the 
minor C17 isomer. A C] 3 methyl branched acid 
is also present. The fatty alcohols were also 
examined and found to contain 7-methyl-7- 
hexadecanol with virtually no trace of the other 
isomer or lower homologues. 

1Present address, Mohamed V University, Rabat, 
Morocco. 

2To whom correspondence should be addressed. 

EXPERIMENTAL PROCEDURES 

Four commercial  sperm whale oils were used 
for this study. Two originated in Canada near 
Halifax, Nova Scotia, and St. John's Newfound- 
land, one near Albany, Australia, and one from 
Antarctica. The sperm whale oils were resolved 
into triglycerides and wax esters by TLC on 
Prekote (Adsorbosil-5) plates (Applied Science 
Laboratories, State College, Pa.) developed in 
p e t r o l e u m  e the r :d i e thy l  ether:acetic acid 
(85:15:1). 

The  basic  isolation techniques differed 
slightly in parts from those outlined previously 
(1). Triglycerides were saponified, and the 
liberated fatty acids recovered. AOCS method 
Ca-6b-53 was used to separate and recover fatty 
acids and fatty alcohols from wax esters. The 
fatty acids were warmed with urea (5 parts) and 
methanol (10 parts), and the solution was 
cooled slowly in a domestic refrigerator. The 
non-urea-complexing fatty acids (20-30% of 
total) were recovered and converted to methyl 
esters by refluxing for 10 minutes with 7% BF 3 
in methanol. 

Argentation TLC of methyl esters of non- 
urea-complexing acids on silica gel plates im- 
pregnated with silver nitrate (Supelcosil-12D, 
Supelco, lnc., Bellefonte, Pa.) was carried out 
in two stages. The first development of streaked 
methyl esters with benzene:n-hexane (1:1) gave 
a broad band of Rf = 0.32-0.40, above the nor- 
mal monoethylenic ester band and below the 
saturated ester band. This band was extracted 
with chloroform:diethyl ether (1:1) and re-run 
on similar plates with three successive develop- 
ments in benzene:n-hexane (3:7). Three bands 
recovered for analytical and preparation GLC 
were observed. Basically, the same technique 
was followed for the isolation of fatty alcohols 
as acetates. 

Oxidative fission of isolated compounds was 
carried out on methyl esters or alcohol acetates 
with oxidative workup (3). The acidic products 
of methyl esters were esterified with BF 3- 
MeOH and those of alcohol acetates with diazo- 
methane. 

NMR spectra of isolates in deuterated 
chloroform were taken with a Varian A-60 
spectrometer. Mass spectra were done with a 
D u P o n t  CEC 21-110B mass spectrometer 
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FIG. 1. Concentrate of methyl branched mono- 
ethylenic fatty acid methyl esters from exploratory, 
single stage AgNO3-TLC separation of total fatty acids 
of St. John's sperm whale oil. Analyses on butanediol 
succinate (BDS) column at 170C: A = before hy- 
drogenation; B = after hydrogenation. Note disappear- 
ance of 7-methyl-7-hexadecenoate (7-M-THD) and 
7-methyl-6-hexadecanoate (7-M-6HD) from A, and re- 
appearance as 7-methylhexadecanoate (7-MHD) in B. 
Materials labeled 16:1 disappear and augment 16:0. 
Similarly, 14:1 isomers (not identified) augment 14:0 
in B. The 5-methyl-4-tetradecenoate (5-M-4TD) be- 
comes 5-methyltetradecanoate (5-MTD), possibly aug- 
menting some pre-existing material in this position. 
Saturated acids originated as part of corresponding 
AgNO3-TLC band. 

operated at 70 eV with a variable temperature 
probe used as ca. 30 C. 

Analytical GLC was carried out with Perkin- 
Elmer Model 226 or Model 900 gas chromato- 
graphs. Columns were stainless steel, open 
tubular, wall coated, 150 ft (46 m) in length 
and 0.01 in. (0.25 mm) internal diameter (ID). 
When coated with butanediol succinate (BDS) 
they were operated at 170 C and 50 psig He for 
higher methyl esters, 150 C or 120 C for short- 
er chain lengths. Oxidative fission degradation 
products  (e.g., 2-undecanone, methyl non- 
anoate) were examined at 120 C. Columns 

7 -M -7 H D 

UNKNOWN 

o 

5-M-4TD 

3-M-ZDD ? 

7-M-6HD 

16:0 

TIME (min) 
12 

FIG. 2. Concentrate of mixture of methyl 
branched monoethylenic fatty acid methyl esters from 
methyl esters of wax ester fatty acids from Antarctic 
sperm whale oil. In the broad band, Rf = 0.32-0.40 
after primary development on AgNO3-TLC with ben- 
zene:n-hexane (1:1). Note precise coincidence of 12:0 
and unknown for butanediol succinate (BDS) analy- 
sis. Conditions were similar to those of Figure 1, but 
run on a different column. 

coated with SILAR-5CP and Apiezon-L were 
operated at 175 C and 190 C, respectively. Pre- 
parative GLC was affected with a stainless steel 
column 6 ft (2 m) in length and �88 in. (6.4 mm) 
outside diameter (OD), packed with 5% SE-30 
on Chromosorb Q, 80-100 mesh, operated at 
190 C. Collection was in glass tubes surrounded 
by a reheat coil to reduce fogging losses. 

R E S U L T S  

The unusual fatty acids isolated from sperm 
whale oil included an isomer of 7-methyl- 
7-hexadecenoic acid (Fig. 1) and unexpectedly, 
a shorter chain fatty acid of  similar physieo- 
chemical behavior (Fig. 2, Table I). 

The identification of an isolate from one of  
the sperm whale oils as methyl 7-methyl-6- 
hexadecenoate was based partially on a mol wt 
of 282 obtained by mass spectrometry on an 
isolate with purity >90%. Major fragments of 
29, 74, 115, 138, 155, etc., were similar to 

those reported by Sano for this isomer (2), al- 
though these were found with 7-methyl-7- 

hexadecenoate, and for reasons discussed else- 
where, (1), were not conclusive proof of strue- 
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ture. Hydrogenation gave a product of m/e 284 
with only one peak at equivalent chain l e n g t h  
(ECL)  16.30 on open tubular GLC on BDS. 
This corresponded precisely to that obtained by 
hydrogenation of 7-methyl-7-hexadecenoate, 
and gave the same pattern on mass spectro- 
scopy as 7-methylhexadecanoate (1) .  The  ECL 
value was useful but nonspecific for identifica- 
tion (4). Oxidative fission of the methyl ester 
of the isolated acid yielded 2-undecanone as the 
only important product other than dimethyl 
adipate. NMR showed absorption centered at 
6 = 5.38, with a shoulder at 5.40. 

The  5-methyl-4-tetradecenoate had a mol wt 
of 254, and, on hydrogenation, the product 
gave one GLC peak with an ECL of  14.28 on 
BDS. This was also nonspecific for identifica- 
tion purposes, but among other possibilities (4), 
was attributable to a 5-methyl branch. The 
hydrogenated product of m/e 256 had a mass 
s p e c t r u m  corresponding to 5-methyltetra- 
decanoate (5). The NMR spectrum of the 
original isolate indicated through the signal at 

= 5.33,  which showed a single olefinic proton, 
that the methyl branch was attached at an 
ethylenic bond. A major ozonolysis product 
was again 2-undecanone, accompanied by some 
dimethyl succinate. The products examined by 
G L C  did not include methyl nonanoate, a po- 
tential product had 5-methyl-5-tetradecenoate 
been present. 

A third, minor, unknown material presented 
difficulties in collection and purification. One 
isolate had a mol wt of 226 by mass spectrom- 
etry, indicating that a methyl branched mono- 
unsaturated fatty acid structure homologous 
with the above was entirely possible. 

The details of  the mass spectrum differed 
f r o m  those of authentic methyl-3-methyl- 
dodec-2-enoate, and the GLC retention data 
(Table I) also differed from that of authentic 
reference acids or data calculable from phytenic 
acid isomers (6). We found that authentic 
3-methyl-trans-2-dodecenoic acid was not iso- 
merized by esterification with 7% BF3 in 
methanol (sealed tube, 20 rain at 100 C), al- 
t h o u g h  vigorous  saponification reportedly 
causes such reactions (6,7). An artifact 3- 
methyldodecenoic acid is suggested as a possi- 
bility by  GLC data for phytenic acids (6).  T h e  
G L C  porperties of the unknown compound and 
hydrogenation product (Table I) were quite un- 
usual. At h igh  t e m p e r a t u r e s  (170  C) the posi- 
t ion of the unknown compound was extremely 
close to the position of 12:0 on the polar liquid 
phases; but on reducing the temperature to 
120 C, the ECL value on BDS became I 2 . 1 2 .  
As t he  ECL of the hydrogenation product was 
12 .36  at 1 9 0 C  on ApiezonL,  these values 
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clear ly  supported the possibility that the 
methyl branch was on the third carbon from 
the carboxyl group (4,8). This was verified by 
mass spectral examination of the hydrogenated 
product which gave fragments of m/e 74 
(=73+1), 101, absence of M-29, etc., expected 
for this structure (5,9). At an intermediate 
stage of purification (Fig. 2), a minor peak ap- 
peared in ca. the correct position for methyl 
3-methyl-2-dodecenoate, but it was not iso- 
lated. 

Only one alcohol with methyl branched 
ethylenic unsaturation, 7-methyl 7-hexadecen- 
1-ol, was found in amounts readily detectable 
in the four sperm whale oils (Table II). Identifi- 
cation was restricted to the isolation tech- 
niques, hydrogenation, and the results of oxida- 
tive fission, which gave methyl nonanoate and a 
C 8 keto alcohol as the principal products. The 
location of an appropriate alcohol-acid product 
in GLC analyses can be predicted ca. by GLC of 
comparison standards obtained by oxidative 
ozonolysis of the alcohols produced from rape- 
seed oil fatty acids. This approach gave refer- 
ence C9, C l l  , and C13 alcohol-acids. On this 
basis the alternative 7-methyl-6-hexadecen-l-ol 
appeared to be absent. The keto alcohol was 
identified only by calculation of its ECL value 
as previously carried out for the keto acid (1). 

DISCUSSION 

The chromatographic properties of the 
methyl esters of the various methyl branched 
monounsaturated acids are given in Table I. The 
greater mobility on argentation TLC of the 
5-methyl-4-tetradecenoate, relative to the 7- 
methyl hexadecenoates, is in accord with the 
variation in Rf observed for monoethylenic 
18:1 isomers (10). However it has also been our 
experience that a lesser proportion of methyl- 
ene carbons to ordinary ethylenic unsaturation 
reduces mobility (11). The moderately sharp 
distinction between the argentation TLC mo- 
bilities of the 7-methyl-7-hexadecenoate and 
%methylL6-hexadecenoate was unexpected, and 
can perhaps be explained by an inductive effect 
linking the carbonyl group and the ethylenic 
unsaturation in the 6 position. This would be a 
common attribute, shared more emphatically 
by the 5-methyl-4-tetradecenoate and by any 
3-methyl-2-dodecenoate, and accounting for 
their greater mobility. Of the structurally 
similar phytenic acids 3 show a high mobility, 
e.g., Rf =0.62 for the cis-A2isomer, and by co- 
incidence, Rf = 0.53 for the cis-A3isomer (6). 
The  7-methyl-7-hexadecenoate unsaturation 
would act much like an unsubstituted ethylenic 
bond and interact more strongly with the silver 
ions. 
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The GLC propert ies  of  the  methy l  esters of  
the various unsatura ted  isomeric  acids show dis- 
parities also probably  related to  the posi t ion of  
the methy l  subst i tu ted e thylenic  unsaturat ion.  
There is otherwise no reason to  expec t  a large 
re tent ion  t ime difference be tween  the  two  C 17 
isomers on the  polar  l iquid phases. The 3- 
methy l  branch has l i t t le  effect  on re ten t ion  
t ime of  polar  l iquid phases, compared  to  o ther  
methyl  branches (4), result ing in a low fraction- 
al chain length (FCL) value (0.00-0.13). This 
e lement  may be part ly responsible for the  low 
ECL value of  the unknown.  

The occurrence of  only 1 significant methy l  
branched unsatura ted  alcohol  (Table I) was un- 
expected .  The propor t ions  of  this alcohol,  al- 
though less than for the  corresponding wax 
esters acids in 3 ou t  of  4 oils, were relat ively 
large enough to  suggest that  3 o ther  compounds  
de tec ted  as acids, i f  present  at all, must  be 
~<0.05% of  to ta l  fa t ty  alcohols.  

It is not  known if these fa t ty  acids and this 
fa t ty  a lcohol  are of  dietary origin or  endoge- 
nous to sperm whales. The pur i ty  of  the  7- 
methyl -7-hexadecenoic  acid f rom the  fiver oil 
of  the ocean sunfish (Mola mola), in which al- 
cohols are no t  impor tan t  (13), suggests tha t  this 
acid could  be the original animal b iochemical  
product .  Several o ther  sa turated m o n o m e t h y l  
C17 isomers have been found  in a whale oil, but  
7-methyl  subst i tut ion domina ted  the mix ture  
despite the observat ion that  A6,7 e thylenic  un- 
saturat ion was very minor  in the  16:1 acids 
(14). In the sperm whale, a part  of  this produc-  
t ion  could  be diver ted in to  fa t ty  a lcohol  fo rm 
as it  was produced.  The less impor t an t  7- 
methyl -6-hexadecenoic  acid may be a second- 
ary product .  It and the  lower  homologous  acid 
are mutual ly  related,  and evident ly  part icipate  
freely in chain length changes in the  general 
saturated,  monoe thy len i c  fa t ty  acid pool .  Pre- 
sumably,  they  may also be involved with,  or  are 
part  of, the  presence of  an opt ical ly  active 
3 -methy ldodeceno ic  acid isolated f rom sperm 
whale oil (9). and indica ted  as a me thy l  
branched C12 acid in o the r  analysis of sperm 
whale oil (14). Because the  C17 acid and al- 
cohol  wi th  A7,8 unsatura t ion  do no t  partici- 
pate  in chain shor tening in the acid or a lcohol  
pools,  they  must  have a different  b iochemical  
significance. 

Our results show that  these acids and the 
a lcohol  are of  world-wide distr ibut ion.  The 
b lood  of  the Atlant ic  bo t t l enose  dolphin  (Tur- 
siops truncatus) also has a c o m p o n e n t  tentat ive-  
ly ident i f ied  as 7-methyl -7-hexadecenoate  (16). 
A l though  this animal is also a t oo thed  whale,  
the  f inding of  Sano (2) that  7-methyl-6-hexa-  
decenoic  acid occurred in fin whale b lubber  oil 

indicates that  this is no t  a peculiari ty of  the 
t o o t h e d  wales. The lower  homologue ,  5-methyl-  
4- te t radecenoate ,  may  also have been present in 
the  bone oil f rom the  blue whale (Balaenoptera 
musculus) (17) as well as in fin whale oil (18). 
A branched chain fa t ty  alcohol ,  probably 7- 
methyl-7-hexadecenol ,  was obta ined  in a con- 
centrate of  alcohols f rom sperm whale oil by 
Sano (19), but  no t  characterized.  Al though the 
origin and significance of  this group of  acids 
remains obscure,  it does appear  that  t hey  may 
be fairly widespread in some aquat ic  lipids, and 
that  7-methyl-6-hexadecenoic  acid and its lower  
homologues  may be concent ra ted  into depot  
fats high in 12:0, 14:0,  16:0, and 1 6 : l , s i m p l y  
because of  a p resumpt ion  of  biochemical  inert- 
ness. 
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Role of Cytidine Triphosphate and Cytidine Diphosphate in 
Promoting Inositol Entry into Microsomal Phosphatidylinositol 1 

B,J. HOLUB, Departmen of Nutrition, College of Biological Science, 
University of Guelph, Guelph, Ontario, Canada 

ABSTRACT 

The Mn2+ activated incorporat ion of 
m y o - i n o s i t o l - 3 H  into subfractions of 
phosphatidylinositol  in rat liver micro- 
somes was studied in the presence and ab- 
sence of  cytidine tr iphosphate or cytidine 
diphosphate choline using phosphate buf- 
fer. The distribution of labeled inositol 
among molecular species of microsomal 
phosphatidylinositol  was also investigated 
in vivo. In other experiments,  the release 
of radioactivity from microsomes labeled 
with inositol-3H in the phospholfpid was 
measured after the addit ion of  Mn2+, un- 
labeled inositol,  and cytidine nucleotide. 
S imi lar  chase experiments were con- 
ducted with microsomes containing phos- 
p h a t i d y l c h o l i n e - 1 4 C  or phosphatidyl-  
ethanolamine-14C. The addit ion of cyti- 
dine tr iphosphate or  cytidine diphos- 
p h a t e  choline st imulated the rate of 
inositol-3H entry into microsomal phos- 
phatidylinositol  by 3.5 to 4-fold and the 
monoenoic plus dienoic, trienoic, tet- 
raenoic, and polyenoic species contained 
6-7, 6, 78-81, and 7-9%, of the radioactiv- 
i ty,  respectively. These latter patterns 
were very similar to  those observed 
a m o n g  t h e  corresponding molecular 
species when the Mn2+ stimulated entry 
of free inositol into phospholipid was 
studied in the absence of added cytidine 
nucleotide. In chase experiments,  the re- 
lease of  radioactivity from phospholipid 
in the presence of cytidine tr iphosphate 
o r  c y t i d i n e  diphosphate choline was 
greatly enhanced by the addition of  free 
i n o s i t o l  when microsomes containing 
phosphatidylinositot-3H, but not  phos- 
p h a t i d y l c h o l i n e  -14C or phosphatidyl-  
e t h a n o l a m i n e - 1 4 C ,  were  employed.  
Therefore, under the present conditions, 
cytidine tr iphosphate and cytidine di- 
phosphate choline appear to stimulate the 
e n t r y  o f  inositol into phosphatidyl-  
inositol by enhancing the Mn2+ activated 
exchange reaction in rat liver microsomes. 
The results suggest further that phospha- 

Ipresented in part at the AOCS Fail Meeting, Phila- 
delphia, October 1974. 

t idylinositol  is the preferred substrate 
when this reaction is stimulated by cyti- 
dine nucleotide. 

INTRODUCTION 

It is well established that  free inositol can be 
incorporated into phosphatidylinosi tol  either 
by reacting with cytidine diphosphate digtyc- 
erides (CDP-diglycerides) derived from cytidine 
tr iphosphate (CTP) and phosphatidic acid (1-5) 
or by a microsomal exchange reaction (1,6). 
The former pathway provides for the de novo 
biosynthesis of phosphatidylinosi tol  (PI), while 
the lat ter  pathway would give rise to no net  
synthesis of this phospholipid if microsomal PI 
was the endogenous substrate, as has been sug- 
gested (1). The phospholipid substrate(s) for 
this exchange reaction have not  been estab- 
lished (7,8). 

Recent investigations (9) have shown that 
the distributions of radioactivity among the var- 
ious molecular species of  PI due to the Mn 2+ 
dependent entry of free inositol-3H in rat liver 
microsomes were markedly different from 
those observed soon after the in vivo adminis- 
t rat ion of inositol-3H. The products of the 
Mn 2+ stimulated exchange reaction were large- 
ly tetraenoic species of  PI (9), whereas the 
CDP-diglyceride pathway apparently produced 
mainly monoenoic plus dienoic and tetraenoic 
molecules (9-11). These results suggested that,  
under physiological conditions, the major pro- 
por t ion of free inositol entering the various 
phosphatidylinositols in rat  liver microsomes 
apparently does so by reaction with CDP- 
diglycerides, and not  by the Mn2+ stimulated 
exchange reaction (9). 

There have been numerous reports in the 
li terature (1 ,2 ,5 ,7) indicat ing that the entry of  
free inositol into microsomal PI in the presence 
of divalent cations can be greatly enhanced by 
the addit ion of CTP or even CDP-choline in 
the absence of added phosphatidic acid. How- 
ever, there is considerable uncertainty as to the 
mechanism responsible for the st imulatory ef- 
fect of CTP under such in vitro conditions. 
Some investigators have suggested that the 
added nucleotide may have been required for 
the in situ synthesis of CDP-diglyceride from 
endogenous phosphatidic acid (5), which could 
contribute to de novo biosynthesis of PI from 
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TABLE I 

Distribution of Inositol-3H among Molecular Species of Microsomal 
Phosphatidylinositol in Vivo and in Vitro a 

Distribution of radioactivity (%) Relative specific activity c Chemical Mole-% 
classes of total In vivo In vitro b In vivo In vitro b 

Monoenes + 8.7 + l.O 35.5 -+ 3.1 3.9 -+ 0.3 4.06 -+ 0.36 0.44 -+ 0.03 
Dienes 

Trienes 9.8 -+ 1.0 3.8 +- 0.1 6.9 +- 0.5 0.38 + 0.01 0.70 + 0.05 
Tetraenes 67.5 + 1.7 47.8 -+ 4.4 83.0 + 0.7 0.71 -+ 0.07 1.23 + 0.01 
Polyenes 14.0 +- 0.7 13.0 -+ 1.5 6.2 +- 0.9 0.93 + 0.11 0.44 + 0.07 

aAll values are given as means + S.E. The compositional data are from 7 independent analyses, 
while the isotopic results are from 4 (in vivo) or 6 (in vitro) determinations. 

blncubations were conducted for 20-60 rain in the presence of  MnCI 2 (2 mM), inositol-3H 
(0.67-6~ mM), and 6.2 mg microsomal protein as described in Materials and Methods. 

CRelative specific activity is defined as the % of total radioactivity in the class, divided by the 
mole-% contribution of the class to the total mixture~ 

free inos i to l .  Al te rna t ive ly ,  i t  has  been  sug- 
gested t h a t  the  nuc leo t ides  m ay  s t imu la t e  
inos i to l  e n t r y  i n t o  m i c r o s o m a l  PI b y  e n h a n c i n g  
the  exchange  r eac t ion  (1,2) .  The  pu rpose  of  the  
work  descr ibed  he re in  was to  d e t e r m i n e  the  
l ikely m e c h a n i s m  by which  cy t id ine  nuc l eo t i de s  
e n h a n c e  t he  e n t r y  of inos i to l  i n t o  PI in ra t  l iver 
microsomes .  This  ques t i on  was a p p r o a c h e d  in 
pa r t  by  c o m p a r i n g  the  molecu la r  species of  PI 
f o r m e d  f r o m  free inos i to l  in the  presence  or  
absence  of  nuc l eo t ide  coenzymes .  F u r t h e r m o r e ,  
expe r imen t s  were c o n d u c t e d  to  def ine  the  na- 
tu re  of  the  p h o s p h o l i p i d  subs t r a t e  for  t he  
m i c r o s o m a l  exchange  reac t ion .  

MATERIALS AND METHODS 

Materials 

Myo-inos i to l -2-3H ( 2 8 0 0  m c / m m o l e ) ,  myo-  
inos i to l -U-14C (215 m c / m m o l e ) ,  cho l ine - l , 2 -  
14C chlor ide  (21 m c / m m o l e ) ,  and  e thano l -  
a m i n e - l ,  2-14C h y d r o c h l o r i d e  (6.3 m c / m m o l e )  
were  p u r c h a s e d  f r o m  the  New Eng land  Nuclear  

Corp. ,  Bos ton ,  Mass. F o r  t he  in  vi t ro  s tudies ,  
t he  rad ioac t ive  inos i to l  was d i lu ted  w i t h  un- 
labe led  carr ier  myo- inos i to l  (Ca lb iochem,  La 
Jolla,  Calif.). CTP and  CDP-chol ine  were  ob-  
t a ined  f r o m  Calb iochem.  Lip id  s t anda rds  for  
TLC were pu rchased  f r o m  Serdary  Research  
Labora to r i e s  ( L o n d o n ,  Onta r io ,  Canada)  and  
Appl ied  Science Labora to r i e s  (S ta te  College, 
Pa.).  All chemica ls  and  so lvents  were  of  analy t i -  
cal grade. 

Animals and Incubation Procedures 

The  animals  used in  these  s tudies  were  male  
Wistar  ra t s  weighing 1 5 0 - 1 7 0 g .  T h e y  were  
m a i n t a i n e d  as descr ibed  (9)  un t i l  sacrif iced.  F o r  
t he  in vivo expe r imen t s ,  t he  an imals  were in- 
j ec t ed  i n t r a p e r i t o n e a l l y  w i t h  50 /ac  of  a t r i t i a t ed  

inos i to l  so lu t i on  (0.3 rrd) and  kil led b y  cervical 
f r ac tu re  a f t e r  45 rain. When  cho l ine -14C or 
e t h a n o l a m i n e - 1 4 C  was used,  25 and  50 pc,  re- 
spect ively ,  were a d m i n i s t e r e d  60 min  pr io r  to  
t i m e  of  sacrifice. All  an imals  were sacrif iced 
a f t e r  fas t ing  fo r  17 h r  and  m i c r o s o m a l  f rac t ions  
were  p r e p a r e d  as descr ibed  e lsewhere  (9) .  

The  i n c u b a t i o n  m e d i u m  used to  s t u d y  the  
mic rosoma l  i n c o r p o r a t i o n  o f  myo- inos i to l  i n to  
p h o s p h a t i d y l i n o s i t o l  in  the  p resence  of  cy t id ine  
nuc leo t ides  was as fol lows unless  descr ibed 
o therwise  in the  t ex t .  The  m e d i u m  c o n t a i n e d  50 
mM p h o s p h a t e  bu f f e r  (pH 7.4) ,  2 mM MnC12, 
0 .67-1 .67  mM myo- inos i to t -3H (2-7 x 105 cpm)  
or  0 .67-1 .67  mM myo- inos i to l - I  4C, 2 mM CTP 
or  2 mM CDP-chol ine ,  and 1.3-6.2 mg micro-  
somal  p r o t e i n  in a to t a l  vo lume  of  1.5 ml.  The  
r eac t i on  was s t a r t ed  by  t he  add i t i on  of enzyme ,  
and  usual ly  was c o n d u c t e d  for  60 rain  at 37 C. 

Lipid Analyses 

At the  end  of  t he  i n c u b a t i o n ,  the  l ipids were  
e x t r a c t e d  i m m e d i a t e l y ,  a n d  the  indiv idual  phos-  
pho l ip ids  were  i so la ted  us ing m e t h o d s  s imilar  to  
those  ou t l i ned  previous ly  (9) .  A l iquo t s  of  the  
pur i f ied  l ipid ex t rac t ,  as well  as the  uppe r  
aqueous  phase ,  also were t a k e n  for  measure-  
m e n t  of  r ad ioac t iv i ty  (9)  in  Aquaso l  (New 
Eng land  Nuclear  Corp.) .  The  molecu la r  species 
of  PI were  sepa ra t ed  by  means  of  a rgena t ion  
TLC in to  m o n o e n o i c  plus dienoic ,  t r i enoic ,  
t e t r aeno ic ,  and  p o l y e n o i c  (>  t e t r aeno ic )  sub-  
classes (10) .  The  var ious  f r ac t ions  were  visual- 
ized u n d e r  u l t rav io le t  l ight ,  e lu ted  f r o m  the  
silica gel, and  the  associa ted  rad ioac t iv i ty  was 
d e t e r m i n e d  b y  sc in t i l l a t ion  c o u n t i n g  (9-11) .  In 
o t h e r  expe r imen t s ,  PI f r o m  u n i n c u b a t e d  micro-  
somes  was sepa ra t ed  i n to  its respect ive  species 
and  the  f a t ty  acid c o m p o s i t i o n  of  the  t o t a l  PI 
plus the  indiv idual  f rac t ions  were d e t e r m i n e d  by  
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FIG. I. The effect of cytidine triphosphate (CTP) 
and cytidine diphosphate choline (CDP-choline) on 
the incorporation of inositol into phosphatidylinosi- 
tol. Incubation mixtures contained MnC12 (2 raM), 
inositol-3H (1.67 raM), and 6.2 mg microsomal pro- 
tein. �9 = No added cytidine nucleotide; * = CTP 
added; ~ = CDP-choline added. 

quantitative GLC (9) after transmethylation of 
the eluted phosphatides with 6% H2SO 4 (by 
vol) in methanol at 75 C in the presence of 
known amounts of pentadecanoic acid as inter- 
hal standard. Statistical analyses were con- 
ducted using Student's t-test (I 2). 

In some experiments, aliquots of the upper 
phase of total lipid extracts were concentrated, 
a suitable carrier added (free inositol, glycero- 
phosphorylinositol, etc.), and free inositol was 
separated by means of TLC on Silica Gel G 
u s i n g  double development in chloroform: 
methanol:acetic acid:water (50:25:7:3)  as the 
solvent (13). Staining of appropriate markers 
applied to the outer edges of each chromato- 
gram was affected by spraying with silver ni- 
trate solution (14) after removing correspond- 
ing regions, which contained the radioactive 
samples, for scintillation counting. 

R E S U L T S  

Table I gives the quantitative contribution of 
tile various chemical classes to the total PI iso- 
lated from rat liver microsomes. The monoenes 
plus dienes, trienes, tetraenes, and polyenes 
represented 9, 10, 67, and 14%, respectively, of 
the total PI. The proportions of the four sub- 
classes and their fatty acid compositions were 
in excellent agreement with other work (9). 
Table I also gives the percentage distribution of 

Chol ine 

FIG. 2. The effect of various metal ions on the 
incorporation of inositol into phosphatidylinositol in 
the presence or absence of cyfidine nucleotides. 
MnC12, MgC12, or CaCI 2 was added at 2 mM. Incuba- 
tion mixtures also contained inositol-JH (0.67 mM) 
and 6.2 mg microsomal protein. Incubation time was 
60 min. 

radioactive inositol among the various molecu- 
lar species of microsomal PI of rat liver both in 
vivo and in vitro. In confirmation of earlier in 
vivo studies (9,10), the early entry of labeled 
inositol into microsomal PI resulted in most of 
the total radioactivity being associated with 
monOenoic plus dienoic (36%) and tetraenoic 
(48%) molecules, with lesser amounts in tri- 
enoic (4%) and polyenoic species (13%). In con- 
trast, 83% of the total radioactivity was asso- 
ciated with tetraenoic PI when inositol-3H was 
incubated with rat liver microsomes in the 
presence of MnC12 using phosphate buffer. 
These latter distributions were in close agree- 
ment with those observed when Tris-HC1 buffer 
(50 mM, pH 7.4) was used under otherwise 
similar conditions (9). The relative specific 
activity of the tetraenoic species labeled by the 
Mn 2+ stimulated entry of inositol-aH in vitro 
was 2-3 times that for all other subfractions, 
while  the  in vivo e x p e r i m e n t s  p r o d u c e d  
monoenoic  plus dienoic molecules with a 
specific activity 4-11 times all other fractions. 

The effect of added CTP or CDP-choline on 
the Mn2+ stimulated entry of free inositol into 
PI as a function of incubation time is plotted in 
Fig. 1. The presence of either cytidine nucleo- 
tide at 2 mM in phosphate buffer caused a 
3.5-4-fold increase in the rate of inositol incor- 
poration into PI. A similar stimulatory effect of 
these compounds has been reported with no 
added phosphatidate using microsomal systems 
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TABLE II 

Distribution of Inositol-3H among Molecular Species of Mierosomal 
Phosphatidylinositol Following Incubation with CTP or CDP-Choline a 

Chemical 
classes 

Additions to incubation medium 

None cTpb CDP-choline b 

Monoenes + 3.9 +- 0.3 7.2 +- 1.5 6.0 +- 1.9 
Dienes 

Trienes 6.9 --- 0.5 6.3 -+ 0.3 6.6 -+ 1.3 
Tetraenes 83.0 +- 0.7 77.7 + 1.5 c 80.5 + 2.7 
Polyenes 6.2 -+ 0.9 8.8 + 0.7 6.9 + 0.7 

aConditions as described in footnote to Table I and Materials and Methods. Results are 
given as means -+ S.E. for 6, 6, and 5 experiments in the case of no addition, CTP, or 
CDP-choline treatments, respectively. 

bCTP = cytidine triphosphate; CDP-choline = cytidine diphosphate choline. 
CSignificantly different (P<0.05) from value in corresponding chemical classes obtained 

under conditions where no cytidine nucleotide was added to the incubation medium~ 

f r o m  var ious  m a m m a l i a n  t issues (1 ,2 ,5 ,8) .  
Paulus  a n d  K e n n e d y  (1)  observed  a 4-5 fold 
s t i m u l a t i o n  by  CTP and  CDP-chol ine  us ing 
p h o s p h a t e  buf fe r ,  whi le  on ly  a 15% enhance -  
m e n t  was f o u n d  w i th  a d d e d  CTP in  Tris buf fe r .  

Figure 2 i l lus t ra tes  the  e f fec t  of  add ing  
various meta ls  o n  inos i to l  i n c o r p o r a t i o n  i n t o  PI 
in  t he  presence  or absence  o f  cy t id ine  nuc leo-  
t ides.  In t he  p resence  o f  CTP or  CDP-chol ine ,  
the  ra tes  obse rved  w i t h  added  Mn 2+ were 15 
t imes  greater  t h a n  t hose  o b t a i n e d  w h e n  this  
m e t a l  was o m i t t e d .  Mg 2+ was f o u n d  to  be on ly  
11-14% as ef f ic ient  as Mn 2+ in  s t imu la t ing  
inos i to l  e n t r y  i n to  PI w h e n  i n c u b a t e d  w i t h  cyti-  
d ine  nuc leo t ides ,  whi le  Ca 2+ was essent ia l ly  in- 
e f fec t ive .  The  p re fe ren t i a l  e n h a n c e m e n t  o f  
inos i to l  i n c o r p o r a t i o n  b y  Mn 2+ in the  absence  
of  cy t id ine  nuc leo t ides  has  b e e n  obse rved  pre-  
viously (6).  

Table  II gives the  pe rcen tage  d i s t r i bu t i on  of  
rad ioac t ive  inos i to l  a m o n g  t he  var ious  molecu-  
lar  species of  PI w h e n  ra t  l iver mic rosomes  were  
i n c u b a t e d  in  the  absence  or  in  the  p resence  of  
CTP or  CDP-chol ine.  Over 96% of  t he  radio-  
ac t iv i ty  i n c o r p o r a t e d  i n t o  mic rosoma l  l ipid was 
associa ted  w i t h  PI as revealed by  TLC. The  dis- 
t r i b u t i o n s  observed  in t he  p resence  o f  e i the r  
cy t id ine  nuc l eo t ide  were  very s imilar  to  t he  dis- 
t r i b u t i o n s  observed  w h e n  these  nuc leo t ides  
were  o m i t t e d  f r o m  the  i n c u b a t i o n  m e d i u m .  
S t a t i s t i c a l  analysis  revealed no  s igni f icant  
( P > 0 . 0 5 )  d i f ferences  f r o m  con t ro l  i n c u b a t i o n s  
(no  a d d e d n u c l e o t i d e )  in all bu t  one  case. In this  
l a t t e r  case, the  d i f ference  was n o t  s t rongly  sig- 
n i f i can t  (P = 0.01).  

To provide  f u r t h e r  ins ight  in to  the  mecha-  
n i sm  by  w h i c h  CTP and  CDP-chol ine  e n h a n c e d  
t he  e n t r y  of  inos i to l  i n t o  m i c r o s o m a l  PI, chase 
e x p e r i m e n t s  were c o n d u c t e d  b y  i n c u b a t i n g  

mic rosomes  w h i c h  c o n t a i n e d  inos i to l -3H in the  
PI w i t h  un l abe l ed  inos i to l  p lus  Mn2 + and  e i the r  
o f  t he  t w o  nuc leo t ides .  The  resul ts  f r o m  such  
e x p e r i m e n t s  are r e p o r t e d  in Fig. 3. There  was a 
s teady  increase  in t he  a m o u n t  o f  r ad ioac t iv i ty  
appea r ing  in t he  u p p e r  aqueous  phases  of  l ipid 
ex t r ac t s  w i t h  increas ing  i n c u b a t i o n  t imes  up  to  
60  min.  These  resul t s  at all t imes  agreed very  
closely (w i th in  25%, n = 10) w i t h  t hose  ob-  
t a i n e d  b y  measur ing  the  d i sappearance  o f  
inos i to l -3H in  PI f r o m  the  lower  c h l o r o f o r m  
phase  of  t o t a l  l ipid ex t rac t s .  Of t he  radioac t iv-  
i ty  present  in  t he  con t ro l  samples  (un incu-  
b a t e d )  103.4  ~ 0.7% ( m e a n  -+ S.E., n = 10) was 
recovered  in t he  lower  plus  u p p e r  phases  af te r  
i n c u b a t i o n  fo r  var ious t imes .  TLC analyses 
s h o w e d  t h a t  an  average of  78% or  more  o f  t he  
wa te r  so luble  r ad ioac t iv i ty  re leased i n to  the  
u p p e r  phase  of  l ip id  ex t r ac t s  mig ra t ed  w i t h  free 
inos i to l  (R f  = 0 .28) .  Previous  w o r k  w i t h  radio-  
active mic rosomes  f rom the  pig t h y r o i d  gland 
(15)  or  rat  b r a in  (16) ,  w h i c h  c o n t a i n e d  PI 
labe led  wi th  32p  and  inos i to l -3H,  revealed t h a t  
i n c u b a t i o n  o f  such  p repa ra t i ons  w i t h  n u c l e o t i d e  
c o e n z y m e s  a n d  u n l a b e l e d  inos i to l  resu l ted  in a 
large loss of  inos i to l - aH,  bu t  n o t  32p ,  f r o m  the  
m i c r o s o m a l  phospho l ip id .  

Table  III  gives t h e  ef fec t  of  var ious cofac to rs  
o n  the  loss of  r ad ioac t iv i ty  f r o m  m i c r o s o m a l  PI 
labeled  wi th  inos i to l -aH.  Maximal  release of  
r ad ioac t iv i ty  f r o m  this  p h o s p h o l i p i d  occu r r ed  
in  t he  presence  of  inos i to l  plus Mn 2 + plus CTP 
or  CDP-chol ine .  When  any  one  o f  these  four  
cofac to rs  was o m i t t e d ,  t he  t o t a l  r ad ioac t iv i ty  
released was on ly  10-30% of  t h a t  obse rved  
w h e n  inos i to l  plus  Mn 2+ plus t he  nuc l eo t ide  
c o e n z y m e  were p resen t .  Junga lwa la  (16)  ob-  
served a loss of  rad ioac t ive  inos i to l ,  b u t  n o t  
p h o s p h a t e ,  f r o m  PI in  r a t  b ra in  mic rosomes  
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FIG. 3. The release of radioactivity from micro- 
somal phospbatidylinositol-3H in relation to time in 
the presence of cytidine nucleotides. Incubation mix- 
tures contained MnC12 (2 mM), unlabeled inositol 
(0.67 mM), cytidine nucleotide (2 mM), and micro- 
somes (.4.2 mg protein) labeled with phosphatidyi- 
inositol-JH (9310 cpm/mg protein). Incubation time 
was 60 min. * = CTP added; * = CDP-choline added. 

when  nuc leo t ide  coenzymes  plus inosi tol  were 
added to the  incuba t ion  medium.  Mn 2+ and 
phosphate  buf fe r  were emp loyed  in the  present  
invest igat ion;  Jungalwala ( 1 6 ) u s e d  Mg 2+ and 
Tris buffer .  

Chase exper iments  similar to  those given in 
Table 1II were also conduc t ed  using labeled 
microsomes conta in ing chol ine -14C in phospha-  
tidylcholine or  ethanolamine - t4C in phospha-  
t idy le thanolamine .  Table IV gives the results 
f rom a series o f  exper iments  using these la t te r  
microsomal  preparat ions.  In all exper iments ,  
near  maximal  release of  radioact iv i ty  f rom 
phosphol ipid  labeled with chol ine -14C or etha- 
no lamine - t4C  was consis tent ly obta ined  when 
Mn 2+ plus cyt idine nucleot ide  were added to 
the incubat ion  medium.  Omission o f  Mn 2+, 
CTP, or  CDP-choline decreased the amoun t  of  
to ta l  radioact ivi ty  released f rom microsomal  
phosphol ip id  by 43-73, 51-76, and 14-54%, re- 
spectively.  In the case of  microsomal  phospho-  
lipid labeled with  choline -14C, the  omission o f  
free inosi tol  f rom incubat ion  mixtures  did no t  
significantly affect  the  amoun t  of  radioact ivi ty  
released in the presence o f  Mn 2 + plus CTP or  
CDP-choline. The addi t ion o f  free chol ine 
in certain exper iments  did no t  increase the  
radioact iv i ty  that  was lost, but  actually caused 
a 25% inhib i t ion  as compared  to  controls.  In 
exper iments  similar to  those  in Fig. 1, the rates 
of  inosi tol  en t ry  in to  PI wi th  the  microsomal  
preparat ions  of  Table IV were found no t  be 
s i g n i f i c a n t l y  different  f rom other  results 
(Fig. 1) and were no t  affected by the presence 
of  free choline.  When microsomes conta ining 

TABLE III 

Requirements for Release of Radioactivity from 
Microsomal Phosphatidylinositol- 3H a 

% of lipid radioactivity 
Additions released 

MnCl2+inositol+CTpb 24.9 
MnCI2+CTP 8.4 
Inositol+CTP 2.6 
MnC12+inositol 4.8 

MnCl2+inositol+CDP-cholineb 22.0 
MnCl2+CDP-choline 3.2 
Inosit ol+C DP-choline 3.5 

alncubations were conducted for 60 min in the 
presence  of  MnCI 2 (2 raM), unlabeled inositiol 
(0.67rnM), and 4.2 nag microsornal protein (47.1 
nmoles PI/rng protein) containing 39,100 cpm. The 
specific activity of the total, rnonoenoic + dienoic, 
trienoic, tetraenoic, and polyenoic PI was 198, 804, 
75, 141, and 184 cprn/nrnole, respectively. Incubation 
of these microsomal preparations with inositol-14C 
rather than unlabled inositol under otherwise identical 
conditions gave rates of inositol entry into PI of 11o9 
and 9.5 nmoles/rng protein/hr in the presence of CTP 
and CDP-choline, respectively. 

bCTP = cytidine triphosphate; CDP-choline = cyti- 
dine diphosphate choline. 

phospha t idy le thanolamine-14C were used, a 
slight enhancemen t  in the amoun t  of  radioactiv- 
i ty  lost  (up to  13%) resulted when  free inosi tol  
was added to  the  incuba t ion  mixtures  contain- 
ing Mn2+ and cyt idine nucleot ides .  

DISCUSSION 

There  have been  a number  of  reports  in the  
l i terature (1,2,5) indicat ing that  added CTP and 
CDP-choline can greatly s t imulate  the en t ry  of 
free inosi tol  in to  PI, even though phosphat ida te  
is omi t t ed ,  when microsomes f rom various tis- 
sues are incubated  in the  presence of  divalent 
cations such as Mn 2+ or  Mg 2+. It has been 
speculated that  these effects  o f  nuc leo t ide  co- 
enzymes  may  ref lect  the de novo  synthesis of  
PI f rom endogenous  CDP-diglyceride,  which,  in 
turn,  could  be derived f rom endogenous  phos-  
phatidic acid (5), or f rom an enhancemen t  of  a 
microsomal  exchange react ion be tween  free 
inosi tol  and inosi tol  in phospholipid, which 
would  no t  provide  for  the  ne t  synthesis o f  PI 
(1). In the past, a dis t inct ion be tween  these two 
alternatives has been difficult .  The invest igat ion 
described herein  was par t ly  ini t ia ted to under-  
stand more  dea r ly  the  act ion o f  CTP and 
CDP-choline using a microsomal  prepara t ion 
f rom rat liver. 

The present  results indicate  that  the  Mn 2+ 
s t imulated en t ry  of  free inosi tol-3H in rat liver 
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TABLE IV 

Release of Radioactivity from Microsomes Containing Phosphatidylcholine-14C 
or Phosphatidylethanolamine- 14C a 

% Lipid radioactivity released from microsomes b 
Choline- 14 C Ethanolamine- 14 C 

Additions 1 c 2 1 2 

MnC12+inositol+CTP 8.0 5.3 6.6 
MnCI2+CTP 8.5 4.7 6.4 
Inositol+CTP 3.5 2.2 
MnC12+inositol 2.1 3.0 2.6 

MnCI 2+inositol+CDP-choline 3.7 3.5 5.6 7.0 
MnC12+CDP-choline 3.4 3.8 5.0 6.4 
Inositol+CDP-choline 2.1 1 .S 

MnCI 2+in osit ol+C D P-choline+ choline 2.8 
MnC12+inositol+choline 2.3 

aThe conditions in experiment 1 were identical to those described in footnote to Table 
III, except that microsomes contained choline-14C or ethanolamine-14C rather than inositol- 
3H. In experiment 2, 1.3 mg microsomal protein and 13.3 mM inositol (choline-14C) or 5.3 
mg microsomal protein and 1.33 mM inositol (ethanolamine-14C) were employed. Free 
choline was added at 0.67 mM. 

bThese preparationsi4 contained 17,970 and 11,340 cpm/mg protein" of choline-14C and 
ethanolamine- C, respectively. Of the microsomal choline-14C and ethanolamine-14C, 93 
and 89% were associated with phosphatidylcholine and phosphatidylethanolamine, re- 
spectively. 

CExperiment number. 

microsomes,  as s tudied in the  absence of  cyti- 
dine nucleot ides ,  produces  labeled PI in which  
most  of  the  radioact iv i ty  (83%) is associated 
with  te t raenoic  species. However ,  most  of  the  
radioact ivi ty  appearing in microsomal  PI soon 
after the  adminis t ra t ion  of  inosi tol-3H in vivo 
was located in m o n o e n o i c  plus dienoic  (36%) 
and te t raenoic  (48%) species. These and o the r  
in vivo exper iments  wi th  radioactive inositol ,  
glycerol ,  and o r thophospha te  (10,11) conf i rm 
and ex tend  an earlier claim (9) tha t  a major  
por t ion  o f  the free inosi tol  enter ing PI in vivo 
apparent ly  does so by way of  de novo synthesis 
according to  established schemes (1,2),  rather  
than  by the  Mn 2+ s t imulated exchange in rat 
liver microsomes.  Fur the rmore ,  the present  re- 
suits show tha t  the  distr ibut ions of  radioactiv- 
i ty  among  the  molecular  species of  PI, af ter  in- 
cubat ing microsomal  preparat ions  wi th  inositol-  
3H and CTP or CDP-choline,  were a lmost  iden- 
t ical  to  those  p roduced  by the Mn2+ s t imulated 
exchange react ion,  even though  these nucleo-  
tides greatly enhanced the  rate of  inosi tol  en t ry  
in to  PI. Whereas inosi tol  was incorpora ted  pre- 
dominan t ly  in to  a rachidonoyl  molecules  by the 
exchange react ion,  the de novo  synthesis of  PI 
in rat l iver apparent ly  gives rise to a mix ture  of  
m o n o e n o i c  plus dienoic,  as well  as t e t raenoic  
species, based on the present  and earlier find- 
ings (11,17).  Under  the present condi t ions ,  
therefore ,  CTP and CDP-choline appear to  en- 
hance inosi tol  incorpora t ion  in to  liver phospho-  

lipid by s t imulat ion of  the exchange react ion,  
as has been  suggested (1). Pro t tey  and Haw- 
thorne  (5) found  no requi rement  for added 
phosphat id ic  acid for  the incorpora t ion  of  
inosi tol  in to  PI in the presence of  CTP using 
microsomes f rom guinea pig pancreas. It was 
suggested that  the endogenous  concent ra t ion  of  
phosphat id ic  acid in the microsomes may have 
been suitable for  enzyme  act ivi ty (5). It is un- 
l ikely that  such a mechanism is of  major  signifi- 
cance under the present condi t ions  when CTP 
or CDP-choline were added because arachi- 
donoy l  species represent  ca. 14% of  the total  
phosphat id ic  acids in rat l iver (18,19),  whereas 
te t raenoic  species conta ined  78-81% of the  
radioact ive inosi tol  enter ing PI. Fur the rmore ,  a 
h ighly  specific en t ry  of  phosphat id ic  acid 
molecu les  conta in ing arachidonic  acid in to  
hepat ic  PI does no t  appear  to  be suppor ted  by 
the  results of  Akino  and Shimojo  (17). In addi- 
t ion ,  CTP and CDP-choline were almost  equal ly  
effect ive  in s t imulat ing inosi tol  incorpora t ion  
(Fig. 1) while CTP has been found  to be much  
more  effect ive than CDP-choline in p romot ing  
the  conversion of  glycerol-3-phosphate  in to  PI 
in liver (1) o r  phosphat id ic  acid in to  PI in brain 
(2). 

The chase exper iments  wi th  rnicrosomes 
conta ining PI-inositol-3H gave results analagous 
t o  those  for  inosi tol  en t ry  in to  PI. The  depen- 
d e n c y  on  Mn 2+, cyt id ine  nucleot ide ,  and 
inosi tol  for  m a x i m u m  release of  radioact ivi ty  

LIPIDS, VOL. 10, NO. 8 



METABOLISM OF PHOSPHATIDYLINOSITOL 489 

from PI and the relative response to CTP or 
C D P - c h o l i n e  (Table lII) indicates a close 
similarity to the incorporation results in Figs. 1 
and 2. It should be pointed out, however, that 
the small amounts of radioactivity lost from 
microsomal PI in the absence of added inositol 
may be due to the partial degradation of  CTP 
and CDP-choline to cytidine monophosphate 
(CMP) by these enzyme preparations. This 
degradation could cause a reversal of  the path- 
way leading to the de novo biosynthesis of PI as 
follows: 

CMP + phosphatidylinositol ~ CDP-diglyeeride + 
inositol 

H o w e v e r ,  the optimal loss of  radioactive 
inositol from PI in the presence of Mn2+ and 
c y t i d i n e  n u c l e o t i d e ,  o r  i ts degradation 
products, is dependent upon added inositol. 
This suggests the operation of the following 
overall reaction: 

Inositol + phosphatidylinositol.3H ~ inositol.3H + 
phosphatidylinositol 

The possibility that membrane bound phospha- 
tidic acid or CDP-diglyceride derived from PI 
could serve as intermediates in this exchange 
(15) cannot be excluded at present. The chase 
experiments reported herein are somewhat 
comparable to those using microsomes from the 
thyroid gland of  the pig (15) and from rat brain 
(16). In the latter studies, microsomal phospho- 
l i p i d s  l abe led  with inositol-3H and 32p. 
phosphate were found to release only the 
inositol-3H label upon incubation with CTP and 
nonradioactive inositol. However, Mg2 +, in- 
stead of  Mn2+, and Tris-HC1, rather than phos- 
phate buffer, were used in these experiments 
(15,16). These different conditions render a 
direct comparison more difficult. 

The results reported in Table IV indicate no 
enhancement of choline-14C release, and only 
slight stimulation of ethanolamine-14C release 
from microsomal phospholipid due to the addi- 
tion of free inositol, in the presence of Mn 2+ 
and cytidine nucleotide. In contrast, the release 
of inositol-3H from microsomal PI was marked- 
ly stimulated under identical incubation condi- 
tions (Table III). These findings strongly sug- 
gest, therefore, that PI, rather than phospha- 
tidylcholine or phosphatidylethanolamine, is 
the preferred substrate for the Mn 2 + stimulated 
entry of  inositol into PI in the presence of  CTP 
or CDP-choline. The radioactivity lost from 
phospha t idy lcho l ine -14C and phosphatidyl- 
ethanolamine-14C in the presence of  Mn 2+ and 
cytidine nucleotides or their degradation prod- 
ucts may reflect the back reaction of  the 
CDP-choline: 1,2-diacylglycerol cholinephospho- 

transferase and CDP-ethanolamine:l,2-diacyl- 
glycerol ethanolaminephosphotransferase re- 
spectively (20). 

The data in Table III permit a comparison of 
the amount of inositol incorporated into PI 
with that released during incubation of  micro- 
somes with free inositol plus Mn 2+ plus CTP or 
CDP-choline. If the amount of  inositol lost 
from the various molecular fractions of  PI is 
proportional to the percent distribution of  new- 
ly incorporated inositol among the correspond- 
ing fractions following incubation, the follow- 
ing holds true: 

Sum of cpm lost from 4 subfractions/mg protein/hr = 
2,318 (for CTP) 

Cpm lost from each subfraction/mg protein/hr = 
x . 10-'--0 y �9 z, where 

x = % of total radioactivity in fraction (in vitro data, 
Table II), 

y = specific activity of fraction in cpm]nmole (Table 
III), 

z = nmoles of inositol released from total Pl/mg pro- 
tein/hr. 

Thus, for the incubations containing Mn2+ + 
inositol + CTP (Table III), 

7.2(804) + 6.3(75) + 77.7(141) + 8.8(184)z = 2,318. 
100 

Solution of  the above gives z = 12.3, while for 
CDP-choline, z = 11.4 nmoles/mg protein/hr.  
These results are in agreement with the incor- 
poration studies which gave values of  11.9 and 
9.5 nmoles/mg protein/hr for inositol entry in 
the presence of CTP and CDP-choline, respec- 
tively. These calculations add support to the 
concept that the entry of free inositol into 
microsomal PI in the presence of  Mn 2+ and 
CTP or CDP-choline as studied herein is mainly 
via an exchange reaction with inositol bound to 
phospholipid. 
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Response of Lipogenesis and Fatty Acid Synthetase to Physical 
Training and Exhaustive Exercise in Rats 1 
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ABSTRACT 

The effect of physical training and ex- 
haustive exercise on fat ty  acid synthesis 
in rat liver and adipose tissue has been 
investigated. Exercise training (treadmill  
running) significantly (P<0.05)decreased 
body wt, epididymal fat pad wt, adipo- 
cyte size, and hepatic fat ty  acid syn- 
thetase activity. Training did not signifi- 
cantly affect adipose tissue cell number,  
lipogenesis from glucose-U-14C, or fat ty 
acid synthetase. Exercise to exhaustion 
immediately prior to sacrifice significant- 
ly (P<0.05) decreased lipogenesis from 
glucose-U-14C and fat ty acid synthetase 
in adipose tissue from trained but not un- 
trained rats. Liver fat ty  acid synthetase 
was not significantly influenced by ex- 
haustive exercise. The results of this 
study indicate that rats may adapt to 
physical training by decreasing adipose 
tissue lipogenesis during exhaustive exer- 
cise. This adaptat ion in energy metabo- 
lism may facilitate physically trained ani- 
mals in conserving blood glucose during 
exhaustive exercise, thereby prolonging 
endurance. 

INTRODUCTION 

During prolonged nonexhaustive exercise, 
physically trained individuals derive a greater 
proport ion of  their energy from the oxidat ion 
of fat than do sedentary individuals performing 
at similar workloads (1). The enhanced abili ty 
to oxidize fat ty acids is believed to  be a bio- 
chemical adaptat ion to physical training that 
permits an exercising animal to conserve crucial 
carbohydrate stores. Fa t ty  acids oxidized during 
exercise can be of either dietary or de novo 
origin. Regardless of source, the majori ty of 
these fat ty acids are provided by mobilization 
from adipose tissue depots (2). Previous investi- 
gations have indicated that  the increased ener- 
getic demands imposed upon adipose tissue by 
daily exercise training increases the turnover 
rate of adipose tissue fat ty  acids almost 2-fold 
(3). The increased turnover rate of adipose tis- 

1present address: Biochemistry Department, 
School of Medicine, East Carolina University, Green- 
ville, North Carolina 27834. 

sue fa t ty  acids in also reflected by an increased 
mobilization (4-6) and esterification (7) capac- 
i ty of adipose tissue from physically trained 
subjects. 

While the effect of  exercise and training on 
the degradation of lipids is wel l 'documented  
(1), the effect of exercise and training on fat ty  
a c i d  synthesis has received less at tention.  
Simko, et al., (8) reported that rats physically 
trained by  swimming appeared to divert acetate 
from hepatic fa t ty  acid synthesis to cholesterol 
synthesis. Experimental evidence documenting 
the effect of  exercise on adipose tissue lipo- 
genesis is lacking. However, several reports on 
other types of stress, including whole body cen- 
trifugation (9) and cold exposure (10), have 
been published. Feller, et al., (9) found that  rats 
stressed by centrifugation had an increased rate 
of adipose tissue lipogenesis, and suggested that  
when adipose tissue is yielding lipids into the 
blood, it is also synthesizing greater amounts of  
fat ty  acids. This concept is further supported 
by studies demonstrating that  cold acclimated 
rats utilizing large quantities of fat ty acids for 
thermogenesis have an accelerated rate of adi- 
pose lipogenesis from acetate (10). 

Because definitive experimental  results con- 
cerning the effect of exercise on fatty acid 
synthesis by adipose tissue and liver are lacking, 
the present study was conducted to test the 
effect of long term physical training and ex- 
haustive exercise on fat ty  acid synthesis in the 
rat. Lipogenesis from glucose was assayed as a 
metabolic indicator of the overall pathway of  
fat ty acid synthesis. Fa t ty  acid synthetase was 
assayed as an index enzyme, because it has been 
shown to respond to diet and starvation 
(11,12), two conditions known to affect fa t ty  
acid synthesis. 

MATERIALS AND METHODS 

The data presented in this paper are from 
two experiments,  designated I and II. Experi- 
ment I tested the effect of exercise training 
(chronic exercise of long duration) and exhaus- 
tion (a single occurrence of exhaustive exercise) 
on the total  lipid synthetic capacity of adipose 
tissue slices from glucose. Experiment II tested 
the effect of  training and exhaustion on the 
activity of hepatic and adipose tissue fat ty acid 
synthetase. 
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Experiment1. Male Carworth CFN rats, 5 
weeks of age, weighing 85-105 g, were divided 
initially into two groups, designated trained and 
untrained. Trained rats were exercised five days 
per week on a motor driven treadmill (Quinton 
Instrument Co., Seattle, WA) for 13 weeks 
prior to sacrifice. The duration and intensity of 
the  exe rc i s e  were progressively increased 
throughout the experimental period until  the 
rats were running 120 min/day at 29.5 m/min, 
a t - an  8% grade, with a 30 sec sprint (53.6 
m/min) interposed every 10 min. Untrained rats 
remained sedentary in their cages for the dura- 
tion of the experiment, except for a brief 
period of familiarization running (5 rain/day) 
on the treadmill during the week prior to sacri- 
fice. Commercial lab chow (Wayne Lab Blox, 
Allied Mills, Chicago, IL) and water were sup- 
plied ad libitum throughout the experiment. 
Throughout the training period, lighting was 
regulated to provide 12 hr of light and 12 hr of 
darkness. Room temperature was maintained at 
20 C. 

One-half of the rats in each group were sacri- 
ficed by decapitation immediately after running 
to exhaustion on the treadmill, and the remain- 
der were sacrificed at the same time in the 
rested state (48 hr since last exposure to exer- 
cise). Trained rats were exhausted at 43.9 
m/min and untrained rats at 20.1 m/rain. 
Trained rats could run ca. 200 min and un- 
trained rats ca. 80 rain before exhaustion oc- 
curred at these workloads. Rats had to be ex- 
hausted at different workloads because trained 
rats would not exhaust readily at 20.1 m/min, 
and untrained rats would not run at 43.9 
m/rain. Rats were judged to be exhausted when 
they refused to run following electrical stimula- 
t ion and exhibited deep body rectal tempera- 
tures of ca. 41 C. 

Immediately following sacrifice, both epi- 
didymal fat pads were removed and rinsed in 
0.15 M KC1. One fat pad was utilized for the 
determination of adipocyte cell numbers and 
cell size, while the remaining fat pad was used 
for lipogenesis studies. A portion of one fat pad 
was homogenized in 4 volumes of 0.15 M KC1 
and centrifuged 600 g for 10 min. The resulting 
infranatant was filtered through 2 layers of 
cheesecloth and analyzed for protein by an 
automated Lowry procedure (13). Fat cells 
were isolated following collagenase digestion as 
described by Therriault, et al., (14). Cell num- 
bers were estimated by measuring the DNA 
content of the isolated washed fat cells, as de- 
scribed by Novak and Monkus (15). The triglyc- 
eride content of the isolated fat cells was 
determined by a semiautomated fluorometric 
procedure (Technicon auto analyzer method 
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file N-78 a I/II, Technicon Instruments Corp., 
Tarrytown, N.Y.). Cell size is expressed as r/g 
triglyceride/cell. 

Fat pads used in the lipogenesis incubations 
were sectioned to obtain representative samples 
(100-200 mg/sample), and incubated in tripli- 
cate in siliconized 25 rrfl glass vials. Each vial 
contained bovine insulin (0.1 International Unit 
[ IU]/ml) ,  penicillin G (50 IU/ml), strepto- 
mycin (0.5 mg/ml), and/3-D glucose (5 mM con- 
taining 0.3/aCi/ml of /3-D glucose-U -14C [New 
England Nuclear, Boston, MA, 183 mCi/mM] 
in 3.0 ml Ca++-free Krebs Ringer bicarbonate 
buffer (pH 7.4). The vials containing the tissue 
slices were gassed with 95% 02:5% CO2, 
stoppered and incubated in a metabolic shaker 
at 90 cycles/rain for 2 hr, 38 C. The reaction 
was terminated by quick freezing the reactants 
in a dry ice-acetone bath. The fat pads then 
were extracted by a Folch wash procedure (16) 
and the lipid extract was counted for 14 C in a 
liquid scintillation counter with external stan- 
dardization to correct for quenching. Results 
are expressed as r/moles glucose-U-14C con- 
verted to lipid per 2 hr per 106 cells, per mg 
protein, or per fat pad per unit  metabolic body 
size (MBS = body wt in Kg0.734). 

The results were analyzed for significant dif- 
ferences by the Neuman-Keul's procedure (17). 
The level of significance chosen was P<0.05. 
All values are shown as the mean • the standard 
error of the mean (X • SEM). 

Experiment I1. Male Sprague Dawley rats 
weighing an average 220 g were fed a commer- 
cial lab chow (Wayne Lab Blox, Allied Mills, 
Chicago, IL) ad libitum and subjected to 
6 weeks of intensive treadmill running. At the 
end of 6 weeks of training, rats were running 35 
m/min for 60 rain/day, 5 days/week, at a 7.5% 
grade. Untrained rats were exhausted at 15 
m/min, 0% grade, while trained rats were ex- 
hausted by running at 35 m/rain, 7.5% grade 
for 2 hr, then increasing the grade to 12% until 
exhaustion occurred. At these workloads, un- 
trained rats could run ca. 50 rain and trained 
rats 140 min before exhaustion occurred. 

Rats were sacrificed as described in Experi- 
ment I, and liver and epididymal adipose tissue 
removed and homogenized for 30 seconds with 
a VirTis homogenizer (The VirTis Co., Gar- 
diner, N.Y.) in 3 volumes of 0.05 M potassium 
phosphate buffer, pH 7.4, containing 1 mM di- 
thiothreitol and 1 mM EDTA. The homogenate 
was centrifuged 105,000 x g for 60 min. The 
105,000 x g supernatant was filtered through 
glass wool and assayed for fatty acid synthetase 
(FAS) by the method of Plate, et al., (18). FAS 
was measured spectrophotometrically by fol- 
lowing the decrease in absorbance at 340 rim 
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TABLE I 

Effect of Physical Training and Exhaustive Exercise on Body Wt, Epididymal Adipose Tissue Wt, 
Cell Size, Cell Number, Protein Content, and Lipogenesis, Experiment I 

Physical condition a 

Untrained Trained 

Measurement Rested Exhausted Rested Exhausted 

Body wt, g 404 + 91 404 + 81 286 + 92 303 + 92 
(16) ~ (16) (16) (16) 

Fat pad wt, g 3.9 +- 0.21 3.7 -+ 0.21 1.5 -+ 0.12 1.8 + 0.22 
(16) (16) (16) (16) 

Adipocyte size, 199 +- 501 210 -+ 531 86 • 122 83 + 122 
~?g triglyceride/eell (16) (16) (16) (16) 

Adipose tissue cell numbers, 15.9 + 2.01 14.7 -+ 1.81 12.7 + 1.91 12.8 + 1.71 
adipocytes/fat pad x 10 -6 (16) (16) (16) (15) 

Adipose tissue 600 x g 13.0 +- 1.41 11.6 -+ 1.41,2 7.1 -+ 0.'/3 8.6 + 1.02, 3 
protein, rag~fat pad (15) (15) (16) (16) 

r/Moles glucose-U-14C converted 183 +- 131 241 + 401 209 -+ 261 103 + 232 
to lipid/2 h r / m ~ r o t e i n  (15) (15) 1 (15) (16) 

rTMoles glucose-U -~' C converted 139 + 181,2 147 -+ 221, 2 177 + 361 68 + 212 
to lipid/2 hr/106 ceils (14) (13) (15) (14) 

r/Moles glucose-U-14C converted 4237 -+ 2761 4358 -+ 3251 3780 + 3181 1892 -+ 3902 
to lipid/2 hr/fat pad/MBS b (16) (16) (15) (16) 

aValues shown are mean +- SEM; number of animals is in parenthesis. Rats were trained and exercised to ex- 
haustion and assays conducted as described under Materials and Methods. Means not sharing a common super- 
script are significantly different, P<0.05. 

bMBS = metabolic body size. 

resu l t ing  f r o m  n i c o t i n a m i d e  aden ine  d inucleo-  
t ide  p h o s p h a t e  (NADPH )  ox ida t i on  dur ing  fat-  
ty  acid synthes is .  The  r eac t ion  m i x t u r e  con-  
ra ined  75 mM po ta s s ium p h o s p h a t e ,  pH 6.5, 
10 mM d i th io th re i t o l ,  0 .14 mM NADPH,  0 .075 
m M  acety l -CoA,  and  0 .225  mM malony l -CoA 
wi th  vary ing  c o n c e n t r a t i o n s  of  1 0 5 , 0 0 0 x g  
s u p e r n a t a n t .  FAS act iv i ty  is expressed  as ~7 
moles  N A D P H  oxid ized  per  min  per  mg p ro te in ,  
per  g tissue, or  per  t issue per  un i t  m e t a b o l i c  
b o d y  size. Dif ferences  b e t w e e n  the  four  t rea t -  
m e n t  g r o u p s  ( t r a ined  res ted ,  t r a ined  exhaus t ed ,  
u n t r a i n e d  res ted ,  u n t r a i n e d  e x h a u s t e d )  were 
t e s t ed  by  the  Neuman-Keu l ' s  p r o c e d u r e  (17).  

RESULTS 

The resul ts  o f  E x p e r i m e n t  I are given in 
Table  I. T ra ined  rats  weighed  less t h a n  un-  
t r a i n e d  ra ts  and  possessed smal ler  e p i d i d y m a l  
fat  pads.  Adipose  t issue cell n u m b e r s  were  n o t  
s ignif icant ly  a f fec ted  by  t r a in ing  or  exhaus t i on .  
Glucose-U -14C i n c o r p o r a t i o n  i n to  l ip id  on  a per  
mg  p ro t e in ,  per  106 cells, or  pe r  fa t  pad  per  
MBS basis, i nd ica t ed  t h a t  l ipogenesis  was n o t  
s igni f icant ly  a f fec ted  by  t ra ining.  Exhaus t ive  
e x e r c i s e  was assoc ia ted  w i th  a s igni f icant  
( P < 0 . 0 5 )  decrease in l ipogenesis  in  t r a ined ,  b u t  
n o t  in  u n t r a i n e d  rats ,  w i th  all f o rms  of  da ta  
express ion.  

The resul ts  of  E x p e r i m e n t  II are s h o w n  in 
Tables  II and  III. As in E x p e r i m e n t  I, phys ica l  
t r a in ing  decreased  b o t h  b o d y  wt  and  fa t  pad  wt  

(Table  II).  Liver wt  (Tab le  III)  was n o t  a f fec ted  
by  t ra ining,  bu t  was decreased by  exhaus t ive  
exercise in  the  t r a i n e d  group of  rats,  p e rhaps  
due to  g lycogen dep le t ion  and  wa te r  loss. Liver  
( 1 0 5 , 0 0 0  x g) p r o t e i n  (Table  l I I )  was no t  
changed  by  t r a in ing  or exhaus t i on ,  b u t  adipose  
( 1 0 5 , 0 0 0  x g) p r o t e i n  (Table  II)  t e n d e d  to  be 
lower  in  t r a i n e d  res ted ,  and  h igher  in  t r a ined  
e x h a u s t e d  rats,  c o m p a r e d  to  the  o t h e r  groups.  
The  reason  for  these  var ia t ions  in p r o t e i n  was 
no t  apparen t .  Ad ipose  t issue FAS expressed  per  
mg p r o t e i n  (Table  II)  was n o t  a f fec ted  b y  t ra in-  
ing, b u t  was s igni f icant ly  ( P < 0 . 0 5 )  decreased 
by  exhaus t ive  exercise in  t r a ined  rats .  However ,  
if  ad ipose  t issue FAS was expressed  on  a per  g 
adipose  t issue or  per  fa t  pad  per  MBS basis,  n o  
s ignif icant  e x h a u s t i o n  ef fec t  was ev ident .  FAS 
act iv i ty  in  u n t r a i n e d  rats  was no t  s ta t i s t ica l ly  
a l t e r ed  by  exhaus t ive  exercise.  Liver  FAS 
(Table  I I I )  was s igni f icant ly  ( P < 0 . 0 5 ) l o w e r  in  
t r a i ned  rats,  bu t  was no t  a f fec ted  by  exhaus t ive  
exercise in  e i the r  u n t r a i n e d  or  t r a i n e d  groups.  

DISCUSSION 

The  me tabo l i c  ac t iv i ty  of  ad iposue  t issue has  
been  s h o w n  in n u m e r o u s  s tudies  to  be  inf lu-  
enced  by  b o t h  cell size and  cell n u m b e r s .  U n d e r  
t he  cond i t i ons  of  t he  p re sen t  s tudy ,  phys ica l ly  
t r a i ned  ra ts  t e n d e d  to  have less a d i p o c y t e s  per  
ep id idyma l  f a t  pad ,  b u t  t he  d i f fe rences  were 
no t  s ta t i s t ica l ly  s ignif icant .  These  resul t s  are in  
con t r a s t  to  a p rev ious  r epo r t  (19)  d e m o n s t r a t -  
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TABLE II 

Effect of Physical Training and Exhaustive Exercise on Body Wt, Fat Pad Wt, Adipose Tissue Protein, and 
Fatty Acid Synthetase Activity, Experiment II 

Physical condition a 

Untrained Trained 
Measurement Rested Exhausted Rested Exhausted 

Body wt, g 394 + 61 383 + 61 351 :~ 42 345 -+ 52 
Fat pad wt, g 4.3 + 0.31 3.4 +- 0.22 2.3 +- 0.13 2.3 +- 0.13 
Adipose tissue soluble protein, 6.8 + 0.71, 2 6.6 -+ 0.71,2 3.4 -+ 0.31 9.0 -+ 1.62 

mg/g tissue 
Fatty acid synthetase 

z/Moles/min/mg protein 4.6 + 0.91, 2 3.6 -+ 0.31 5.9 + 0.62 2.8 + 0.31 
~Moles/min/g tissue 8.6 + 0.91 9.6 -+ 1.51 11.4 +- 1.51 15.6 + 3.81 
~/Moles/min/fat pad/MBS b 73.5 -+ 10.61 65.5 + 10.31 55.6 +- 6.31 73.7 -+ 13.91 

aValues shown are mean + SEM; 8 animals per group. Rats were trained and exercised to exhaustion, and 
assays conducted as described under Materials and Methods. Means not sharing a common superscript are sig- 
nificantly different, P<O.05. 

bMBS = metabolic body size. 

ing that  a program of daily exercise by swim- 
ming rats, start ing at one week of  age, sig- 
nif icantly decreased fat pad cell number .  Be- 
cause the first 6 weeks of  life are a t ime of  
rapid cell pro l i fe ra t ion  in the  rat (20), it is 
reasonable to  assume tha t  imp lemen ta t i on  o f  
exercise early i n  this hyperplast ic  stage of  adi- 
pose tissue deve lopment  might  exer t  a greater  
effect  on cell numbers ,  as shown by Oscai, et 
al., (19). The lack of a greater training e f fec t  on 
cell numbers  in this s tudy may relate to the 
age of  the  rats (5 weeks) at the  start  of  the  
exercise training period. The rats in this s tudy 
were probably  past the stage of  pr imary hyper-  
plastic fat depot  development ,  and consequent -  
ly, exercise may have exer ted  less ef fec t  on  cell 
number .  

Fa t  cells f rom the trained rats in Experi-  
ment  I were significantly (P<0.05)  smaller than  
those of  the  unt ra ined  rats, but  incorpora ted  
similar amounts  of  glucose-U-14C to  lipid. A 
similar lack of a training effect  on adipose 
tissue fa t ty  acid synthesis was indicated by the 
fa t ty  acid synthetase data  in Expe r imen t  II. 
These results were somewhat  surprising in that  
cell size has been impl ica ted  as an impor t an t  
determinant  o f  adiposue tissue metabol i sm 
(14,21,22).  Glucose synthesis in to  t r iglycerides 
has been shown to  increase wi th  fat cell size in 
humans  (22-24). In contrast ,  l ipid synthesis in 
rat adiposia is inversely related to  cell size 
(21,25,26) .  It has been  demons t ra ted  tha t  
human adiposue tissue converts  glucose largely 
t o  t h e  g l y c e r i d e  moie ty  of  t r iglycerides 
(22,27,28) ,  whereas,  de novo synthesis of  fa t ty  
acids f rom glucose is much  more impor tan t  in 
rat adiposia (29,30). Romsos  and Leveille (26) 
have shown the decrease in t r iglyceride syn- 
thesis associated with  increasing rat ad ipocyte  

size can be a t t r ibuted  to  a reduc t ion  in fa t ty  
acid synthesis, wi th  glyceride-glycerol  synthesis 
relatively unaf fec ted  by cell size. However ,  i t  
should be no t ed  that  the  relat ionship be tween  
adipose cell size and lipogenesis can be altered 
b y  overr iding nut r i t ional  and physiological  
manipula t ion  (21,31,32) .  If  one draws a parallel 
be tween  cold acclimatization and exercise train- 
ing, no t ing  that  bo th  t rea tments  increase free 
fa t ty  acid (FFA)  mobi l iza t ion  f rom adipose 
tissue, t ra ined rats might  be expec ted  to  syn- 
thesize fa t ty  acids at an enhanced rate,  similar 
to  cold accl imated rats (10). However ,  exercise 
training did no t  significantly affect  lipid syn- 
thesis in rats sacrificed in the rested condi t ion.  
Adipose tissue lipogenesis in exhaus ted  trained 
rats was markedly  lower  than  that  of  exhausted  
untra ined rats. 

Liver FAS was significantly (P< 0.05) lower  
in t ra ined rested rats compared  to their  un- 
trained counterparts .  This agrees wi th  the re- 
suits of  Simko, et al., (8) who  found that  
t r a i n e d  rats incorpora ted  significantly less 
injected ace ta te - l -14C into  to ta l  liver fa t ty  
acids than  unt ra ined  rats. The di f ference be- 
tween  the  response o f  adipose tissue and l iver 
to  t raining may be due to a change in acetate 
ut i l izat ion by the  liver. Trained rats incorpora te  
less acetate-1-14C into  liver fa t ty  acids, but,  at 
the  same t ime,  incorpora te  more acetate  into 
cholesterol  (8). Because adiposue tissue is not  
an impor tan t  organ of  cholesterol  synthesis,  a 
similar diversion of  acetate  f rom lipogenesis ap- 
parent ly  does no t  occur.  

Exhaust ive exercise significantly (P<0.05)  
decreased adipose tissue lipogenesis f rom glu- 
cose-U-14C (Exper iment  I) and possibly FAS 
(Exper iment  II) in trained,  but  no t  unt ra ined 
animals. Because unt ra ined rats could no t  run 
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TABLE III 

Effect of Physical Training and Exhaustive Exercise on Liver Wt, Protein, and 
Fatty Acid Synthetase Activity, Experiment II 

495 

Physical condition 

Untrained Trained 

Measurement Rested Exhausted Rested Exhausted 

Liver wt, g 12.9 + 0.71 11.3 -+ 0.71 12.3 • 0.41 8.7 • 0.42 
Liver soluble protein, 82.5 -+ 4.41 85.9 • 2.51 78.0 + 3.91 88.9 + 5.21 

mg/g tissue 
Fatty acid synthetase 

r~Moles/min/mg protein 3.2 • 0.31 2.8 • 0.21, 2 2.3 • 0.22 2.0 -+ 0.12 
~?Moles/min[liver/MBS b 707 • 1221 644 • 561 505 + 461 516 + 421 

aValues shown are mean -+ SEM; 8 animals per group. Rats were trained and exercised to exhaustion and 
assays conducted as described under Materials and Methods. Means not sharing a common superscript are sig- 
nificantly different, P<0.05. 

bMBS = metabolic body size. 

as fast or  as long as t rained rats, i t  is difficult  to  
state whether  the  difference in lipogenesis be- 
tween exhausted trained and exhhusted un- 
trained rats is due to  training induced metabol ic  
differences or  the  workload  performed.  How- 
ever, i t  can be s tated that  trained and unt ra ined 
rats differed markedly  in the l ipogenic potent ia l  
of  their  adipose tissue at the  point  of  exhaus- 
t ion.  Because the adipose tissue in Exper imen t  I 
was incubated  in vi tro in the  presence o f  insulin 
and in the  absence of  o ther  circulat ing hor- 
mones,  i t  would  seem unlikely that  the differ- 
ence in lipogenesis be tween  trained and un- 
trained rats was due to hormona /  influences. 
The t ime required to  exhaust  trained rats was 
ca. 200 min, so i t  is unl ikely that  differences in 
lipogenesis were a t t r ibutable  to  changes in en- 
zyme con ten t  of  the tissue. The incuba t ion  
media was also well for t i f ied with  glucose, so 
tha t  substrate was not  l imiting.  Several plausi- 
ble mechanisms may be responsible f o r  decreas- 
ing lipogenesis in adipose tissue of  trained rats 
at the  point  o f  exhaust ion,  i.e., the availability 
of  a critical cofac to r  such as Coenzyme  A (33), 
an al terat ion of  the N A D P H : N A D P  + ratio, or  
inhibi t ion of  key  enzyme  act ivi ty by a metabo-  
li te elevated by exhaust ion.  An inhibi t ion o f  
adipose tissue FAS in exhausted trained rats is 
suggested by the results of Experiment II, al- 

though the results are diff icul t  to  in terpre t  due 
to  the  difference in adipose prote in  be tween  
the groups. Fa t ty  acid synthesis is believed to 
be directly re la ted to  the glycolyt ic  rate in fed 
animals (34). Also characterist ic of  states in 
which fa t ty  acid synthesis is decreased is a high 
rate o f  fa t ty  acid ox ida t ion  (34). Trained rats 
h a v e a n  a lmost  2-fold increase in fa t ty  acid oxi- 
da t ion  (35,36),  and fat ty  acid mobi l iza t ion  (6) 
potent ia l  compared  to unt ra ined rats. High 
levels of  fa t ty  acyl-CoA in adipose tissue o f  ex- 

hausted trained rats may also act to  decrease 
lipogenesis. Goodridge (37) suggests that  rela- 
t ively small changes in acyl-CoA concen t ra t ion  
can be amplif ied to  ef fec t  very large changes in 
the  rate of  fa t ty  acid synthesis,  possibly by 
direct inhibi t ion of  acetyl -CoA carboxylase,  or  
by inhibi t ing mi tochondr ia l  ci t rate  carrier re- 
sulting in a reduced act ivat ion of  ace ty l -CoA 
carboxylase by citrate.  Fur ther  suppor t  for  
regulat ion o f  lipogenesis by the  cellular F F A  
level is provided by studies demons t ra t ing  that  
epinephrine inhibits f a t ty  acid synthesis by adi- 
pose tissue (33). Therefore ,  it is conceivable  
that  depressed adipose tissue lipogenesis may be 
secondary to  elevated F F A  levels induced  by 
catecholamines ,  secreted in response to  the  
stress of  exhaust ive running.  This ac t ion  may  be 
more  effect ive in t ra ined rather  than  untra ined 
rats due to  a longer exposure  t ime to  high levels 
of  fa t ty  acids occasioned by the  increased sen- 
sitivity of  epinephrine sensitive lipase in adipose 
tissue of  t ra ined rats (6). 

Irrespective of  the  mechanism tha t  allows 
t ra ined rats to decrease fa t ty  acid synthesis 
during exhaust ive exercise,  such an adapta t ion  
appears useful insofar as direct ox ida t ion  of  glu- 
cose would  be energetical ly more  eff icient  to 
the exercising animal than  conver t ing its energy 
to fat  p r ior  to oxidat ion .  Al though  the  quanti-  
tative significance of  a shu tdown of  lipogenesis 
during~ exhaust ive exercise is not  known ,  it is 
conceivable that  such an adapta t ion  might  per- 
mit  a certain degree of  critical b lood  glucose 
conservat ion,  thereby prolonging endurance.  
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ABSTRACT 

Escherichia coli K38 were grown and 
infected with wild type and amber mu- 
tants of  bacteriophage M13 in the early 
log phase. Lipid compositions of the 
infected and healthy cultures, grown 
under identical conditions,  were deter- 
mined 2 hr after infection. From the 
results, it was observed that  total  lipid 
and total  phospholipid content  remained 
nearly constant,  suggesting that  the cell 
membrane which contained the maxi- 
mum phospholipids was not  damaged by 
the infection. Moreover, the percentage 
of diphosphatidylglycerol and lyso- com- 
pounds corresponding to phosphatidyl-  
ethanolamine and phosphatidylglycerol  
increased,  while phosphatidylethanol-  
a m i n e  and phosphatidylglycerol  de- 
creased. The increase in lyso- compounds 
may be due to  the release of phospho- 
llpase A2 (a periplasmic enzyme) from 
the cell wall after damage by  the infec- 
tion. Bacteriophage M 13 infection had no 
effect on the fat ty acid composit ion of 
the phospholipids. 

INTRODUCTION 

Some major changes in phospholipid compo- 
sition of growing E. coli occur during the 
transition from the exponential  to the station- 
ary phase of  growth. These changes are an 
increase in diphosphatidylglycerol,  a decrease in 
phosphatidylglycerol ,  an increase in cyctopro- 
pane fat ty acids, and a decrease in unsaturated 
fat ty acids (1-3). The first two changes were 
taken to be related, because phosphatidylglyc- 
erol has been proved to be the precursor of 
diphosphatidylglycerol (4), and the increase in 
diphosphatidylglycerol phosphorus was almost 
stoichiometric with the decrease in phospha- 
t idylglycerol  phosphorus (1,2). Similar changes 
in the proport ions of phosphatidylglycerol  and 
diphosphatidylglycerol  also can be brought 
about within the exponential  growth phase by 
addit ion of colicin (5), cyanide (6), or penicillin 
(7), and also by infecting the cells with bacte- 
riophage T4 (8). Production of lysophospha- 
t idylethanolamine also has been reported under 
some of  the above conditions (8,9). The present 
investigation deals with the changes in the 

phosphollpid composit ion of E. coli in the 
exponential  growth phase when infected with 
bacteriophage M13. The fundamental  differ- 
ence between bacteriophage T4 and M 13 is that  
T 4 causes cell lysis, whereas, M 13 does not.  It 
has been reported that M13 phage particles 
continuously 'ooze '  out  of  the intact  cells and 
grow simultaneously with virus synthesis (10). 

MATERIALS AND METHODS 

Stocks of the wild type  and amber mutant  
phages, m u t a t e d  at genes 5 and 8, were pre- 
pared by adding suspensions of  wild type M13 
and its amber mutants  to the early log phase 
cultures of E. coli HfrC and E. coli K38, 
respectively, at mult ipl ici ty of infection 5-10. 
The cultures, after infection, were grown for ca. 
8 hr at 37 C and 32 C for the wild type and the 
amber mutants,  respectively. The bacteria were 
then inactivated by shaking with ether and 
removed by centrifugation. The clear superna- 
tants were stored as t he  phage source. 

E. coli K38 cultures were grown at 37 C 
under continuous aeration in a medium con- 
talning glucose as carbon source, bacto vitamin 
free ca~amino acids (Difco, Detroit ,  Mich.) as 
nitrogen source, and other salts. The pH of  the 
medium was adjusted to 7.0 by using phosphate 
buffer. The bacterial cultures were infected 
with the wild type  and the amber mutants in 
the early log phase. The comparison of  the lipid 
composit ions of the infected and healthy (un- 
infected) cultures, grown under identical condi- 
tions, were made 2 hr after infection. The cells 
were harvested by centrifugation and washed 
with distilled water. 

Lipids were extracted from the ceils by the 
procedure of Bligh and Dyer (11). The ex- 
tracted lipids were dried in vacuo and analyzed 
for their phosphorus content (12,13). The 
lipids were fracfionated on 100-200 mesh silicic 
acid columns (Mallinckrodt Chemical Works, 
St. Louis, Mo.) with a discontinuous gradient 
of  methanol  in chloroform (14). Final purifica- 
t ion of the different phospholipids was per- 
formed by preparative thin layer chromatogra- 
phy on silica gel plates with the solvent system 
c o n t a i n i n g  c h l o r o f o r m : m e t h a n o l : w a t e r  
(65:25:4) .  

Preliminary identif ication of  the phospho- 
lipids was obtained by chromatographic corn- 

497 



498 P.K. CHATTOPADHYAY AND J. DUTTA 

TABLE I 

Total Lipid and Phospholipid Contents ofE. coli 
Uninfected and Infected with Bacteriophage M 13 

Total lipid Total phospholipid 
Culture (mg/gm dry cell) (~mole/gm dry cell) 

Uninfected 63 65 
Wild type- 61 64 

infected 
Amber 5- 58 60 infected 
Amber 8- 65 66 infected 

parison with known pnospholipids. The refer- 
ence phospholipids, used were diphosphatidyl- 
glycerol, phosphatidylethanolamine, and lyso- 
phosphatidylethanolamine (Applied Science 
Laboratories, State College, Pa.). Phosphatidyl- 
glycerol was synthesized as described by Bon- 
sen, et al., (15) and lysophosphatidylglycerol 
was obtained by the action of phospholipase A 
on phosphatidylglycerol (16). The chromato- 
grams were compared both on silica gel thin 
layer plate using a solvent system containing 
chloroform: methanol: water (65:25:4) and on 
silica impregnated paper with diisobutylke- 
tone:acetic acid:water (40:25:5). The chro- 
matograms were stained with A) the molybdate 
reagent for phosphate groups; B) ninhydrin 
reagent for free amino groups; and C) metaperi- 
odate benzidine reagent for vicinal hydroxyl 
groups. 

Mild alkaline hydrolysis of the phospholipids 
was done by a modification of the procedure of 
Dawson (17) and enzymic hydrolysis with 
phospholipase A by the procedure of Magee 
and Thomson (16). Glycerol and the number of 
acyl groups were determined by the procedures 
of Renkonen (18) and Snyder and Stephens 
(19), respectively. 

Methyl esters of the component fatty acids 
were prepared directly from the phospholipids 
by methanolysis as described by Luddy, et al., 
(20). A portion of the methyl esters was 
catalytically hydrogenated at room temperature 
for two hr using palladium on charcoal as the 
catalyst. A portion of these hydrogenated 
methyl esters was subjected to more drastic 
hydrogenation (21). The sample was dissolved 
in glacial acetic acid and the hydrogenation 
carried out at 40 C for 8 hr using Adam's 
platinum oxide as the catalyst. All of the above 
samples were analyzed by GLC. 

An F&M Model 700-R dual column analyti- 
cal gas chromatograph with dual flame ioniza- 
t ion detector was used. Chromatograms were 
taken on 2 6-ft x 0.25 in. columns, one of 5% 
diethylene glycol succinate polyester (DEGS), 

and the other of 5% silicone gum rubber 
(SE30), both on 60-80 mesh Gaschrome Z 
(Applied Science Laboratories, State College, 
Pa.). The former column was kept at 150 C, 
and the latter at 200 C during operation. The 
carrier gas was nitrogen, and the flow rate was 
40 ml/min. The operating pressures for air and 
hydrogen for the detector were 40 and 20 psi, 
respectively. 

The peaks of the chromatograms were iden- 
tified by the following methods. A) The reten- 
tion times v f  the component esters of the 
sample were compared with those of reference 
esters both on polar (5% DEGS) and nonpolar 
(5% SE30) columns. B) Carbon numbers were 
determined by the method of Ackman, et al., 
(22) before and after hydrogenation. The posi- 
t ion of the double bond in the monounsatu- 
rated fatty acids was determined by the per- 
manganate periodate oxidation method as 
adopted to microscale by Scheuerbrandt and 
Bloch (23), followed by the GLC identification 
of the resulting dicarboxylic acids. C) For the 
confirmation of the presence of cyclopropane 
ring in fatty acids, the chromatograms of the 
drastically hydrogenated samples were com- 
pared with those of the hydrogenated and 
original samples prepared under identical condi- 
tions. Usual hydrogenation does not affect the 
cyclic ring of the fatty acids. Here, as in the 
hydrogenated sample, the unsaturated ester 
peaks disappeared with the increase in the area 
of the corresponding saturated ester peaks. The 
cyclopropane fatty acid ester peaks also disap- 
peared with the formation of two new peaks, 
due to the n-saturated and branched chain acids 
formed by drastic hydrogenation of cyclopro- 
pane fatty acids. 

RESULTS A N D  DISCUSSION 

In the present investigation, five different 
phospholipids were identified in E. colt from 
their chromatographic behavior. They were 
confirmed further by chromatographic identifi- 
cation of the products of mild alkaline hydroly- 
sis and lipolysis by phospholipase A. In some 
cases the molar ratios of glycerol, phosphate, 
and acyl groups were also determined. The 
identified phospholipids were diphosphatidyl- 
glycerol, phosphatidylethanolamine, phospha- 
t idylglycerol,  lysophosphatidylethanolamine, 
and lysophosphatidylglycerol. A ninhydrin pos- 
itive spot, remaining at the starting point in the 
thin layer chromatograms, could not  be identi- 
fied. All these phospholipids were observed in 
E. colt by other investigators (1-3), Presence of 
phosphatidic acid and phosphatidylserine in 
trace amounts in E. colt lipid was reported by a 
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TABLE II 

Phospholipid Composition (wt-%) of E. coli Uninfected 
and Infected with Bacteriophage M13 
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Culture infected 

Phospholipids Uninfected Wild type Amber S Amber 8 

Diphosphatidylglycerol 8.4 10.9 10.9 11.8 
Phosphatidylethanolamine 75.9 72.9 73.3 73.S 
Phosphatidylglycerol 13.1 8.3 9.1 6.2 
Lysophosphatidylethanolamine 1.0 3.9 3.6 3.6 
Lysophosphatidylglycerol 0.5 3.4 2.8 4.5 
Others 0.3 0.6 0.2 0.4 

TABLE III 

Fatty Acid Composition (wt-%) of 17,. coli Lipids in Cultures Uninfected 
and Infected with Bacteriophage M13 

Culture infected 

Fatty acids Uninfected Wild type Amber 5 Amber 8 

Cyc a 

Cyc 

12:0 0.3 0.1 0.1 0.1 
14:0 4.2 3 ~ 4.3 5.0 
15:0 0.4 0.1 0.3 -- 
16:0 44.1 43.0 46.4 41.1 
16:1 23.0 23.7 23.9 23.9 
17:0 5.3 5.6 5.2 5.4 
18:0 1.4 0.6 0.6 0.2 
18:1 17.9 19.7 16.1 20.6 
19:0 3.2 3.8 3.1 3.8 

aCyc = cyclo. 

few workers (4), but these were not detected in 
the present study, probably due to their very 
low concentrations. 

In the present investigation, the fatty acids 
corresponding to the phospholipids of  E. coli  
were identified as 12:0, 14:0, 16:0, 18:0, 16:1, 
cis-vaccenic (18:1), c i s -9 ,10-me thy lene  hexa- 
decanoic (17:0), lactobacillic (19:0) acids, and 
a 15-carbon, straight chain, saturated fatty acid 
(15:0). All these fatty acids were previously 
reported (1 ,2 ) t o  be present in E. coli  phospho- 
lipids. Several workers reported the 15-carbon 
acid to be a cyclopropane fatty acid (1), but 
during this investigation the 15-carbon acid 
proved to be a straight chain, saturated fatty 
acid. Batchelor and Cronan (24) identified a 
tetradecanoic acid as a component fatty acid of 
phospholipids of E. coli and found it to 
comprise about 15% of the total, unsaturated 
fatty acids. In the present study this acid was 
identified, but was present only in trace 
amounts. 

It has been reported that several changes 
occurred in phospholipid compositions of E. 
coli  when infected with bacteriophage T4. 
Bannett, et al., (8) showed that 5-40% of the 
cellular phospholipids of E. coli  were degraded 
within 25 rnln after infection, i.e., within the 
time of  lysis, with different r (rapid lysis) 

mutants of  phage T4. It was reported by Ray 
(25) that bacteriophage M13 infection damaged 
the cell wall structure of the host, resulting in 
the release of lipopolysaccharides, and that 
even gram-negative E. coli  became permeable to 
actinomycin D. Thus, permeability of the cyto- 
plasmic membrane might be altered somewhat, 
but the membrane, as such, was not damaged. 
Infected cells maintained their osmotic stability 
(26). In the present study, it was observed that 
no significant change in the total phospholipid 
content of E. coli  due to infection by bacterio- 
phage M13 took place (Table I). This may be 
accepted on the basis of  the above fact that 
some alteration in the cell wall was caused by 
M13 infection in E. coli ,  but, unlike T 4 
infection, the cytoplasmic membrane was not 
damaged. 

Moreover, in the case of  T4 infection, 
Peterson, et al., (6) found an altered labeling 
pattern of  the phospholipids in the host cell. 
Although the overall incorporation of  32p was 
found to decrease, the relative amounts of  
phosphatidylglycerol and diphosphatidylglyc- 
erol were increased. In the present study, a 
change in the composition of the phospholipids 
of  the host cells due to M13 infection was also 
observed (Table II). Here, the percentage of  
diphosphatidylglycerol increased, while that of 
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p h o s p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l -  
glycerol  decreased.  However ,  the  more  in ter -  
est ing obse rva t ion  was the  cons ide rab le  in- 
crease in the  lyso- c o m p o u n d s  der ived f rom 
p h o s p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l -  
glycerol .  The  decrease in p h o s p h a t i d y l e t h a n o l -  
amine  was a lmos t  s t o i c h i o m e t r i c  w i th  the  in- 
crease in t he  co r r e spond ing  lyso- c o m p o u n d ,  
b u t  the  decrease  in p h o s p h a t i d y l g l y c e r o l  was 
equ iva len t  to  the  s um  of  t h e  increase  in 
l y sophospha t i dy lg lyce ro l  a n d  d iphospha t idy l -  
glycerol.  Similar  increases  in  these  lyso- com-  
p o u n d s  were also r epo r t ed  as a resul t  of  T 4 
i n f e c t i o n  (8,  9, 27).  This  could  be  exp la ined  b y  
possible  damage  caused b y  T4 i n f e c t i o n  to  t he  
cell wall s t ruc tu re ,  resu l t ing  in t he  release of  
per ip lasmic  e n z y m e s  loca ted  b e t w e e n  t he  celt 
wal l  and  the  m e m b r a n e  (27) .  Phospho l ipase  A2,  
a m e m b r a n e  b o u n d  enzym e ,  could  cause u n c o n -  
t ro l l ed  p r o d u c t i o n  of  lyso- c o m p o u n d s .  Al ter -  
na t ive ly ,  a n o t h e r  enzyme ,  l y sophospho l ipase ,  
migh t  be  i n h i b i t e d ,  caus ing an a c c u m u l a t i o n  of  
lyso- c o m p o u n d s .  In t?. coli cells i n f ec t ed  w i t h  
M13,  release of  a lkal ine  p h o s p h a t a s e ,  a peri-  
p lasmic  enzyme ,  has  b e e n  r e p o r t e d  (25) .  The  
present  resul t s  may  be exp la ined  by  the  damage 
t o  the  cell wall  o f E .  coli b y  t he  M13 in fec t ion .  
This  may  have made  the  cell m e m b r a n e  more  
suscept ib le  to  u n c o n t r o l l e d  act ivi t ies  of  the  
l ipase,  thus ,  p r o d u c i n g  increased  a m o u n t s  of  
lyso- c o m p o u n d s .  The  increase  in d iphospha -  
t idy lg lycero l  m a y  have resu l ted  in e n h a n c e d  
b iosyn thes i s  f r o m  phos pha t i dy l g l yce r o l  caused  
b y  the  M13 in fec t ion .  The  resul ts  in  Table  III 
s h o w e d  t h a t  M13 i n f e c t i o n  had  n o  s igni f icant  
ef fec t  o n  t he  c o m p o s i t i o n  of  the  c o m p o n e n t  
f a t t y  acids o f  t he  phospho l ip id s  of  E. coli. 

ACKNOWLEDGMENT 

S. Mitra, Oak Ridge National Laboratory, Oak 
Ridge, Tenn., supplied the bacteriophage cultures. 

REFERENCES 

1. Cronan, J.E., Jr., J. Bacteriol. 95:2054 (1968). 

2. Peypoux, F., and G. Michel, Biochim. Biophys. 
Acta 218:453 (1970). 

3. Randle, C.L., P.W. Albro, and J.C. Dittmer, 
Biochirm Biophys. Acta 187:214 (1969). 

4. Ames, G.F., J. Bacteriol. 95:833 (1968). 
5. Cavard, D., C. Rampini, E. Barbu, and J. Polono- 

vski, Bull. Soc. Chim. Biol. 50:1455 (1968). 
6. Peterson, R.H.F., and C.S. Buller, ]. Virology 

3:463 (1969). 
7. Simmler, C., and E. Barbu, Ann. Inst. Pasteur 

119:289 (1970). 
8. Bennet, J., J. Glavinorich, R. Liskay, D.L. Wulff, 

and J.E. Cronan, Jr., Virology 43:516 (1971). 
9. Cronan, J.E., Jr., and D.L. Wulff, Virology 

38:241 (1969). 
10. Brown, L.R., and C.E. Dowell, J. Virol. 2:1290 

(1968). 
11. Bligh, E.G., and W.J. Dyer, Can. J. Biochem. 

Physiol. 37:911 (1959). 
12. Ames, B.N., and D.L. Duhen, J. Biol. Chem. 

235:769 (1960). 
13. Chen, P.S., Jr., J.Y. Toribard, and H. Warner, 

Anal. Chem. 28:1156 (1956). 
14. Vorbeck, M.L., and G.V. Marinetti, J. Lipid Res. 

6:3 (1965). 
15. Bonsen, P.P.M., G.H. Deltaas, and LL.M. Van 

Deenen, Chem. Phys. Lipids 1:33 (1966). 
16. Magee, W.L., and R.H.S. Thompson, Biochem. J. 

77:526 (1960). 
17. Dawson, R.M.C., Biochim. Biophys. Acta 14:374 

(1954). 
18. Renkonen, O., Biochim. Biophys. Acta 56:367 

(1962). 
19. Snyder, F., and N. Stephens, Biochim. Biophys. 

Acta 34:244 (1959). 
20. Luddy, F.E., R.A. Bardford, S.F. Herb, and P. 

Magidman, JAOCS 45:549 (1968). 
21. Kaneshiro, T., and A.G. Marr, J. Biol. Chem. 

236:2615 (1961). 
22. Ackman, R.G., and R.D. Burgher, JAOCS 42:38 

(1965). 
23. Schenerbrandt, G., and K. Bloch, J. Biol. Chem. 

237:2064 (1962). 
24. Batchelor, J.G., and J.E. Cronan, Jr., Biocherm 

Biophys. Res. Commun. 52:1374 (1973). 
25. Roy, A., "Biochemical Studies ofE.  coli Infected 

with Bacteriophage M13," D.Sc. Thesis, Calcutta 
University, Calcutta, India, pp. 75, 78. 

26. Leive, L., Biochem. Biophys. Res. Commun. 
21:290 (1965). 

27. Scandella, C.J., and A. Kornberg, Biochemistry 
10:4447 (1971). 

[ Received  F e b r u a r y  11, 197 5 ] 

ERRATUM 

An e r ro r  was made  in  the  December ,  1974,  
issue o f  Lipids. In  the  ar t ic le  " N e w  Series of  
F a t t y  Acids  in  N o r t h e r n  P ike , "  b y  R.L.  Glass, 

T h o m a s  P. Krick,  and  Al len  E. E c k h a r d t  (Lipids 
9 : 1 0 0 4  [ 1 9 7 4 ] ) ,  t h e  2 subhead ings ,  " L i v e r "  
and  " T e s t e s , "  of  Table  II are reversed.  �9 
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p h o s p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l -  
glycerol  decreased.  However ,  the  more  in ter -  
est ing obse rva t ion  was the  cons ide rab le  in- 
crease in the  lyso- c o m p o u n d s  der ived f rom 
p h o s p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l -  
glycerol .  The  decrease in p h o s p h a t i d y l e t h a n o l -  
amine  was a lmos t  s t o i c h i o m e t r i c  w i th  the  in- 
crease in t he  co r r e spond ing  lyso- c o m p o u n d ,  
b u t  the  decrease  in p h o s p h a t i d y l g l y c e r o l  was 
equ iva len t  to  the  s um  of  t h e  increase  in 
l y sophospha t i dy lg lyce ro l  a n d  d iphospha t idy l -  
glycerol.  Similar  increases  in  these  lyso- com-  
p o u n d s  were also r epo r t ed  as a resul t  of  T 4 
i n f e c t i o n  (8,  9, 27).  This  could  be  exp la ined  b y  
possible  damage  caused b y  T4 i n f e c t i o n  to  t he  
cell wall s t ruc tu re ,  resu l t ing  in t he  release of  
per ip lasmic  e n z y m e s  loca ted  b e t w e e n  t he  celt 
wal l  and  the  m e m b r a n e  (27) .  Phospho l ipase  A2,  
a m e m b r a n e  b o u n d  enzym e ,  could  cause u n c o n -  
t ro l l ed  p r o d u c t i o n  of  lyso- c o m p o u n d s .  Al ter -  
na t ive ly ,  a n o t h e r  enzyme ,  l y sophospho l ipase ,  
migh t  be  i n h i b i t e d ,  caus ing an a c c u m u l a t i o n  of  
lyso- c o m p o u n d s .  In t?. coli cells i n f ec t ed  w i t h  
M13,  release of  a lkal ine  p h o s p h a t a s e ,  a peri-  
p lasmic  enzyme ,  has  b e e n  r e p o r t e d  (25) .  The  
present  resul t s  may  be exp la ined  by  the  damage 
t o  the  cell wall  o f E .  coli b y  t he  M13 in fec t ion .  
This  may  have made  the  cell m e m b r a n e  more  
suscept ib le  to  u n c o n t r o l l e d  act ivi t ies  of  the  
l ipase,  thus ,  p r o d u c i n g  increased  a m o u n t s  of  
lyso- c o m p o u n d s .  The  increase  in d iphospha -  
t idy lg lycero l  m a y  have resu l ted  in e n h a n c e d  
b iosyn thes i s  f r o m  phos pha t i dy l g l yce r o l  caused  
b y  the  M13 in fec t ion .  The  resul ts  in  Table  III 
s h o w e d  t h a t  M13 i n f e c t i o n  had  n o  s igni f icant  
ef fec t  o n  t he  c o m p o s i t i o n  of  the  c o m p o n e n t  
f a t t y  acids o f  t he  phospho l ip id s  of  E. coli. 
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ERRATUM 

An e r ro r  was made  in  the  December ,  1974,  
issue o f  Lipids. In  the  ar t ic le  " N e w  Series of  
F a t t y  Acids  in  N o r t h e r n  P ike , "  b y  R.L.  Glass, 

T h o m a s  P. Krick,  and  Al len  E. E c k h a r d t  (Lipids 
9 : 1 0 0 4  [ 1 9 7 4 ] ) ,  t h e  2 subhead ings ,  " L i v e r "  
and  " T e s t e s , "  of  Table  II are reversed.  �9 
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Acetylenic Acids from Mosses 

ABSTRACT 

T w o  new ace ty l en ic  fat ty  acids, 
9 ,12-oc tadecad ien-6-yno ic  and 11,14- 
eicosadien-8-ynoic, were identified from 
lipids of the moss, Fontinalis antipyreti- 
ca. They resemble the previously identi- 
fied 9,12,15-octadecatrien-6-ynoic acid 
by having a methylene interrupted unsat- 
urated system. The C20 acetylenic acid 
shows that the capability of mosses to 
synthesize polyolefinic acids of this chain 
length applies, in certain species, also to 
olefinic-acetylenic acids. 

INTRODUCTION 

Acetylenic fat ty  acids have been known for 
a long time as l ipid constituents in some seed 
plants and microorganisms (1-3). These acids 
have chain lengths of not more than 18 carbon 
atoms, and i t  is generally accepted that  they are 
biosynthetically derived from the common C 18 
acids (1,4). However, the unsaturated system of 
polyunsaturated acetylenic acids normally is 
conjugated, and trans configuration of double 
bonds is often encountered, cis-9-Octadecen- 
12-ynoic (crepenynic, from some Compositae 
and Santaiaceae) and all cis-9,12,15-octadeca- 
trien-6-ynoic (recently found in lipids of  several 
mosses [51) are the only exceptions where a 
methylene interrupted system of unsaturated 
bonds is encountered. The latter has the cis 
double bonds and the 093 structure of linolenic 
acid. We are reporting here two additional 
acetylenic acids, 9,12-octadecadien-6-ynoic and 
l l ,14-eicosadien-8-ynoic, from the moss Fon- 
tinalis antipyretica with double bond structures 
identical to those of linoleic and bis-homo- 
linoleic acids. 

MATERIALS AND METHODS 

The aquatic moss, F. antipyretica, was col- 
lected from a slow flowing river in Mi]lersdale, 
Derbyshire, England. Methods for extraction,  
analysis, isolation, and identification of struc- 
tures were essentially as described previously 
( 5 ) .  The  l i p i d s  were  e x t r a c t e d  w i t h  
CHCla/CH3OH. The acetylenic triglycerides 
were isolated by column adsorption chromatog- 
raphy, and methyl esters were obtained from 

them by acidic interesterification. Fa t ty  acid 
methyl esters were analyzed by  GLC on two 
phases of different polari ty.  They were isolated 
by preparative GLC using a stream splitter, 1:5, 
with a column of 20% diethylene glycol suc- 
cinate (DEGS) on siliconized Chromosorb W, 
60-80 mesh (Johns Manville, Celite Division, 
New York, N.Y.), at 190 C. 

Mass, UV, and IR spectra of the novel esters 
were determined under conditions used for 
9,12,15-octadecatrien-6-ynoate (5). Chemical 
degradations were carried out  by ozonization 
followed by hydrogenation over Lindlar cata- 
lyst (Fluka A.G., Buchs, Switzerland). Aliqnots 
of the products were subjected to GLC on 
DEGS at 100 C to analyze them for monofunc- 
tional fragments, and on ethylene glycol suc- 
cinate (EGS) at 143 C, before and after esterifi- 
cation with diazomethane,  to analyze them for 
d i f u n c t i o n a l  fragments, aldehyde-ester and 
di-ester, respectively. 

R ESU LTS 

Gas liquid chromatograms of methyl esters 
from total  lipids of F. antipyretica revealed two 
peaks, together representing more than one- 
third of  total  areas, with equivalent chain 
lengths (ECL) (6) which did not  coincide with 
any of the fa t ty  esters commonly derived from 
moss lipids. Their ECL values were 22.8 and 
24.8 on EGS, and 21.6 and 23.7 on DEGS. 
Preparative fractionation of the moss lipids 
showed that  the novel acids were in triglycer- 
ides which migrated in thin layer and column 
chromatography simUar to the acetylenic tri- 
glycerides of Ceratodon purpureus (5). The new 
acids represented three-fourths of  the acids in 
these triglycerides, the remainder being acids 
commonly found in moss lipids. The two un- 
known esters were isolated by GLC to identify 
the structures. 

Aliquots of the esters were hydrogenated 
and GLC indicated methyl stearate and arachi- 
date as the products.  Mass spectrometry con- 
firmed this by showing molecular ions m/e 298 
and 326. The nonhydrogenated esters gave 
molecular ions, m/e 290 and 318, indicating for  
both  an unsaturation equivalent to 8 H atoms. 

O z o n i z a t i o n  and subsequent procedures 
yielded hexanal from both the C18 and C20 
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esters.  There fo re ,  the  u n s a t u r a t e d  sys tems h a d  a 
t e rmina l  d o u b l e  b o n d  in pos i t i on  12 and  14, 
respect ively ,  equ iva len t  to  an 6o6 s t ruc tu re .  C4 
or  h igher  h o m o l o g s  of  a ldehyde  esters  were  n o t  
f o u n d .  Af te r  e s t e r i f i ca t ion  o f  t h e  deg rada t ion  
p r o d u c t s  w i t h  d i a z o m e t h a n e ,  h e x a n e d i o a t e  was 
iden t i f i ed  f r o m  the  C 18 es te r  and  o c t a n e d i o a t e  
f r o m  the  C 2 0 ester .  There fo re ,  the  p r o x i m a l  un-  
s a t u r a t i o n  o f  t he  sys tems was a t r ip le  b o n d  
(5 ,7)  in  pos i t i on  6 of  the  C 18 es te r  and  pos i t i on  
8 of  t he  C20 ester .  The  molecu la r  wts  i n d i c a t e d  
t he  p resence  of  a n o t h e r  doub le  b o n d  w h i c h  had  
to  be  b e t w e e n  t he  u n s a t u r a t i o n s  iden t i f i ed  in 
t he  foregoing.  This  d o u b l e  b o n d  was in pos i t i on  
9 o f  t he  C18 a n d  11 of  the  C20 ester ,  because  
IR  and  UV spec t ra  d id  n o t  reveal  con j uga t i on  
or  a l lenic  doub le  bonds .  No trans con f igu ra t i on  
was de tec ted .  

F r o m  these  resul ts ,  i t  can be  c o n c l u d e d  t h a t  
t h e  novel  c o m p o u n d s  are cis-9,cis-12-octa- 
decad ien-6-yno ic  and  cis-11 ,cis-14-eicosadien- 
8-ynoic  acids. 

DISCUSSION 

The t r ig lycer ides  wh ich  c o n t a i n  36% 9,12-  
o c t a d e c a d i e n - 6 - y n o i c ,  t o g e t h e r  w i t h  39% 
l l , 14 -e icosad ien-8-yno ic  acids,  migra te  in ad- 
s o r p t i o n  c h r o m a t o g r a p h y  m u c h  s lower  t h a n  t h e  
c o m m o n  t r ig lycer ides  of  F. antipyretica. By wt ,  
t h e y  r ep resen t  more  t h a n  ha l f  o f  all t r iglycer-  
ides. The  select ive d i s t r i bu t ion  of  acids in tri-  
glycerides,  t he  wt  ra t io  o f  ace ty len ic  and  n o n -  
ace ty len ic  t r ig lycer ides ,  and  t h e i r  ana ly t ica l  
p roper t i e s  are very s imilar  t o  those  e n c o u n t e r e d  
w i t h  t he  t w o  types  of  t r ig lycer ides  of  C. pur- 
pureus (5).  However ,  9 ,12 ,15 -oc tadeca t r i en -6 -  
y n o i c  acid,  wh ich  is p r e d o m i n a n t  in  t r iglycer-  
ides of  C. purpureus, was n o t  de t ec t ed  in F. 
antipyretica. 

The ace ty len ic  acids so far  i den t i f i ed  f r o m  
moss l ipids e x h i b i t  m u c h  closer  s t ruc tu ra l  rela- 
t ionsh ips  to  l inoleic  and  l ino len ic  acids t h a n  
any  o t h e r  na tu ra l  p o l y u n s a t u r a t e d  ace ty len ic  
acids.  Ace ty l en i c  acids of  a cha in  l eng th  w i th  
m o r e  t h a n  18 c a r b o n  a toms  so far  h a d  n o t  b e e n  
e n c o u n t e r e d  in na tu ra l  lipids. However ,  t he  oc- 

cur rence  of  a C 20 ace ty len ic  acid shows t h a t  a 
t r iple  b o n d  does no t  p reven t  e longa t ion  o f  C18 
t o  C20 chain  l eng th  or, in poss ib ly  reversed se- 
quence ,  t h a t  a C20 cha in  l eng th  does no t  pre- 
ven t  de sa tu r a t i on  t o  f o r m  a t r iple  bond .  Ne i the r  
of  these  processes  can be e x p e c t e d  f rom seed 
p lan t s  which  p r o d u c e  ace ty len ic  f a t t y  acids, 
s ince t hey  do no t  syn thes i ze  p o l y u n s a t u r a t e d  
acids w i th  more  t h a n  18 c a r b o n  a toms.  
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Taxus baccata Seed Oil" A New Source of 
cis-5,cis-9-Octadecadienoic Acid 

ABSTRACT 
Methy l  es ters  p repa red  f rom t he  seed 

oil of t he  con i fe r  Taxus baccata L. were 
f o u n d  by  gas l iquid  c h r o m a t o g r a p h y  to  

con ta in  12% of a c o m p o n e n t  which,  
w h e n  i so la ted  by  p repara t ive  t h i n  layer  
c h r o m a t o g r a p h y  and  cha rac te r i zed  by  
mass s p e c t r o m e t r y ,  ozonolys i s  and  nucle-  
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esters.  There fo re ,  the  u n s a t u r a t e d  sys tems h a d  a 
t e rmina l  d o u b l e  b o n d  in pos i t i on  12 and  14, 
respect ively ,  equ iva len t  to  an 6o6 s t ruc tu re .  C4 
or  h igher  h o m o l o g s  of  a ldehyde  esters  were  n o t  
f o u n d .  Af te r  e s t e r i f i ca t ion  o f  t h e  deg rada t ion  
p r o d u c t s  w i t h  d i a z o m e t h a n e ,  h e x a n e d i o a t e  was 
iden t i f i ed  f r o m  the  C 18 es te r  and  o c t a n e d i o a t e  
f r o m  the  C 2 0 ester .  There fo re ,  the  p r o x i m a l  un-  
s a t u r a t i o n  o f  t he  sys tems was a t r ip le  b o n d  
(5 ,7)  in  pos i t i on  6 of  the  C 18 es te r  and  pos i t i on  
8 of  t he  C20 ester .  The  molecu la r  wts  i n d i c a t e d  
t he  p resence  of  a n o t h e r  doub le  b o n d  w h i c h  had  
to  be  b e t w e e n  t he  u n s a t u r a t i o n s  iden t i f i ed  in 
t he  foregoing.  This  d o u b l e  b o n d  was in pos i t i on  
9 o f  t he  C18 a n d  11 of  the  C20 ester ,  because  
IR  and  UV spec t ra  d id  n o t  reveal  con j uga t i on  
or  a l lenic  doub le  bonds .  No trans con f igu ra t i on  
was de tec ted .  

F r o m  these  resul ts ,  i t  can be  c o n c l u d e d  t h a t  
t h e  novel  c o m p o u n d s  are cis-9,cis-12-octa- 
decad ien-6-yno ic  and  cis-11 ,cis-14-eicosadien- 
8-ynoic  acids. 

DISCUSSION 

The t r ig lycer ides  wh ich  c o n t a i n  36% 9,12-  
o c t a d e c a d i e n - 6 - y n o i c ,  t o g e t h e r  w i t h  39% 
l l , 14 -e icosad ien-8-yno ic  acids,  migra te  in ad- 
s o r p t i o n  c h r o m a t o g r a p h y  m u c h  s lower  t h a n  t h e  
c o m m o n  t r ig lycer ides  of  F. antipyretica. By wt ,  
t h e y  r ep resen t  more  t h a n  ha l f  o f  all t r iglycer-  
ides. The  select ive d i s t r i bu t ion  of  acids in tri-  
glycerides,  t he  wt  ra t io  o f  ace ty len ic  and  n o n -  
ace ty len ic  t r ig lycer ides ,  and  t h e i r  ana ly t ica l  
p roper t i e s  are very s imilar  t o  those  e n c o u n t e r e d  
w i t h  t he  t w o  types  of  t r ig lycer ides  of  C. pur- 
pureus (5).  However ,  9 ,12 ,15 -oc tadeca t r i en -6 -  
y n o i c  acid,  wh ich  is p r e d o m i n a n t  in  t r iglycer-  
ides of  C. purpureus, was n o t  de t ec t ed  in F. 
antipyretica. 

The ace ty len ic  acids so far  i den t i f i ed  f r o m  
moss l ipids e x h i b i t  m u c h  closer  s t ruc tu ra l  rela- 
t ionsh ips  to  l inoleic  and  l ino len ic  acids t h a n  
any  o t h e r  na tu ra l  p o l y u n s a t u r a t e d  ace ty len ic  
acids.  Ace ty l en i c  acids of  a cha in  l eng th  w i th  
m o r e  t h a n  18 c a r b o n  a toms  so far  h a d  n o t  b e e n  
e n c o u n t e r e d  in na tu ra l  lipids. However ,  t he  oc- 

cur rence  of  a C 20 ace ty len ic  acid shows t h a t  a 
t r iple  b o n d  does no t  p reven t  e longa t ion  o f  C18 
t o  C20 chain  l eng th  or, in poss ib ly  reversed se- 
quence ,  t h a t  a C20 cha in  l eng th  does no t  pre- 
ven t  de sa tu r a t i on  t o  f o r m  a t r iple  bond .  Ne i the r  
of  these  processes  can be e x p e c t e d  f rom seed 
p lan t s  which  p r o d u c e  ace ty len ic  f a t t y  acids, 
s ince t hey  do no t  syn thes i ze  p o l y u n s a t u r a t e d  
acids w i th  more  t h a n  18 c a r b o n  a toms.  
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TABLE I 

Compositiona of Methyl Esters from Taxus baccata Seed Oil 
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Ester 
Mixed 

ECL b esters 1 2 

Fractions from preparative TLC c 

3 4 

8:0 8.0 Trd 
10:0 10.0 Tr 
12:0 12.0 Tr 

12.7 Tr 
14:0 14.0 Tr 
16:0 16.0 4.1 

16.4 
17.4 

18:0 18.0 3.1 
18:1 A9 18.2-18.3 59.3 
18:2 A5,9 18.6 12.2 
18:2 A9,12 18.8 16.8 

19.2 
18:3 A9,12,15 19.8 1.0 
20:1 A l l  20.1-20.3 1.5 
20:2 A5,11 20.6 0.7 
20:2 AI 1,14 20.8 
20:3 AS,II,14 21.2 1.2 

Tr Tr 0.8 
Tr 0.8 
Tr 0.8 

Tr 0.6 
0.3 55.6 
0.2 
0.1 

0.2 41.6 
1.4 97 .1  Tr 

82.5 
96.8 

0.8 
6.8 

1.3 
l.S 

8.2 

2.1 

aFrom GLC. Data expressed as area percentage. 
bECL = Equivalent chain length determined on LAC-2-R 446 column. 
Cpreparative TLC on 1 mm layers of Silica Gel G impregnated with 20% silver nitrate. 

Solvent = benzene. 
dTr = Trace. 

ar magne t i c  r e sonance ,  was iden t i f i ed  as 
cis-5 ,cis-9-octadecadienoic acid. 

INTRODUCTION 

F a t t y  acids w i th  i so la ted  A5 d o u b l e  bonds ,  
e i t he r  cis or trans, have been  iden t i f i ed  as con-  
s t i t uen t s  of  l ipids f r o m  various sources.  Since 
our  1970  review of  unusua l  f a t t y  acids in  p lan t s  
(1),  at  least  20 papers  have  been  p u b l i s h e d  in 
w h i c h  these  AS u n s a t u r a t e d  acids have  been  
iden t i f i ed  in seed oils, mic roorgan i sms ,  and  tall  
oil. Some  of  these  acids are m o n o e n o i c  while 
o the r s  have  t he  As doub le  b o n d  in c o m b i n a t i o n  
wi th  those  in t he  famil iar  w-9,  w-6,9 ,  or  
60-3,6,9 pos i t ions ,  cis-5,cis-9-Octadecadienoic 
acid has  been  de t ec t ed  previous ly  on ly  in the  
seed oils of  Teucrium depressum (2),  Larix 
leptolepis (R.  D. P la t tner ,  G. F. Spencer ,  and  R. 
Kle iman,  u n p u b l i s h e d  data) ,  in  4 species of  t he  
Chenopod i aceae  (3) ,  and  in tall  oil  (4). 5,9- 
Oc tadecad ieno ic  acid ( g e o m e t r y  unspec i f ied)  
also has  been  r e p o r t e d  in  seed oils of  the  coni-  
fer Pinus radiata (5 ,6) .  In t he i r  analysis  of  leaf  
l ipids of  33 species of  4 con i fe rous  famil ies  
( P i n a c e a e ,  Taxod iaceae ,  Cupressaceae  and  
Taxaceae  [ inc lud ing  Taxus baccata]) Jamieson  
and  Reid  (7) de t ec t ed  5 ,9 -oc tadecad ieno ic  acids 
in  all 22 species of  Pinaceae s tudied ,  b u t  n o n e  
were r e p o r t e d  in  any  genus o f  t he  o t h e r  fami-  
lies. 

We are r e p o r t i n g  the  presence  of  12% of  cis- 

5,c i s -9-oc tadecadienoic  acid in the  seed oil o f  
Taxus baccata. This is the  h ighes t  c o n c e n t r a t i o n  
of  any  5 ,9 -oc tadecad ieno ic  acid so far  f o u n d  in 
a seed oil. 

EXPERIMENTAL PROCEDURES 

G r o u n d  seeds were e x t r a c t e d  6 hr  w i th  
p e t r o l e u m  e t h e r  (bp  30-60 C) in a B u t t - t y p e  ex- 
t r a t i o n  appa ra tus  (8) .  T ranses t e r i f i ca t ion  of  t he  
oil w i th  5% a n h y d r o u s  HCl -me thano l  gave t h e  
mixed  m e t h y l  esters.  The  esters were ana lyzed  
by  gas l iquid  c h r o m a t o g r a p h y  (GLC)  on  an  
F&M Model  402  gas c h r o m a t o g r a p h  e q u i p p e d  
wi th  Ap iezon  L (ApL)  and  LAC-2-R 446  
(R 446 )  co lumns  as descr ibed  by  Kle iman  et 
al., (9) .  The  c o m m o n  esters  were iden t i f i ed  by  
t he i r  equ iva len t  cha in  l eng th  (ECL)  (10) .  

P r e p a r a t i v e  t h i n  layer  c h r o m a t o g r a p h y  
(TLC)  of  t he  mixed  esters  was carr ied ou t  w i t h  
b e n z e n e  as the  deve lop ing  solvent  o n  1 m m  
layers  o f  Silica Gel G i m p r e g n a t e d  w i th  20% 
silver n i t r a t e .  The  separa ted  bands  were  l oca t ed  
u n d e r  l ong  wave UV l ight  a f t e r  spray ing  w i t h  an  
a lcohol ic  so lu t ion  of  d ich lorof luoresce in .  Ana-  
lyt ical  TLC was c o n d u c t e d  o n  0 .25 m m  layers  
of t he  same a d s o r b e n t s  and  wi th  t he  same sol- 
vent  sys tem.  Spots  were visual ized b y  char r ing  
w i t h  a p o t a s s i u m  d ichromate - su l fu r i c  acid 
spray.  

IR  spec t ra  were d e t e r m i n e d  on  1% CC14 so- 
lu t ions  in  1 m m  NaC1 cells on  Pe rk in -E lmer  
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Model 137 and 337 instruments. 
Nuclear magnetic resonance (NMR) spectra 

were recorded with a Varian HA-100 spectrom- 
e ter  on deuterochloroform solutions. GLC 
coupled mass spectrometry (GC-MS) was car- 
ried out on the apparatus described by Kleiman 
and Spencer (11), escept that a 6 ft x 2 mm 
glass column packed with 3% Silar-5CP (Ap- 
plied Science Laboratories, State College, Pa.) 
was used. Ozonolysis and subsequent GLC 
analyses of the products were carried out by 
the method of Kleiman, et al., (12). 

RESULTS AND DISCUSSION 

Petroleum ether extraction of 5.00 g seed 
provided 1.23 g oil (24.6%). In addition to es- 
ters of the common fatty acids, GLC analyses 
of methyl esters from T. baccata seed oil (Table 
I) showed the presence of the unusual compo- 
nent  with an ECL value of 18.6 (R 446). Pre- 
parative argentation TLC of the mixed esters 
provided the following fractions (numbered 
consecutively from the origin with wt percen- 
tages in parentheses): 1 (14), 2 (17), 3 (60), 
and 4 (9). These fractions had Rf values cor- 
responding to trienoic, dienoic, monoenoic,  and 
saturated esters, respectively, and these identifi- 
cations of fractions 2, 3, and 4 were confirmed 
by GLC (Table I). Instead of the expected high 
linolenate content (ECL 17.7 [ApL] and 19.8 
[ R 4 4 6 ] )  in fraction 1, the major component  
was the unusual compound with ECL 18.6 
(R 446) and 17.4 (ApL). GC-MS of this major 
component showed a molecular ion (M +) at 
m/e 294, which is the mol wt of a methyl ester 
of a C 18 dienoic acid. 

GLC analysis of the ozonolysis products of 
this diene gave peaks (area percentages in paren- 
theses) for C 9 aldehyde (45.8), C5 aldehyde-es- 
ter (25.4), C4 dialdehyde (12.1), and C 9 
monoenoic aldehyde-ester (8.8). These cleavage 
products are consistent with a structure having 
double bonds in the 5- and 9-positions of a 
normal 18-carbon chain. The IR spectrum of 
this fraction was similar to that observed pre- 
viously for esters of other cis-A 5 acids iso- 
lated in this laboratory (13) especially in the 
8-9/am region. The spectrum did not  show the 
absorbance at 10.3/am characteristic of trans 
double bonds. Accordingly, both double bonds 
must have the cis configuration. In the NMR 
spectrum of TLC fraction 1, 34 protons were 
distributed as follows: ~ 0.9 (distorted t, 3H, 
terminal methyl), 8 1.3 (s, 12H, shielded 
methylenes) ~ 1.7 (m, 2H, methylene group fl 
to double bond and carboxyl groups), ~ 2.1 (m, 
8H, methylenes a to 1 double bond), 5 2.3 (t, 
2H, methylenes a to carboxyl), ~ 3.6 (s, 3H, 
carbomethoxy group), 6 5.3 (m, 4H, vinyl pro- 

tons). There was no signal at ~ 2.8, the chemi- 
cal shift observed for diallylic methylene 
groups. As noted previously (14), the multiplet 
centered at ~ 1.7 is characteristic of AS fatty 
acids, although the apparent multiplicity (quar- 
tet of doublets) is misleading; apparently there 
is virtual coupling and second order splitting. 
Our NMR spectrum is in fair agreement with 
that of Lehtinen, et al., (4) for this 5,9-unsat- 
urated ester. The observed cleavage products 
and spectral data establish the identity of the 
major unusual fatty acid component  of T. 
baccata seed oil as cis-5,cis-9-octadecadienoic 
acid. 

Fractionation by argentation TLC resulted 
in concentration of certain minor components, 
and enabled us to identify them tentatively as 
20:2 As, 11 and 20:3 As, 11,14 from their ECL 
and M + values (Table I). 
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Brassica campestris var. Span: I. Fractionation of Rapeseed 
Oil by Molecular Distillation and Adsorption Chromatography 1 
J.K.G. KRAMER, H.W. HULAN, S. MAHADEVAN, and F.D. SAUER, Animal Research Institute, 
Research Branch, Agriculture Canada, Ottawa, Ontario, K1A 0C6. 

ABSTRACT 

Procedures for the large scale isolation 
of pure triglycerides and fractions rich in 
nontriglyceride components  from Span 
rapeseed oil are described. Fract ionat ion 
of  Brassica campestris var. Span rapeseed 
oil by molecular distillation yielded 4 tri- 
glyceride fractions, all of which contained 
traces of sterol esters. An additional tri- 
glyceride fraction rich in free and esteri- 
fled sterols and other volatile components  
was obtained from the oil. Separation by 
adsorption chromatography of Span rape- 
seed oil yielded three fractions: A) a pure 
triglyceride fraction; B) a triglyceride 
fraction rich in sterol esters; and C) 
another fraction containing free sterols 
and other  polar components.  

INTRODUCTION 

Recent reports in the l i terature indicate that 
feeding rapeseed oil (RSO) to weanling male 
rats for about 16 weeks causes myocardial  le- 
sions, irrespective of the level of erucic (A 13-cis- 
docosenoic) acid (1-5). Some authors (6) have 
ascribed the cardiopathogenicity of RSO solely 
to erucic acid, while others (1-5) have suggested 
that  addit ional factors, such as unsaponifiable 
components  or a fat ty  acid imbalance, may be 
involved. 

To establish if the long term lesions observed 
in male rats were caused by the triglycerides or 
by some nontriglyceride components  of  RSO, 
Brassica campestris var. Span RSO was fraction- 
ated by molecular distillation and adsorption 
chromatography in sufficient amounts to per- 
form extensive long term feeding trials. In this 
report,  the preparat ion of pure triglycerides and 
fractions rich in nontriglycerides are described. 
The results obtained by feeding these fractions 
to male rats for 16 weeks will be described in a 
separate communicat ion (7). 

MATERIALS AND METHODS 

Molecular distillation. Span RSO processed 
by Western Canada Processors, Lethbridge, Al- 
berta, was distilled by Distillation Products In- 
dustries, Rochester, N.Y., in a molecular still, 

1Contribution no. 559 Animal Research Institute. 

Model CMS-36. For  the first cut, a to ta l  of 953 
kg oil was passed through the CMS-36 to yield 
274 kg distillate 1. Detailed conditions are 
listed in Table I. Five strip cuts of  each succes- 
sive residue were performed to yield distillates 
2-6. Distillate 7 was obtained by recycling the 
residue, and the distillate was collected in two 
separate containers labeled 7A and 7B. The resi- 
due after the 7th distillate was 41 kg. The pres- 
sure was 10/am during the first distillation and 
gradually decreased to 1-2 ~m during distillations 
5-7. The feed rate into the molecular still rotor  
was different 'for the separate cuts, and the resi- 
due temperature varied between runs from 
248-278 C (Table I). 

Distillates were cooled to ca. 80 C and col- 
lected in appropriate  drums; nitrogen was 
flushed continuously into the container during 
the collection. Ant ioxidant  was added at 0.1% 
by wt of the oil (Tenox II formulation: 0.02% 
butyla ted hydroxyanisole ,  0.006% propyl  gal- 
late, 0.004% citric acid, and 0.7% propylene 
glycol). The molecular distillation was moni- 
tored by TLC on Silica G e l G  plates using 
hexane :diethyl ether :acetic acid (85:15:1)  as 
developing solvent, and the spots were visualized 
by charring after spraying with H~ S 04:  ethanol  
(1:1). 

Distillates 1 and 2 (Table I; 337 kg) were 
combined and then redistilled to  concentrate 
the volatile unsaportifiable components  of  Span 
RSO, giving distillate 1' (101 kg) and residue 1' 
(231 kg). Distillate 1' was then redistilled to 
give distillate 1" (32 kg) and residue 1" (68 kg). 

Adsorption chromatography. The triglyc- 
erides were isolated from Span RSO (200 kg) 
by adsorption chromatography at Applied Sci- 
ence Laboratories Inc., State College, Pa. The 
column (internal diameter [ID],  76 cm; ht, 
91 cm) was packed dry with Silica Gel H. 
Rapeseed oil (ratio of  oil to adsorbent 3.5:1; 
w:w) was dissolved in a minimum amount  of 
petroleum ether and passed through the column 
with the same solvent until no more sterol 
esters (F1) emerged, as determined by monitor-  
ing the eluate by TLC. Pure triglycerides (F2) 
were then eluted with 2% diethyl ether in 
petroleum ether until  diglycerides emerged, as 
checked by TLC. This was followed by a 
CHC13:MeOH (1:1) wash of  the adsorbent to 
remove the remaining triglycerides and polar  
lipids (F3). Solvents were removed by a solvent 
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stripper at 30 C followed by high vacuum. Anti- 
oxidant purchased from Griffith Laboratories 
Ltd., Scarborough, Ontario, was added at 0.1% 
by wt to all fractions. It contained 13.3% 
butylated hydroxytoluene, 3.3% propylgallate, 
3.3% citric acid, 2% butylated hydroxyanisole, 
and the remainder monoglyceride citrate and 
vegetable oil. The total yield from 200 kg Span 
RSO was: 40, 41, and 21 kg of fractions F1, 
F2, and F3, respectively. A further yield of 
66 kg triglycerides was obtained which con- 
tained various levels of sterol ester and diglyc- 
eride contamination. About 84% by wt of the 
original oil was recovered in the eluates; the 
remainder was left on the adsorbent. 

Analyses of  oils. Methyl esters were prepared 
by transesterifying the oils with 5% (w:w) dry 
HC1 gas in anhydrous methanol for 45 rain at 
80 C (8), and purifying the resulting esters by 
TLC using the solvent hexane:diethyl ether 
(90:10). The methyl esters were analyzed by 
GLC using two stationary phases: 5% butane- 
diol succinate on 80-100 mesh Chromosorb G 
High Performance, and 3% Silar 5CP (cyano- 
propylphenylsiloxane) on 80-100 mesh Gas- 
Chrom Q (Applied Science Laboratory Inc., 
State College, Pa.). Peaks were identified by 
cochromatography with authentic methyl esters 
and quantitated by use of an Infotronic 208E 
integrator. 

Sterols were analyzed quantitatively and 
qualitatively by GLC. A sample of off weighing 
50-200 mg was placed in a 15 ml culture tube 
fitted with a screw cap and teflon liner, and 
1 ml CHC13 and 5 ml anhydrous HCI:MeOH 
(5% by wt) was added. The oil was transesteri- 
fled at 90 C for 1 hr, then reduced in volume 
under a stream of nitrogen and applied quanti- 
tatively onto TLC. The solvent hexane:diethyl 
ether (50:50) was used to isolate the sterols. 
The sterol band was scraped off the TLC plate 
and the adsorbent was eluted with CHC13: 
MeOH ( l : l ) .  The complete eluate was trans- 
ferred to a 1 ml reaction vial and brought to 
dryness under a stream of nitrogen. Appro- 
p r i a t e  a m o u n t s  of  Tri-Sil/BSA (N,O-bis- 
(trimethylsilyl)-acetamide, Pierce Chemical Co., 
Rockford, Ill.), and cholestane dissolved in 
CHC13 were added to the reaction vial. Choles- 
tane was used as internal standard for the quan- 
titative determination of sterols by GLC. The 
silylated sterols were extracted with hexane (9) 
and analyzed by GLC using a 2 m x 4 mm ID 
glass column packed with 5% OV-101 on 80-90 
mesh Anakrom ABS (Supelco, Inc., Bellefonte, 
Pa.). The chromatograph was operated iso- 
thermally at 260 C, and nitrogen was used as 
the carrier gas at 50 ml/min. Authentic stan- 
dards were used to identify the sterols. 

FIG. 1. Thin layer chromatograph, a = Standard 
mixture containing cholesterol oleate, methyl oleate, 
triolein, oleic acid and cholesterol, in descending or- 
der; c = distillate 1; d = distillate 2; e = distillate 3; 
f =distillate 4; g = distillate 5; h = distillate 6; i = distil- 
late 7. Adsorbent; Silica Gel G. Solvent; hexane: 
diethyl ether:acetic acid (85:15:1). Indicator; charring 
after spraying with sulfuric acid ethanol solution. 

FIG. 2. Thin layer chromatography, a = Standard 
mixture (See F!g. 1 for details), b = Span rapeseed oil; 
c = distillate 1 ; d = residue 1 ; e = distillate 1 ; f= 
residue 1". Adsorbent, solvent and indicator, see 
Figure 1. 

RESULTS 

The fractions obtained from molecular distil- 
lation of 953 kg Span RSO were analyzed by 
TLC (Figure 1). Triglycerides were the major 
component in all fractions obtained. The first 
distillates removed the more volatile constit- 
uents present in the oil, i.e., hydrocarbons, 
methyl esters, free fatty acids, alcohols, sterols, 
mono- and diglycerides, some sterol esters and 
other volatiles. Free sterols were detected only 
in distillates 1-3 as determined by the character- 
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TABLE II 

Sterol Content of Span Rapeseed Oil and its Fractions Obtained by 
Molecular Distillation and Adsorption Chromatography 

% Total % Sterol composition a 
Dietary oils sterol in oil Brassicasterol  Campesterol ~-Sitosterol 

Span 0.25 6.7 32.6 60.8 
MD 1 b 0.62 6.9 34.3 58.9 
MD 2 0.12 4.5 33.7 61.8 
MD 3 0.09 3.4 32.5 64.1 
MD 4 0.03 2.5 28.7 68.9 
MD 5 0.01 1.3 20.6 "/8.1 
MD 6 0.03 0.8 25.4 73.8 
MD 7A 0.003 1.8 20.2 77.9 
MD 7B 0.003 1.6 18.4 80.0 
MD 1 'c 1.95 8.0 31.6 60.2 
Residue 1' 0.18 4.9 32.0 63.2 
MD 1 ''c 3.68 8.1 32.7 59.1 
Residue 1" 0.49 5.3 33.8 60.9 
F1 d 0.64 4.4 36.4 59.1 
F2 . . . . . .  
F3 0.006 5.2 28.0 66.8 

aThe relative retention times of the sterols on this GLC column were: cholestane, 1.00; 
cholesterol, 2.03; brassicasterol, 2.24; campesterol, 2.59; stigmasterol, 2.77; and fl-sitosterol, 
3.16. 

bMD = molecular distillate. 
CMD 1' and MD 1" each contained 0.3% cholesterol. 
dF = fractions obtained from adsorption chromatography. 

istic coloration during charring after spraying 
the chromatogram with H2SO 4. Six separate 
distillates were required to yield a relatively 
pure triglyceride fraction low in sterol esters 
(Fig. 1, c-h). The remaining oil was distilled by 
recycling the residue to give distillates 7A and 
7B. 

To obtain a fraction rich in the volatile com- 
ponents of  Span RSO, distillates 1 and 2 were 
combined and refractionated to yield distillate 
1 '; the latter distillate was redistilled once more 
to give distillate 1". A TLC chromatogram of 
molecular distillates 1' and 1", and their corres- 
ponding residues is shown in Figure 2. The en- 
richment of hydrocarbons, sterol esters, methyl 
esters, free fatty acids, free sterols, and mono- 
and diglycerides was apparent by comparing the 
distillates with the corresponding residues. 

The fatty acid composition of all distillates 
is shown in Table I. A molecular distillation of 
triglycerides was apparent; the first distillates 
were higher in 16:0 and lower in the C20 , C22 
and C24 fatty acids relative to Span RSO. The 
reverse fatty acid composition was found in the 
later distillates. The fat ty acid composition of 
distillates 5 and 6 was similar to that of  the 
original Span RSO, whereas, distillates 7A and 
7B had lower levels of 16:0 and 18:1, and had a 
greater concentration of  20:1 and 22:1 com- 
pared to the original oil. Distillate 1" was a 
distinctly different fraction, containing a high 

level of 16:0 and low levels of 20:1, 22:1, ana 
24:1 in addition to an enrichment of  non- 
tri~ycerides as seen from Figure 2. 

The sterol content  of  Span RSO and Of s 
fractions obtained by molecular distillation is 
shown in Table II. By molecular distillation, 
most of the sterols were removed from distil- 
lates 5, 6, 7A, and 7B. In contrast, molecular 
distillate 1" represents a 14.6-fold increase in 
sterols compared to the original Span RSO. 
Furthermore, a separation of the sterols by 
m o l e c u l a r  d i s t i l l a t i on  was also apparent 
(Table II). The relative concentration of  bras- 
sicasterol and campesterol decreased in the later 
distillates, while the relative concentration of  
~-sitosterol increased proportionally. The ab- 
solute amount of brassicasterol in distillates 7A 
and 7B was very low, while the level of this 
sterol was slightly higher in distillates 5 and 6 
compared to distillate 7A and 7B. The relative 
concentration of the three major sterols in 
molecular distillate 1" was comparable to that 
found in the original Span RSO. 

The three fractions obtained from adsorp- 
tion chromatography of Span RSO were ana- 
lyzed by TLC (Fig. 3). All fractions consisted 
mainly of triglycerides, and in addition, F1 con- 
tained an appreciable amount of sterol esters 
and hydrocarbons. No sterol esters or sterols 
were detected in F2 even when 8 mg oil was 
applied onto the TLC plate (Fig. 3 e), but 
traces of  diglyceride were found. Fraction F3 
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conta ined traces of  free sterols and some  diglyc- 
erides. 

All three fract ions were quant i ta t ive ly  ana- 
lyzed for  sterols by  GLC as described in 
Materials and Methods,  and the results are given 
in Table II. There was a 2.6-fold enr i chment  o f  
to ta l  sterols in F1 compared  to  Span RSO. Be- 
cause all the  sterols were present in the  ester 
f o r m  in F1 (Fig. 3), and the sterol  con ten t  o f  
the  free and esterified forms in the  original 
Span RSO was ca. the same (3), F1 represented 
a f ive-fold enr ichment  o f  sterol  esters. No 
sterols were de tec ted  in F2,  and only  traces of  
free sterols were found  in F3.  There  were no 
apparent  differences in the sterol compos i t ion  
of  the free and esterif ied sterols be tween  F1,  
F3,  and Span RSO. 

The fa t ty  acid compos i t ion  of  the  three frac- 
t ions isolated by adsorp t ion  ch romatography  
are given in Table III. Moderate  changes in the 
fa t ty  acid composi t ions  of  the fract ions can be 
expec ted  because the  oil was separated by ad- 
sorp t ion  chromatography ,  which is known  to  
retard polyunsatura tes  compared  to  saturates. 
F rac t ion  F3 conta ined  higher levels o f  18:2 and 
18:3, and generally lower  levels of  saturates and 
monounsa tura tes  compared  to  F1.  The  level o f  
20:1 and 22:1 was highest in F1 and lowest  in 
F3.  

DISCUSSION 

Rapeseed oils l ow  in erucic acid have been 
repor ted  to  cause myocardia l  lesions when  fed 
for several months  to male rats (1-5). AbdeUat i f  
and Vles (6) observed myocard ia l  lesions in 

FIG. 3. Thin layer chromatograph, a Standard 
mixture containing cholesterol oleate, methyl oleate, 
triolein, oleic acid, cholesterol, diolein and monoolein 
in descending order; b = Span rapeseed oil; c = adsorp- 
tion chromatography fraction 1; d = 2 mg of frac- 
tion 2; e = 8 mg of fraction 2; f = fraction 3. Adsor- 
bent, solvent and indicator, see Figure 1. 

male rats that  had been fed diets containing 
synthe t ic  tr iglycerides high in erucic acid for 24 
weeks.. Other  investigators were unable to con- 
sistently produce  myocard ia l  lesions in male rats 
by feeding similar synthe t ic  t r iglycerides high in 
erucic acid (2,10). These inconsistent results 
have been  a t t r ibu ted  to  slight, but  significant 
differences be tween  the fa t ty  acid compos i t ion  
o f  the synthe t ic  tr igiycerides and those  o f  rape- 
seed oils (2). It should be noted ,  however ,  that  
in addi t ion  to differences in the fa t ty  acid com- 
posi t ion be tween  synthe t ic  t r iglycerides and tri- 

TABLE III 

Fatty Acid Composition a of Span Rapeseed Oil and its Fractions 
Obtained by Adsorption Chromatography 

Fractions 

Fatty acid b Span FI F2 F3 

14:0 0.1 0.1 0.1 0.1 
16:0 4.8 5.7 6.1 6.1 
16:1 0.2 0.1 0.3 0.5 
18:0 2.1 3.3 3.1 2.5 
18:1 58.6 49.3 49.6 42.5 
18:2 19.5 17.5 19.9 24.5 
18:3 5.2 5.8 6.9 13.6 
20:0 0.6 1.0 0.8 0.4 
20:1 3.3 6.3 5.2 4.0 
22:0 0.3 0.5 0.4 0.3 
22:1 4.8 8.8 6.2 4.2 
24:0 0.I 0.4 0.3 0.2 
24:1 0.2 0.7 0.6 0.4 

aFatty acid composition expressed as mole-% of total fatty acids. 
bFatty acids are designated by no. of carbon atoms:no, of double bonds. Trace amounts 

of 15:0, 17:0, 20:2, and 22:2 were observed, but are not included in this table. 
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glycerides of natural oils, there are also differ- 
ences in the position of fatty acids on the glyc- 
erol moiety, as well as differences in the posi- 
t ion of the double bonds in fatty acids (1 1). 
Therefore, in the present study triglycerides 
from natural RSO were isolated. 

Molecular distillation and adsorption chro- 
matography were used to isolate triglycerides; 
these two methods do not  isomerize fatty acids 
on the triglycerides molecule. B. carnpestris vat. 
Span was fractionated since this oil was low in 
22:1 and had pre~iously been shown (3) to 
cause myocardial lesions in male rats. It was 
hoped, by using these two separation tech- 
niques, that pure triglycerides and fractions 
containing enriched nontriglyceride compo- 
nents could be isolated in sufficient amounts to 
feed larger numbers of male rats for 16 weeks. 
A comprehensive review of minor constituents 
in RSO has been published previously (1 1). 

Molecular distillation has been used pre- 
viously to remove free fatty acids, sterols, 
methyl esters, alcohols, mono- and diglycerides, 
hydrocarbons, and other volatile components 
from triglycerides (12-15). In the present study, 
these compounds were concentrated easily into 
the light distiltate 1". The isolation of pure tri- 
glycerides required the removal of the sterol 
esters, the volatility of which is similar to tri- 
glycerides (14). This was partially achieved by 
performing 6 small, successive distillation cuts. 
Molecular distillation gave 4 fairly pure triglyc- 
eride fractions (MD5, 6, 7A, and 7B) which 
contained small amounts of sterol esters with 
slightly different fatty acid compositions. Be- 
cause brassicasterol, the characteristic sterol 
present in RSO, was rich in the earlier distil- 
lates, the later triglyceride fractions were rela- 
tively free of this sterol. 

The principles of adsorption chromatog- 
raphy were employed on a large scale to achieve 
the separation observed here with Span RSO. 
The eluate of the column was monitored by 
TLC to obtain a highly purified triglyceride 
fraction. The fatty acid composition of fraction 
F2 was similar to Span RSO. In addition, F2 
was free of sterol and sterol esters and only 
traces of diglycerides were detected. Fraction 
F1 was a triglyceride fraction rich in hydro- 
carbons, sterol esters, and compounds less polar 
than triglycerides. The final fraction F3 con- 
tained some free sterols and mono- and diglyc- 
erides. Most of the polar compounds were re- 
tained by the adsorbent, as was established by 

analyses of the adsorbent after chromatog- 
raphy. 

The cardiopathogenicity to male rats of tfi- 
glycerides (fractions 5, 6, 7B, and F2) and of 
fractions of Span RSO rich in sterol esters (F1), 
free sterol (F3), and free and esterified sterols 
plus other volatile constituents (distillate 1") 
will be described in the next publication of this 
series (7). 
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ABSTRACT 

Rapeseed oils low in erucic acid caused 
myocardial  lesions when fed to weanling 
male rats for 16 weeks. The cardiopatho- 
genic properties appear to be associated 
with the triglycerides of the oil, and not 
to nontriglyceride components  present in 
fully refined rapeseed oil. Cardiac lipid 
analysis confirmed that erucic acid ac- 
cumulation was proport ional  to the con- 
centration of this acid in the diet. 

INTRODUCTION 

Recent reports in the literature indicate that 
feeding rapeseed oil (RSO) to weanling male 
rats causes lipidosis in the heart within the first 
week  and myocardial  lesions after several 
months,  even when RSO low in erucic acid is 
fed (1-4). It has been shown that the early 
lipidosis in the heart  is directly related to the 
erucic acid concentration in the dietary oils (2, 
5-8). However, at present the cause of  the 
necrotic and fibrotic lesions which occur after 
feeding RSO for 16 weeks is not understood. 

Myocardial necrosis has been repor ted in rats 
under such stress as catecholamine injection, di- 
etary vitamin K deficiency, severe muscular ex- 
ertion, exposure to cold and digitalis intoxica- 
t ion (9), or seamin, an alcohol soluble sub- 
stance found in sesame oil (10). Feeding 
cyclopropenoid fat ty  acids is known to produce 
liver and kidney necrosis (11). The possibility 
may exist, therefore, that a nontriglyceride 
component  is present in the completely refined 
RSO which is responsible for the necrotic and 
fibrotic lesions. On the other hand, the lesion 
producing properties of RSO may be at tr ibut-  
able to its triglycerides. 

To establish whether the long term lesions 
are caused by the trigiycerides or some nontri- 
glyceride component  present in the oil, Brassica 
campestris var. Span RSO was fractionated by 
molecular distillation and adsorption chroma- 
tography,  as described previously (12), to yield 
highly purified triglycerides and fractions rich 

1Contribution no. 575 Animal Research Institute. 

in nontriglyceride constituents. These fractions 
were fed to weanling male rats for 16 weeks. 
Hearts of these rats were examined for myo- 
cardial lesions and fat ty acid composition. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats (Bio-Breeding, 
Ottawa, Ontario) 3 weeks of age and weighing 
40-50 g, were randomly selected, identif ied by 
ear markings, assigned 2 per cage, and fed the 
experimental  diets for 16 weeks. The sernisyn- 
thetic diet consisted of 20% casein, 20% su- 
crose, 30% cornstarch, 1% vitamin mixture, 4% 
U.S.P. XVII mineral mixture,  5% pure wood 
cellulose, and 20% test oil (w/w). The following 
otis were used: corn oil (St. Lawrence Starch 
Co.  Ltd., Port Credit, Ontario); olive oil 
(Pastene Co. Ltd., Montreal, Quebec); safflower 
oil (Teklad Mills, Madison, Wisc.); B. napus var. 
Oro and B. campestris var. Tower (Cooperative 
Vegetable Oil Ltd., Altona, Manitoba); and B. 
campestris var. Span (Western Canada Proces- 
sors, Lethbridge, Alberta).  The fractions ob- 
tained from Span RSO by molecular distillation 
(MD) 5, 6, 7B, and 1" and by  adsorption 
chromatography F I ,  F2, and F3 have been 
described previously (12). 

Experiment I consisted of  2 groups of 20 
rats fed Purina Laboratory Rat Chow or semi- 
synthetic diet containing olive oil, and 6 groups 
of 50 rats fed sernisynthetic diet containing Oro 
RSO, Span RSO, or MD 5, 6, 7B and 1", from 
Span RSO (12). Because of  the l imited supply 
of MD 1", 25 of  the 50 rats were killed after 12 
weeks and their hearts examined histologically. 
The remaining 25 rats were kept the  entire 16 
weeks on this diet. After  16 weeks, all rats were 
killed and their hearts examined histologically. 
One quarter of the heart was removed for lipid 
analyses from 10 rats on each diet; the remain- 
ing por t ion of these hearts was prepared for 
histological examination.  

Experiment II consisted of  4 groups of 10 
rats fed chow or semisynthetic diet containing 
olive oil, Span RSO, or triglyceride fraction F2 
obtained from Span RSO by adsorption chro- 
matography (12). Rats were killed after 16 
weeks on treatment  and hearts removed for 
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TABLE I 

Fatty Acid Composition of Chow and Dietary Oils 

Diets 
Fatty 
acids Chow a Olive Corn Safflower Tower Oro Span 

16.0 16.9 11.9 15.0 9.9 5.2 5.0 4.8 
16:1 1.8 0.7 0.1 0.1 0.2 0.3 0.2 
18:0 3.2 2.9 2.6 3.4 1.8 2.5 2.1 
18:1 22.4 73.4 27.8 13.9 56.9 62.2 58.6 
18:2 38.9 8.9 52.7 71.9 24.0 18.9 19.5 
18:3 3.1 0.8 0.6 0.2 8.4 6.7 5.2 
20:1 2.9 0.4 0.3 0.2 1.3 1.9 3.3 
22:1 3.7 0.4 0.8 1.6 4.8 
24:1 0.2 0.2 0.2 

aChow contained fish meal as part of its formulation. The fatty acid composition is that 
of the total lipids extracted from the diet with chloroform: methanol (2:1). 

lipid analysis and histological examination. 
Experiment III consisted of 8 groups of 24 

rats fed chow or sernisynthetic diet containing 
corn oil, safflower oil, Tower RSO, Span RSO, 
or fraction F1, F2, and F3 obtained from Span 
RSO by adsorption chromatography (12). All 
rats were killed after 16 weeks on these diets; 
20 rats were examined histologically and 4 rats 
were used for lipid analyses. 

For histological examination hearts were 
fixed in 10% neutral buffered formalin. Three 
sections were prepared from each heart: a) one 
central section extending from apex to base and 
including interventricular septum, atrial and 
ventricular walls; b) a section parallel to the 
first and extending through the right ventricle; 
and c) a third section parallel to the other two 
and extending through the left ventricle. The 3 
sections were equidistant from each other. 
From these, 6/a sections were made and stained 
with hematoxylin and eosin. 

All experimental rats were numerically 
coded and not identified until  the histological 
examination was completed. The results were 
reported as the number of rats affected, as well 
as the number of lesions per affected heart. No 
attempt was made to grade individual lesion as 
to pathological severity. Instead, groups were 
made to include rats which had 1-2, 3-5, 6-10, 
and >10 lesions per heart. Approximate Chi- 
square statistics, obtained following the ap- 
proach of Fienberg (13) were used to examine 
the frequency tables (Tables II-IV) for evidence 
of differences in patterns of incidence and se- 
verity among the various diets. 

The techniques for homogenization of rat 
hearts, extraction of lipids, and preparation and 
analysis of fatty acid methyl esters have been 
described (2). Analysis of variance was per- 
formed on cardiac lipids and wt gains and signi- 
ficant difference at the 1% level (P < 0.01) 

were  determined using Duncan's Multiple 
Range test (14). 

RESULTS 

The fatty acid composition of chow, corn 
oil, olive oil, safflower oil, Tower RSO, Oro 
RSO, and Span RSO is shown in Table I. The 
composition of the fractions isolated from Span 
RSO by molecular distillation and adsorption 
chromatography are fully described in an ac- 
companying publication (12). Oro and Tower 
RSO were fully refined rapeseed oils low in 
20:1 and 22:1 with a total sterol concentration 
of 0.29 and 0.23%, respectively. 

Growth rates of male rats fed MD 1" were 
significantly lower (P < 0.01) compared to rats 
fed the diet containing olive off (experiment I). 
The wt gains of rats fed Oro RSO, Span RSO, 
or MD 5, 6, and 7B (purified triglycerides) were 
slightly lower than, but not significantly differ- 
ent (P < ,0 .01 )  from the control diets (chow 
and olive oil), or MD 1 ". Male rats fed the puri- 
fied triglyceride fraction F2 obtained by ad- 
sorption chromatography (experiment II) per- 
formed as well as the control diets (chow or 
olive oil), whereas, feeding Span RSO gave a 
slightly depressed growth rate which was not 
significant at the 1% level. In experiment III, 
male rats fed safflower oil, Span RSO, and frac- 
tions F1, F2, and F3 obtained by adsorption 
chromatography gained significantly less (P < 
0.01) compared to rats fed corn oil. Rats fed 
chow or Tower RSO gained less than those fed 
corn oil but more than those fed Span RSO or 
fractions F1, F2, or F3. However, none of these 
difference were significant. 

The inclusion of RSO in the diet resulted in 
myocardial accumulation of fatty acids charac- 
teristic of these oils, such as 20:1, 22:1, and 
18:3. There was considerable evidence of a 
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total cardiac lipids after 16 weeks on diets containing 
point represents the mean of 4 or more rats. 

FIG. 1. Relationship of 20:1 and 22:1 in the diet compared to the relative concentration of these acids in 
rapeseed oil (RSO) or fractions isolated from RSO. Each 

linear relationship (r -- 0.85) between the die- 
tary level of 22:1 and that  found in total  car- 
diac lipids after 16 weeks (Figure 1). The linear 
relationship was less evident (r = 0.57) with 
20:1 (Figure 1). A possible explanation for this 
could be that  20:1 is derived from the diet and 
by ~-oxidation of 22:1 (15). Linolenic acid was 
found in the cardiac lipids of rats fed diets con- 
talning this fa t ty  acid. 

A comparison of the cardiac lipids of rats 
fed diets containing olive oil or RSO showed a 
remarkable similarity in the fat ty  acid profile of  
principal fa t ty  acids. Diets containing corn or 
safflower oil, when fed to rats, gave signifi- 
cantly higher levels (P < 0.01) of 16:0 and 18:2 
in the heart compared to  rats fed RSO, while 
the level of 18:1 was lower (P < 0.01) and the 
relative abundance of  18:0 and 20:4 was not 
significantly different. 

No major difference was observed in the 
principal fa t ty  acids in the hearts of rats f ed  
Span RSO compared to MD 5, 6, 7B, and 1", 
other than 20:1 and 22:1 being lower (P < 
0.01) when MD l "  was fed. With few excep- 
tions, the same was evident in experiment II 
and III; no major difference was observed be- 
tween the cardiac l ipid composit ion of  rats fed 
Span RSO and rats fed fractions F1, F2, and F3 
from adsorption chromatography. The excep- 
tions were 20:1 and 22:1,  which were signifi- 

cantly higher, (P < 0.01) when F1 was fed, and 
18:3 which was higher when F3 was fed. 

In accordance with our previous observa- 
tions (2), the results in Table II show that  rats 
fed control  diets had heart lesions, but  the inci- 
dence and the severity was generally less than 
that  observed in rats fed RSO or its fractions. 
In this experiment,  when rats fed Oro and Span 
RSO were compared to rats fed chow or olive 
oil, neither incidence nor severity were signifi- 
cantly different at the 5% probabi l i ty  level. 
However, it  should be pointed out  that  the inci- 
dence of lesions approached significant differ- 
ence (P --- 0.06). As shown in Table II, fractions 
MD 7B and MD l "  were highly cardiopatho- 
genic (P < 0.OO1) compared to  MD 5, MD 6, 
Span RSO, and Oro RSO, both in incidence and 
severity. Finally, the 25 rats fed the MD l "  diet 
for 12 weeks showed significantly fewer lesions 
(P < 0.O1) than rats fed the same diet for 16 
weeks; no difference was observed in severity 
between these 2 groups. 

The results in Table III show that the inci- 
dence of myocardial  lesions was not  different in 
the rats fed the pure triglyceride F2 and the 
original Span RSO. However, the incidence for 
both  was significantly higher (P ' ( 0 . 0 0 1 )  than 
that  observed in rats fed the control  diets. This 
observation was confirmed by the results shown 
in Table IV, which in addition showed no dif- 

LIPIDS, VOL. 10, NO. 9 



514 J.K.G. KRAMER, H.W. HULAN, S. MAHADEVAN, F.D. SAUER, AND A.H. CORNER 

TABLE II 

Myocardial Lesions  in Male Rats: Experiment I 

Severity index a 

Diet Incidence 1-2 3-5 6-10 > 10 

Chow 6/20 4 2 0 0 
Olive 4/20 4 0 0 0 
Oro RSO b 19/50 9 7 3 0 
Span RSO 23/50 13 4 6 0 
MD5 c 31150 17 9 4 1 
MD6 24/50 8 10 3 3 
MD7B 40/50 9 11 9 11 
MDI" 19/25 8 5 0 6 
MDI"(12 wks) 10/25 3 4 1 2 

• Analysis d Incidence (d.f.) e Severity (d.f.) e 

Control 0.53 (1) 2.38 (1) 
Treated 27.25*** (5) 41.25"** (15) 
Control vs. treated 14.72"** (1) 8.71" (S) 
Control vs. Oro, Span, MD5 & MD6 7.91"* (1) 5.92 (3) 
Control vs. Oro and Span 3.67 (1) 4.96 (2) 
MD7B and MDI" vs. Oro, Span, 

MD5, and MD6 21.06"** (1) 20.26*** (3) 
MDI"(12 wks vs. 16 wks) 6.82** (1) 0.62 (3) 

aSeverity index is the number of rats with lesion scores of 1-2, 3-5, 6-10 and >10 in 2 
sections per heart. 

bRSO = Rapeseed oil. 
CMD = molecular distillate. 
dA comparison of rats affected to no. rats examined was used in the analysis of inci- 

dence. Only rats with heart lesions were compared in the analysis of severity. Significant 
difference: *(P < 0.05); **(P < 0.01); ***(P < 0.001). 

eThe degrees of freedom (d.f.) of these analyses were (r-l) (c-l), where r and c are the 
number of rows and columns, respectively. If an entire column was zero, the degrees of 
freedom were reduced accordingly. 

ference  in t he  inc idence  of  myoca rd i a l  lesions 
w i th  t he  feed ing  of  Tower  RSO,  Span  RSO,  F 1, 
F2,  and  F3.  This  t r e a t ed  group showed  a h ighly  
s ignif icant  d i f fe rence  in inc idence  (P < 0 .001)  
and  sever i ty  (P < 0 .01)  of  hea r t  les ions  w h e n  
c o m p a r e d  to  the  group of  ra ts  fed chow,  saf- 
f lower  oil, or co rn  oil. 

DISCUSSION 

As i n d i c a t e d  in  our  p rev ious  p u b l i c a t i o n  (2)  
and  again e m p h a s i z e d  here ,  male  ra t s  fed con-  
t ro l  diets,  i.e., chow,  c o r n  oil, olive oil,  o r  saf- 
f lower  oil, have  a def in i te  inc idence  of  myocar -  
dial necrosis ,  w h i c h  m a y  in some  ins tances  ap- 
p r o a c h  t h a t  observed  in ra ts  fed  Oro  or  Span  
RSO (Table  II). This  wou ld  suggest  t h a t  t he  
fac tor (s )  r espons ib le  for  m y o c a r d i a l  lesions in 
male  ra t s  are no t  u n i q u e  to  RSO. In general ,  
however ,  w h e n  RSO or  f rac t ions  i so la ted  f r o m  
RSO were  fed  to  male  rats,  t he  inc idence  of  
myoca rd ia l  necros is  was cons ide rab ly  grea ter  
t h a n  t h a t  obse rved  in ra ts  fed  con t r o l  diets 
(Tables  III  and  IV).  

R o c q u e l i n  a n d  Cluzan  (1)  were t h e  f irst  t o  
suggest  t h a t  a c a rd io tox i c  f a c t o r  migh t  be  pres- 

en t  in  t he  unsapon i f i ab l e  f r ac t ion  o f  RSO.  More  
r ecen t ly ,  Beare-Rogers ,  et al., (16)  c la imed to  
have c o n c e n t r a t e d  this  f ac to r  in  the  d e o d o r i z e r  

c o n d e n s a t e  f r o m  B. campestris RSO. The  re- 
sui ts  o f  t he  p re sen t  s t u d y  deal  w i t h  t h e  ques-  
t i on  o f  wh ich  c o n s t i t u e n t  of  RSO causes myo-  
cardial  necros is  in  male  rats.  

F r o m  the  p resen t  work ,  brass icas terol ,  char-  
ac ter i s t ic  of  t he  Cruciferae  f ami ly  (17,  18), cer- 
t a in ly  could  be e l i m i n a t e d  as caus ing these  
p a t h o g e n i c  results .  This  s te ro l  was n o t  f o u n d  in  
t r ig lycer ide  f r ac t i on  F2 o b t a i n e d  f r o m  adsorp-  
t i o n  c h r o m a t o g r a p h y  and  was p resen t  in  on ly  
very  low levels in  MD 5, 6, and  7B, and  ye t  
these  f rac t ions  s h o w e d  as great  or  grea ter  inci- 
dence  of  myoca rd i a l  les ions t h a n  the  or iginal  
oil. F u r t h e r m o r e ,  male  ra ts  f ed  f r ac t ions  F1 and  
M D I "  wh ich  were h ighly  en r i ched  w i t h  bras-  
s icasterol  did n o t  exclus ively  cause myoca rd i a l  
les ions c o m p a r e d  to  f r ac t ions  w h i c h  were  de- 
void o f  th is  s terol .  The  g lucos inola tes  (18)  may  
also be  ru led  ou t ,  because  these  c o m p o u n d s  
would  be r e t a ined  o n  t he  a d s o r b e n t  in  adsorp-  
t i on  c h r o m a t o g r a p h y  and  r e m a i n  in t h e  res idue 
o f  molecu la r  d is t i l la t ion.  Similar ly ,  t e rpen i c  al- 
cohols  (18)  w o u l d  be c o n c e n t r a t e d  in t he  l ight  
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Severity indexa 

Diet Incidence 1-2 3-5 6-10 > 10 

Chow 1/10 0 0 1 0 
Olive 2/10 2 0 0 0 
Span Rapeseed Oil 6/10 3 0 3 0 
F2b 8/10 2 3 0 3 

X 2 Analysis c Incidence (d.f.) d Severity (d.f.) 

Controls 0.40 (1) 3.82 (2) 
Treated 0.97 (1) 12.39"* (3) 
Control vs. Treated 13.21"** (1) 2.97 (3) 

aSeverity index is the no. rats wi th  lesion scores of  1-2, 3-5, 6-10, or > 10 in 3 sections 
per heart. Note: 4 of  the rats fed the diet containing F2 had only 2 sections examined 
histologically.  

bF2 = pure tr iglyceride fraction obtained from Span Rapeseed oil by adsorption chroma- 
tography.  

CSee Footnote  d in Table II. 
dd.f. = degrees of freedom; see footnote  e in Table II. ** = (P < 0.01); *** = (P < 

0.001). 

TABLE IV 

Myocardial Lesions in Male Rats: Exper iment  III 

Severity index a 

Diet Incidence 1-2 3-5 6-10 > 10 

Chow 11/20 5 4 1 1 
Safflower 7/20 7 0 0 0 
Corn 9/20 4 3 1 1 
Tower RSO 15/20 8 2 2 3 
Span RSO 17/20 2 1 3 11 
F1 b 19/20 3 6 3 7 
F2 16/20 10 1 2 3 
F3 16/20 7 2 4 3 

X 2 Analysis c Incidence (d.f.) d Severity (d.f.) 

Control  1.63 (2) 9.03 (6) 
Treated 3.80 (4) 23.6 l * (12)  
Control  vs. t reated 24.99*** (1) 11.55"* (3) 

aSeverity index is the no. rats with lesion scores of 1-2, 3-5, 6-10, or >10  in 3 sections 
per heart. 

bF1,  F2 and F3 = fractions isolated from Span RSO by adsorpt ion chromatography.  

CSee Footnote  d in Table II. 
dd.f. = degrees of f reedom; see foo tnote  e in Table II. * = (P < 0.05); ** = (P < 0.01); 

(*** = P < 0.00). 

distillate MD 1" from molecular distillation and 
would be present in F3 obtained from adsorp- 
tion chromatography. We conclude, therefore, 
because all the fractions tested caused myocar- 
dial lesions, and because triglycerides are the 
major constituents of all these fractions, that 
the triglycerides of RSO are the major compo- 
nents responsible for the myocardial lesions. In 
support of this, when RSO was tested for car- 
diotoxicity after various stages of commerical 
refinement, no decrease in cardiotoxicity was 

observed (19), in spite of the fact, that during 
deodorization volatile compounds were re- 
m o v e d .  

Nevertheless, feeding MD 1", a fraction 
w h i c h  c o n t a i n s  m a n y  o f  t h e  c o m p o u n d s  p r e s e n t  

i n  t h e  d e o d o r i z e r  c o n d e n s a t e  w h i c h  was  fed  b y  

B e a r e - R o g e r s ,  e t  al . ,  ( 1 6 ) ,  d i d  give a h i g h e r  inc i -  

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

be  i n t e r p r e t e d  w i t h  c a u t i o n  b e c a u s e  b o t h  t h e  
d e o d o r i z e r  c o n d e n s a t e  a n d  M D  1"  s t i l l  c o n -  

t a i n e d  8 0 - 9 0 %  m o n o - ,  di-, a n d  t r i g l y c e r i d e s .  
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However, the possibility that a second cardio- 
toxic factor not related to triglycerides may be 
present in this fraction cannot be excluded at 
this time. 

An early concep t  p r o p o s e d  by  Abde l l a t i f  
and  Vles (7 ,20)  suggests t h a t  22:1 and  20:1 
f a t t y  acids are the  p r imary  agents  respons ib le  
for  the  p a t h o g e n i c  p rope r t i e s  of  RSO, because 
myoca rd i a l  lesions cou ld  be r e p r o d u c e d  by  
feeding  a 1:1 m i x t u r e  of  sun f lower  oil and  
crude t r i e ruc in  (84%, 22 :1) .  This  view is n o  
longer  t e n a b l e  because  n e w  RSO variet ies very 
low in 20:1 a n d  22:1  still resul t  in  s ignif icant  
i nc idence  of  myoca rd i a l  les ions w h e n  fed to  
male  rats. Never theless ,  as i nd ica t ed  by  the  
p resen t  work ,  as well as by  t he  resul ts  of  
Rocque l in ,  et al., (21) ,  w h e n  t he  level of  long  
cha in  m o n o e n e s  exceeds  an,  as ye t ,  unspec i f ied  
level, i t  can  by  i t se l f  cause  an  inc reased  inci- 
dence  of  m y o c a r d i a l  necrosis .  F o r  t ha t  reason,  a 
dose response  of myoca rd ia l  lesions to  22:1 
cou ld  be e x p e c t e d  by  feeding  a RSO high in 
22: 1, b u t  n o t  one  low in  22 :1 .  The  resul ts  of  
Beare-Rogers ,  et al., (16)  appea r  to  c o n f i r m  this  
hypo thes i s .  

We conc lude  t h a t  the  p r i m a r y  myoca rd io -  
t ox i c  f ac to r  o f  RSO is in the  t r ig lycer ide  
f rac t ion ,  b u t  i t  may  n o t  be  due solely to  long  
chain  m o n o e n o i c  acids,  i.e., 20 :1 ,  22 :1 ,  and  
24:  1. As suggested in our  earl ier  work  (2) ,  RSO 
t r ig lycer ides  have  a c o m p o s i t i o n  w h i c h  is dif- 
f e ren t  f r o m  corn ,  saff lower ,  olive, or  s o y b e a n  
oil. These  d i f ferences  inc lude  a l te red  sa tu ra t ed  
t o  u n s a t u r a t e d  ra t ios  w i th  low levels of  1.6:0, a 
h i g h  c o n c e n t r a t i o n  of  18:3 ,  and  a low 
1 8 : 2 / 1 8 : 3  ra t io .  It seems poss ible  t h a t  RSO tri-  
glycerides have  a c o m b i n a t i o n  of  p rope r t i e s  
t h a t  are respons ib le  for  c a rd io tox i c i t y  in  male  
rats. In add i t i on  to  the  p rope r t i e s  l is ted above,  
o t h e r  charac te r i s t i c s  u n i q u e  t o  RSO m ay  in- 
c lude the  p resence  o f  n-7 f a t t y  acids (22)  and  
an  a s y m m e t r i c  d i s t r i bu t i on  of  18:3 in t he  tri- 
glycerides  (23) .  

J.K.G. KRAMER, H.W. HULAN, S. MAHADEVAN, F.D. SAUER, AND A.H. CORNER 
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Reaction of Ergosteryl Acetate with Maleic Anhydride and 
Preparation of 5,7-Ergostadien-3(~-ol 1 ,2 

H.W. KIRCHER and F.U. ROSENSTEIN, Department of Agricultural Biochemistry, 
University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

An improved, large scale synthesis of 
the ergosteryl acetate-maleic anhydride 
Diels-Alder adduct  and its pyrolysis are 
described. The complex mixture obtained 
by reaction of the two constituents was 
refluxed with methanol to convert the 
succirtic anhydride derivatives, formed by 
the "ene"  reaction, to soluble half esters, 
leaving the insoluble Diels-Alder adduct 
largely unchanged. The lat ter  was hydro- 
genated and pyrolyzed in vacuo to yield 
5,7-ergostadienyl acetate together with 
l e s s e r  quant i t ies  of  the acetates of 
7 ,9 (1  1 ) - e r g o s t a d i e n - 3 f l - o l ,  6,8(9)-er- 
gostadien-3~ol,  and 8,14-ergostadien-3/3- 
ol. These components  were separated and 

1Contribution No. 2395, Arizona Agricultural Ex- 
periment Station. 

2presented at the AOCS Meeting, Philadelphia, 
October, 1974. 

purified by argentation column chro- 
matography and crystallization. 

I NTRODUCTION 

We r e q u i r e d  5,7-ergostadien-3/3-ol (Va; 
Scheme 1) for our studies on sterol util ization 
by species of Drosophila. A diene synthesis (1) 
applied to  22,23-dihydrobrassicasteryl acetate 
was considered and rejected because prepara- 
t ion of  this sterol in a large quanti ty is t ime 
consuming (2,3). The hydrogenation of diene 
blocked derivatives of ergosterol seemed to be a 
bet ter  route.  

At first, the triazoline dione adduct (I; 
Scheme 1) appeared ideal for this purpose. The 
derivative is obtained in good yield and can be 
conver ted readily back to ergosterol with 
LiA1H4 (4). Hydrogenation of I (Scheme 1) 
over paUadium, plat inum or Raney nickel, how- 
ever, always reduced the A6 bond before the 
A22 was at tacked (A. Wilkinson, unpublished 

AcO AcO 
~'N,, C=O 0 ) 

I o=c..., Ti 
N\C6H 5 

Ac 

~CH 
"CH \c-O 

0 ~C~ 0 

RO 

R 
a H 

b CH3CO 

c C6H5C0 

Scheme I. Formulas of adducts and products. 
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FIG. i. TLC, System A. a = Ergosteryl acetate 
(EA); b = EA-maleic anhydride (MA) reaction in inert 
solvents; c = EA-MA reaction in polar solvents; d = 
EA-MA reaction, 4:1 ratio of reactants, respectively; 
e = EA-MA reaction in 25 ml benzene; f = EA-MA re- 
action with 0.025 ml triethylamine; g = EA-MA reac- 
tion, room temperature, 4 days; h = same as g plus 
BF3; i = same as g plus A1C13. III,VI = see Scheme 1. 

data). After our work was completed, similar 
results were reported (5). 

The iron tricarbonyl complex (II; Scheme 1) 
was prepared next (6). It tenaciously resisted 
hydrogenation over palladium, even at 150 C 
and 14 atm. Use of Raney nickel destroyed the 
yellow complex at room temperature and gave 
7,22- and 7-derivatives, the typical products of 
hydrogenation of ergosteryl acetate (EA) over 
nickel (A. Wilkinson, unpublished data). 

We then turned to the classical synthesis of 
5,7-ergostadienylacetate (Vb; Scheme 1) via the 
maleic anhydride (MA) adduct (III; Scheme 1) 
and its dihydro derivative (IV; Scheme 1) (7). 
This procedure has been used frequently for the 
preparation of 22,23-dihydroergosteryl acetate 
and the free sterol (8-12), but experimental de- 
tain and physical constants are missing in sever- 
al" of  these reports. A number of related studies 

(13-19) discussed the EA reaction with MA and 
described products of the general formula (VI; 
Scheme 1) formed by the "ene"  reaction (20) 
between the reactants. 

In this paper we report further studies on 
the reaction of EA with MA, a simple proce- 
dure for the large scale preparation and purifi- 
c a t i o n  o f  t he  D i e l s - A l d e r  a d d u c t  ( I I I ;  
Scheme 1), its hydrogenation and pyrolysis, 
and the isolation of  Vb (Scheme 1), and three 
other ergostadienyl acetates from the pyrolytic 
reaction mixture. 

FIG. 2. TLC System A. a = Adduct III, 3 days, 
170 C, with and without maleic anhydridie (MA); b = 
ergosteryl acetate (EA)-MA reaction products refluxed 
4 hr in methanol; c = adduct III refluxed overnight in 
methanol; d = crude EA-MA adduct III; e = purified 
adduct III; f= 22,23-dihydroadduct IV; g= 6,7; 
22,23-tetrahydroadduct. III,IV,V = see Scheme 1. 

EXPERIMENTAL PROCEDURES 

EA was recrystallized from chloroform- 
methanol, MA was sublimed at atmospheric 
pressure, and thiophene free benzene was dried 
over sodium and distilled. Sealed tube reactions 
were run under N 2 in an oil bath. Autoclave 
reactions were run in the 1 liter Parr Series 
4500 pressure apparatus. Melting points are cor- 
rected and were taken in vacuo in capillary 
tubes with a Thomas-Hoover apparatus. Sys- 
tems for TLC were: A) chloroform:acetone: 
acetic acid (97:2: 1), silica gel plates: B) chloro- 
form:acetone (98:2), 10% AgNOa-silica gel 
plates; 30% H2SO 4 spray. GLC with 5% 
OV-101 on Anachrom ABS, 260 C; relative re- 
tention times of  ergostanyl acetate derivatives 
(cholesteryl ace ta te=  1.00) were: A8(14)=  
1.26; As = 1.27; A7,9(11) = 1.35; AS,t4 =1.36; 
A6,8(9) = 1.36; A5,7 = 1.36; A5,7,22 = 1.20. 
UV spectra in 95% ethanol were obtained with 
the Perkin-Elmer 202. 

Preparation of EA-MA Adduet I I I  

A. Preliminary experiments: 

1. EA and MA (200 mg, each) in 5 ml inert 
solvent (ethyl acetate, 1,2-dichloroethane, car- 
bon disulfide, mesitylene [Matheson Coleman 
and Bell, Los Angeles, CA],  SkellysolveB 
[Skelly Oil Company, Tulsa, OK], tetrahydro- 
furan, carbon tetrachloride, chloroform, acetic 
acid, benzene, xylene [Mallinckrodt Chemical 
Works, St. Louis, MO], acetonitrile, mono-, di- 
and triglyme, acetic anhydride [Aldrich Chemi- 
cal Company, San Leandro, CA])  or no sol- 
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vent were heated in sealed tubes 3 hr at 180 C. 
The tubes were cooled, opened, and the con- 
tents assayed by TLC (Fig. lb).  

2. The same reaction (Experiment 1) was 
run in 5 ml polar solvents (dimethyl form- 
amide, dimethyl acetamide, ethylene carbonate, 
dioxane, pyridine, collidine [Aldrich Chemical 
Co., San Leandro, CA] ). The reaction mixtures 
were poured into water and the products ex- 
tracted with benzene and assayed by TLC 
(Fig. lc). 

3. EA (200 mg) and MA (�88 to 3moles/  
mole EA) were heated at 180 C, for 3 hr in 
benzene (Fig. ld). 

4. EA (200 rag) and MA (100rag) were 
heated at 180 C for 3 hr in 5-25 ml benzene 
(Fig. le). 

5. EA (200 mg) and MA (100 mg) in 5 ml 
benzene were heated at 180 C for 3 hr with 
0-0.1 ml triethylamine (Fig. 1 f). 

6. EA and MA (200 mg, each) in 5 mi ben- 
zene, N2, 25 C, 4 days (Fig. lg). 

7. Same as Experiment 6, with 0.5 ml BF 3 
etherate (Fig. lh). 

8. E A  and MA (200 mg, each) in 5ml  
ethylene chloride, 6.6 mg sublimed A1C13 
added, room temperature, 4 days (mole ratios 
1 EA:4 MA:0.1 A1C13)(Fig. li). 

9. Adduct III (50 mg) in 3 ml benzene, 
sealed tube, N 2 170 C, 3 days with and without 
50 mg MA (Fig. 2a). 

10. Products from a typical EA-MA re- 
action in benzene (Fig. lb)  were refluxed with 
methanol for 4 hr (Fig. 2b). 

11. Adduct III (700 mg) in 50 ml methanol 
was refluxed overnight (Fig. 2c). 

B. Large scale preparations: EA (100 g) and 
MA (50g) in 600 rrd benzene were heated 
under N2 in the autoclave for 20 hr at 150 C. 
The yel low charge transfer complex that 
formed immediately between the reagents grad- 
ually disappeared as the reaction progressed. 
After cooling and addition of Celite (Johns- 
Manville, Denver, CO), the benzene solution 
was filtered and solvent removed in vacuo in a 
2 liter flask. Methanol (850 ml) was added to 
the residue (Fig. lb),  and the suspension re- 
fluxed 4 hr to convert the "ene" reaction prod- 
ucts (VI; Scheme 1) to mono-methyl esters 
(Fig. 2b). The resulting mixture was cooled 
overnight at 4 C after wbdch the prisms of the 
Diels-Alder adduct III (Scheme I) were removed 
and dried (Fig. 2d) (mp = 215-218 C). Yield 
from five such runs was 132 g (21.5%). The 
combined products were recyrstallized from 
2 l i t e r s  a c e t o n e  to give 127g pure III 
( S c h e m e  1) ( F i g .  2 e )  w i t h  a m p -  
219.5-220.5 C. In the literature, the mp is re- 

FIG. 3. TLC System A 0eft side), a = Dihydro- 
adduct IV; b = sublimate from pyrolysis of IV; c = 
methanol insoluble ergostadienyl acetates; d = metha- 
nol soluble products; e = crude 5,7-ergostadienyl 
acetate. TLC, System B (right side), f= Crude 5,7- 
ergostadienyl acetate; g= purified 5,7-ergostadienyl 
acetate. IV,V = see Scheme 1. 

p o r t e d  as: 210-212C (9); 2 1 6 C  (8,14); 
2 1 6 - 2 1 8 C  (16,18); 217.5-218C (11); and 
217-220 C (19). The compound pyrolyzed in 
the injection port of the gas chromatograph 
(290 C) to give a single peak corresponding in 
retention time to that of EA. 

22,23-Dihydro adduct IV 

Adduct III (50 g) in 1 liter distilled ethyl 
acetate was stirred overnight at room tempera- 
ture and atmospheric pressure with 10%Pd on 
carbon (4 g) and hydrogen. Catalyst and solvent 
were removed to leave IV (Scheme 1) as an 
amorphous solid (Fig. 2f), (sinters = 172 C, 
melts = 203.5-205 C). The literature report sin- 
ters = 172-174 C, mel ts  = 202-203 C (14). All 
attempts to crystallize IV from many solvents 
failed. The compound also pyrolyzed in the gas 
chromatograph and gave a single peak corres- 
ponding in retention time to that of 22,23- 
dihydroergosteryl acetate (Vb; Scheme 1). 

6,7;22,23-Tetrahydro adduct 

Adduct III (0.5 g) in 50 ml ethyl acetate 
containing five drops of 70% HC104 was stirred 
with PtO 2 (0.15 g) and hydrogen for 2 weeks. 
Catalyst was removed, the solution washed with 
aqueous sodium acetate and evaporated. The 
residue was crystallized from methanol to yield 
0.2 g tetra_hydro EA-MA Diels-Alder adduct 
(Fig. 2g) with a mp = 186-188 C. In the litera- 
ture, the mp is reported to be 187-187.5 C 
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FIG. 4. UV spectra of: a = 7,9(11)-ergostadien-3~- 
ol; b = 8,14-ergostadien-3#-yl acetate; c = 6,8(9)-ergos- 
tadien-3j~-ol; d = 5,7-ergostadien-3/3-ol. 

(14). The tetrahydro adduct gave no peak on 
GLC and was stable to pyrolysis (220 C, 6.5 hr, 
in vacuo). 

Pyrolysis of dihydro aflduet IV 

A m a g n e t i c  stirring bar and 10g IV 
(Scheme 1) (Fig. 3a) were placed in each of 2 
l-liter filter flasks which were closed with a rub- 
ber stopper and attached to a vacuum manifold. 
The system was evacuated several times and 
flushed with N2, a water aspirator vacuum ap- 
plied (32 mm), and the flasks immersed to a 
depth of 4 cm in 220 C oil baths on magnetic 
stirrer hot plates. After 5 hr, an oil pump 
vacuum was applied (0.2 mm) and the products 
of pyrolysis sublimed to the cooler walls of the 
flasks for 2 days. After cooling, N 2 was ad- 
mit ted to the system and the sublimates 
(Fig. 3b) removed from the unsublimated resi- 
dues with benzene. Evaporation of the benzene 
left a solid residue (80 g) that was suspended in 
800 ml methanol and refluxed 4 hr under N 2. 
The mixture was cooled at 4 C overnight and 
filtered (Fig. 3c,d). The precipitate was re- 
fluxed briefly under N 2 with 250 ml acetone, 
the mixture again cooled overnight, and filtered 
to give 40 g crude 5,7-ergostadienyl acetate 
(Vb; Scheme 1); mp =155-156 C; e282 = 9,200, 
ca. 80% pure (Fig. 3e,f). 

Purification of 5,7-ergostadienyl acetate (Vb) 

Four  kg 100 mesh SiO 2 (Mallinckrodt 
Chemical Co., St. Louis, Mo.), 800 g AgNO3, 
and 2 kg Super-Cel (Johns-Manville, Denver, 
CO) were slurried with 3 liters water and 
dried on the steambath and at I I 0  C. The mix- 

ture was screened (80 mesh) and activated over- 
night at 110 C. Typically, 1 kg of this mixture 
was poured into 6 x 120 cm chromatographic 
tubes with 5% ether in low boiling petroleum 
ether (Skellysolve F, Skelly Oil Co., Tulsa, 
OK), the steryl acetate samples placed on the 
columns (10g in 30 ml benzene), and the 
columns ehited with 5% ether in Skellysolve F. 
Fractions (500-700 ml) were collected, evapo- 
rated at atmospheric pressure under N 2. The 
residues were analyzed by GLC, TLC, and UV. 
After a run, the columns were eluted with 
ether, the packing dried, rescreened, reactiv- 
ated, and reused. 

A single passage of crude Vb through the 
tubes gave the fractions shown in Table Ia. Six 
more runs on pooled materials gave the frac- 
tions also shown in Table lb. The two purest 
samples (D and E, Table I) were recrystallized 
from ethanol to give 3.45 g Vb (97.3% purity 
by UV) and 9.95 g Vb, respectively; mp = 
162-163 C; e282 = 11,400 (98.4% purity). A 
sample of the latter was recrystallized from 
a c e t o n e  t o  y i e l d  V b  ( F i g .  3 g ) ;  
mp =162.5-163.5C; e282 = 11,560 (99.7% 
p u r e ) .  The l i tera ture  report the mp as 
155-157C (11), 157-158C (7), 160-162C, 
165-166 C (9). As a standard for UV, a chro- 
matographically pure sample of 7-dehydro- 
cholesteryl acetate (mp = 149-149.5 C) exhibited 
an e282 = 11,600 with the spectrophotometer. 

5,7- E rgostadien-3/3~l (Va) 

A portion of Vb was hydrolyzed under N 2 
with alcoholic KOH and the product recrystal- 
lized from acetone to give long needles of Va 
monohydrate,  with a mp = 161.5-162.5 C, and 
e~82 = 11,600 (Fig. 4d). In the literature the 
mp= 150-151C (9), 152-153C (7,12), and 
153-154 C (8). 

5,7-Ergostadien-3/3-yl benzoate (Vc) 

Va (200 mg) in 5 ml pyridine were stirred 
under N 2 while 3 0.2-ml portions of benzoyl 
ch2oride were added over 30 rain. Stirring was 
continued for 2 hr, after which time 50 ml 
methanol was added to decompose excess ben- 
zoyl chloride, solubilize the pyridinium hydro- 
chloride, and precipitate the steryl benzoate 
(Vc; Scheme 1). The latter was recrystallized 
f r o m  a c e t o n e - b e n z e n e ,  w i t h  a mp = 
162.5-163 C. The mp as cited in a previous 
study (9)is 156-157 C. 

Separation of byproducts formed during 
pyrolysis of IV 

Fraction B (13.4 g; Table Ib) was placed on a 
1 kg silver nitrate column and eluted with 1% 
ether in SkeUysolve F. Eluates (300 ml) from 
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TABLE I 

Silver Nitrate Column Purification of Crude 5,7-Ergostadienyl Acetate (40 g) 
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a b 

Fraction Wt (g) Purity by UV Wt (g) Purity by UV 

A 0.52 Byproducts 1.17 
B 3.55 Byproducts 13.75 
C 11.17 60% 1.01 
D 13.25 80-90% 4.43 
E 8.71 >95% 12.48 
F 0.96 ca. 90% 5.48 

Recovery 38.20 38.30 

Oily impurity 
Byproducts 
60-80% 
>93% 
>95% 
Waxy ether 
eluate from 
columns 

the column were analyzed by UV; all of the 
diene byproducts had the same retention time 
on GLC and the same Rf on TLC. The follow- 
ing crude fractions were obtained A) 1.51 g, 
rich in 7,9(11)-ergostadienyl acetate; B) 3.16 g, 
rich in 6,8(9)-ergostadienyl acetate; and C) 
1.3 g, rich in 8,14-ergostadienyl acetate. The 
compounds were purified and identified as fol- 
lows. 

7,9 (11)-Ergostadien-3fi-ol. The impure 
acetate was hydrolyzed and free sterol purified 
on a 20% silver nitrate alumina column with 
20% ether in Skellysolve F. The sterol was re- 
crystal l ized from methanol, with a m p =  
145.5-146.5 C, and e236 = 14,300, e243 = 
16,200, and e251 =10.800 (Fig. 4a). As cited in 
the literature, m p =  149-151 C (11), e242 = 
9,400 (11). Dorfman (21) lists e236 = 14,200, 
e243 = 15 ,700 ,  and  e2s 1 = 10 ,900  for  
7,9(11 ),22-ergostatrien-3~-ol. 

6,8(9]-Ergostadien-3~-ol. The impure acetate 
was recrystallized several times from acetone, 
hydrolyzed, and the free sterol recrystallized 
f r o m  acetone and ethanol, with a m p  = 
158-159C, and e273=5,000 (Fig. 4c). The 
compound has never been reported. Its struc- 
ture was deduced from the UV spectrum; 
e275 = 4,700 for 6,8(9)-coprostadienol and 
e27 s = 5,300 for 6,8(9)-cholestadienol (21). 
The free sterol partially decomposed on a silver 
nitrate alumina column. 

8,14-Ergostadien-3ffryl acetate. The impure 
acetate was rechromatographed on a 20% 
AgNO 3 silica gel column with 1% ether in 
Skellysolve F and recrystallized many times 
from methanol. The 8,14-acetate was enriched 
in the methanol soluble fractions. Eventually a 
chromatographically pure sample was obtained, 
(mp = 136-137.5 C, Xmax 251 nm) (Fig. 4b). 
As cited in the literature, the mp = 136-138 C, 
Xmax 251 nm (22). The 8,14-acetate was 
hydrogenated over Pd in ethyl acetate-acetic 

acid to 8(14)-ergosten-3/~-yl acetate, with a 
mp = 109.5-111 C. As cited in the literature, 
mp = 110-111 C (23). The free diene also par- 
tially decomposed when purification was at- 
tempted on a silver nitrate alumina column. 

DISCUSSION 

The composition of the product mixture ob- 
tained by reaction of EA with MA appeared to 
be insensitive to the conditions of the reaction. 
The same ratio of products formed, III vs VI as 
assessed by TLC, when the reaction was run in 
all types of inert solvents (Fig. lb) ,  when 
0.25-3 moles MA were used/mole EA (Fig. ld), 
and when the concentration of the reagents was 
varied (Fig. le). Although the reaction was in- 
hibited in polar solvents and amines (Fig. lc), 
partial inhibition by very small amounts of tri- 
ethylamine did not  prevent formation of "ene" 
reaction products (Fig. lf). Even at room tem- 
perature, where the reaction was very slow 
(13), the usual ratio of products still formed 
(Fig. lg). 

The Diels-Mder additions of MA to aromatic 
dienes and of aft-unsaturated carbonyl com- 
pounds to butadienes are catalyzed by Lewis 
acids (24-26). Neither MC13 nor BF 3 were of 
any value in our case, however; the rate of iso- 
merization of EA by these reagents canceled 
any catalytic effect they might have had on the 
Diels-Alder reaction (Fig. lh,i). 

To determine whether the "ene" products 
(VI) were produced by rearrangement of III, 
the latter was heated in benzene for 3 days at 
170 C with and without MA. No changes were 
noted (Fig. 2a), showing that once formed, III 
is stable to the reaction conditions. These ex- 
periences, plus those of others (14,16-18), indi- 
cate that a 20-25% yield of III is the best attain- 
able from the reaction of EA with MA. 

At first, we isolated III by crystallization 
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(14) or column chromatography (9), but these 
methods were tedius and did not readily give 
pure samples. By chance we noted that when 
the reaction mixture (Fig. lb)  was crystallized 
from hot  methanol, a port ion of the "ene"  
products was converted to materials having a 
lower Rf on TLC. When the mixture was re- 
fluxed 4 hr in methanol, virtually all of  the 
"ene"  products were converted to more polar 
compounds (Fig. 2b). The reaction of  methanol 
with the mixture of monosubstituted succinic 
anhydrides VI to form methyl  hydrogen succi- 
hates is apparently much faster than its re- 
actions with the rigid, more hindered, disubsti- 
tuted succinic anhydride III. Even when III was 
refluxed 18 hr with methanol, less than half of 
the material was converted to a mixture of two 
monoesters (Fig. 2c). 

This led to a convenient preparation of  III in 
large quantities without fractional crystalliza- 
tions or column chromatography. EA can be 
heated with excess MA in a number of  common 
solvents under N 2 until all of the sterol has 
reacted (Fig. lb).  The solvent is then removed, 
and the residue refluxed with methanol for 4 hr 
to react with and solubilize the "ene"  products 
(VI). The Diels-Alder adduct (III) reacts only to 
a negligible extent  under these conditions and 
remains insoluble (Fig. 2d). It is then crystal- 
lized from acetone to remove traces of impuri- 
ties (Fig. 2e). 

Hydrogenation of III to IV (Fig. 2f) over Pd 
goes smoothly; overhydrogenation is not a 
problem. Even if a little occurs, the tetrahydro- 
derivative (Fig. 2g) is stable to pyrolysis. Under- 
hydrogenation of III can be detected by GLC. 
Pyrolysis of III and IV in the injection port of 
the gas chromatograph yields EA and its 
22,23-dihydroderivative, two sterols that are 
easily separated by this method. 

Many small scale experiments on the py- 
rolysis of the dihydro adduct (IV) led to the 
method described in the previous section. Py- 
rolyses in solution (squalene or dibutyl phthal- 
ate), in benzene containing cyclopentadiene, at 
various temperatures (190-240 C) and times, 
and in different types of apparatus were all 
tried. None of the methods prevented forma- 
t i o n  o f  anhydr ide  containing byproducts 
(Fig. 3b). These, however, could be removed 
readily from the mixture of  ergostadienyl 
acetates by refluxing the pyrolyzate in metha- 
nol. The anhydrides were converted to methyl 
hydrogen esters and dissolved (Fig. 3d) in the 
alcohol, whereas, the steryl acetates remained 
largely insoluble (Fig. 3c). It could not be 
determined whether the anhydrides were de- 
rived from rearrangements of IV at 220 C or in 
a recombination of released MA with Vb or 

other dienes by the "ene"  reaction. 
Separation of 5,7-ergostadienyl acetate from 

the other diene acetates by multiple recrystal- 
hzations was uneconomical. Chromatography 
of the crude steryl acetate mixture (Fig. 3e,f) 
on silver nitrate columns led to Vb in 93-95% 
purity, after which it could be crystallized to 
99.7% purity without excessive loss of material. 
Chromatography of 5,7-dienes on silver nitrate 
columns led to some losses (27), but these were 
minimized by exclusion of air, where possible, 
and by working with acetates (28). 
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Unique Pathways of Sterol Metabolism in the Mexican Bean Beetle, 
A Plant-Feeding Insect I 
J.A. SVOBODA, M.J. THOMPSON, W.E. ROBBINS, Insect Physiology Laboratory, 
and T.C. ELDEN, Applied Plant Genetics Laboratory, U.S. Department of 
Agriculture, Agricultural Research Service, Beltsville, Maryland 20705 

ABSTRACT 

Radiolabeled sterols, 14C.cholestero1, 
14C.cholestanol, 3H.stigmasterol ' 3H.stig. 
mastanol, and 3H-sitosterol, were fed to  
larvae of the Mexican bean beetle, Epi- 
lachna varivestis Mulsant, by  coating soy- 
bean leaves. Free sterol and sterol ester 
fractions from treated insects were iso- 
lated and analyzed, and in each case near- 
ly 30% or more of total  radiolabeled 
sterols retained by the insect were found 
in the sterol ester fraction after 8 days. 
AS.Dietary sterols were readily reduced to 
stanols, and C29-stanols thus produced 
were dealkylated to cholestanol. Signifi- 
cant amounts of labeled lathosterol  were 
formed from As-C29 sterols; little, if any, 
radiolabeled cholesterol was detected in 
i n s e c t s  f e d  e i t h e r  o f  t h e  labeled 
AS-phytosterois,  stigmasterol or sitoster- 
ol. Sterol metabolism of this insect thus 
differs considerably from that found for 
most phytophagous insects. 

INTRODUCTION 

The Mexican bean beetle, Epilachna vari- 
vestis Mulsant, reared on a natural host plant, 
soybean leaves, recently has been shown to 
have an unusual composit ion of sterols com- 
pared with that of other phytophagous insects 
(1,2). A salient difference in the sterols of this 
insect was the high level of saturated sterols 
(>50%) present in the egg, larval, and adult 
stages, as opposed to  extremely low levels of 
saturated sterols found in soybean leaves. In 
addition, lathosterol (7-cholesten-3/3-ol) was a 
major sterol normally found in this insect, com- 
prised ca. 12% of the total  sterols, and was 
accompanied by lesser quantities of A7-campes- 
tenol and AT-stigmastenol. There was also a 
surprisingly low level of cholesterol in the ster- 
ols of this bean beetle; < 5% of total  sterols in 
each of the developmental stages examined was 
cholesterol. 

From this information,  it would appear that  
the Mexican bean beetle is able to reduce diet- 
ary AS-phytosterols,  e.g., sitosterol, stigmaster- 

1presented at the Sterol Symposium, 48th Annual 
Fall Meeting, Philadelphia, 1974. 

ol, and campesterol, dealkylate corresponding 
stanols to produce cholestanol, and introduce a 
AT-bond to produce lathosterol and other 
AT-ster91s: To obtain direct evidence for these 
possible pathways of sterol metabolism in this 
insect, Mexican bean beetle larvae were fed 5 
r a d i o l a b e l e d  sterols, 14C-cholesterol, 14C- 
cholestanol, 3H-stigmasterol, 3H-stigmastanol, 
and 3H-sitosterol, coated on soybean leaves. 
Sterols from treated insects were isolated and 
analyzed to determine the fate of test com- 
pounds. 

EXPERIMENTAL PROCEDURES 

Newly hatched Mexican bean beetle larvae 
were reared on soybean leaves as described 
previously (1). After 14 days, groups of 20 lar- 
vae were placed on soybean leaves that  had 
been dipped in an acetone solution of one of  
the radiolabeled sterols. The specific activities 
o f  l a b e l e d  sterols ranged from 4000 to 
5000 cpm//ag. Insects were held 8 days on treat-  
ed leaves and provided with fresh leaves ad 
libitum. Then they were transferred to untreat- 
ed leaves for a day to clear the intestinal tract 
of  labeled dietary sterols. They were weighed 
and stored frozen until they were extracted and 
analyzed. 

[4-14C]-Cholesterol used in this s tudy was 
purchased from Amersham/Searle Corporation 
(Arlington Heights, IL). 14C-Cholestanol was 
produced in our laboratory  through catalytic 
reduction of  14C.cholestero I in the presence of 
PrO2 in acetic acid, and was purified carefully 
to remove all cholesterol. [2,4-3H]-Sitosterol 
and [2,4-3H]-stigmasterol were prepared as 
described previously (3). 3H-Stigmastanol was 
obtained through catalytic reduction of 3H- 
stigmasterol. Radiochemical puri ty was >97% 
in each of  the labeled sterols, as established by  
r a d i o c h r o m a t o g r a m  scanning and trapping 
effluent fractions from gas liquid chromatog- 
raphy (GLC). 

Frozen insects were homogenized in chloro- 
form:methanol  (2:1) in a Tenbroeck tissue 
grinder, and crude lipids were fractionated as 
described previously (4) by column chromatog- 
raphy on Unisil (Clarkson Chemical Co., Wil- 
liamsport,  PA) to separate sterol esters from 
free sterols. Fractions were moni tored by  thin 
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TABLE I 

Uptake and Incorporation of Radiolabeled Sterols into Sterol Ester and 
Free Sterol Fractions of Mexican Bean Beetle Larvae 

525 

Total neutral sterols b (%) Dietary Incorporation 
sterol 0zg/larva)a Sterol esters Free sterols 

14 C.Cholestanol 6.1 38.5 61.5 
14C-Cholesterol 7.0 37.2 62.8 
3H-Stigmastanol 2.4 34.0 66,0 
3H-Stigmasterol 1.8 32,4 67.6 
3H-Sitosterol 2.1 29.0 71.0 

aBased on specific activity of dietary sterol. 
bCombined ester and free sterol fractions (total neutral sterols) accounted for >98% of 

total radioactivity recovered from Unisil columns in each case. 

TABLE II 

Relative Percentage of Saturated and Unsaturated Radiolabeled Sterols Isolated 
from Sterol Ester and Free Sterol Fractions from Mexican Bean Beetle Larvaea 

Sterol esters (%) Free sterols (%) 

Dietary sterol Saturated Unsaturated Saturated Unsaturated 

14C-Cholestanol > 99.5 < 0.5 > 99.5 < 0.5 
14 C.Cholesterol 77.3 22.7 47.7 52.3 
3H-Stigmastanol 98.7 1.3 98.8 1.2 
3H-Stigmasterol 52.4 47.6 44.2 55.8 
3H-Sitosterol 77.4 22.6 33,6 66.4 

aFractions obtained by AgNO3-impregna*ted Unisil column chromatography of acetates 
of ester and free sterols and monitored by AgNO3-thin layer chromatography. 

layer ch romatography  (TLC) and by count ing  
aliquots on a Packard Tricarb Scinti l lat ion 
Spec t rometer .  The fractions conta in ing sterol 
esters and free sterols were saponified,  and ster- 
ols were isolated and purif ied by co lumn 
chromatography  (4). Sterols f rom sterol  ester 
and free s terol  fractions were analyzed separate- 
ly in these studies. 

Sterols were acetyla ted,  and acetates were 
f rac t ionated  by ch romatography  on 3 g col- 
umns of  20%-AgNO3-impregnated Unisil as 
described previously (1) to  separate sa turated 
f rom unsatura ted  sterol acetates.  Al iquots  of  
c o l u m n  f rac t ions  were analyzed on 20% 
AgNO3- impregna ted  Silica Gel H chromato-  
plates developed in benzene :n-hexane  ( l : l ) .  
The AgNO3-TLC system separated sterol  ace- 
tates in this s tudy into 2 bands, one containing 
all A0-sterol acetates,  and one conta ining As_ 
and AT-sterol  acetates.  As-S te ro l  acetates  only 
part ial ly separate f rom la thosterol  acetate  on 
this system. Column chromatographic  fract ions 
were analyzed by GLC on a 1% OV-17 co lumn,  
by UV scanning, and by radioassay of  al iquots  
by l iquid scint i l lat ion spec t romet ry .  GLC trap- 
ping was ut i l ized to de termine  relative distri- 

bu t ion  of  radioact ivi ty  in various co lumn frac- 
t ions.  

RESULTS AND DISCUSSION 

Uptake  and re ten t ion  of radiolabeled sterols 
by Mexican bean beet le  larvae are summar ized  
in Table  I. Dietary C27-sterols, cholesterol  and 
cholestanol ,  were incorpora ted  into  tissues to  a 
greater ex ten t  than  any dietary C29-sterols. The 
percentage o f  to ta l  labeled sterols in the  ester 
f ract ion in each test  in this series compr ised  
29-39% of  the  total  sterols, a dis t r ibut ion that  
generally agrees wi th  that  found f rom quant i ta-  
t ion by GLC of  free and sterol  ester fract ions 
f rom larval and pupal  Mexican bean beet le  
samples in which sterol esters compr ised  25- 
30% of  total  sterol mass. Interest ingly,  most  
of  the  la thosterol  was present in the  free sterol  
fraction.  

The metabol ic  fate of  labeled sterols admin- 
istered to bean beet le  larvae was de te rmined  by 
f ract ionat ing sterol acetates by AgNO3-impreg-  
na ted  co lumn and TLC,  and t rapping the efflu- 
ent  f rom GLC. Major changes that  were found 
regarding saturat ion of  AS-dietary sterols or  
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TABLE IlI 

Relative Percentage of C27-Sterol in the Sterol Ester and Free Sterol 
Fractions Resulting from Dealkylation of Dietary Radiolabeled C29-Sterols 

by Mexican Bean Beetle Larvae 

Sterol esters a (%) Free sterols a (%) 
Dietary sterol Saturated Unsaturated Saturated Unsaturated 

3H-Stigmastanol 2.8 Trace 4.1 Trace 
3H.Stigmasterol 57.3 15.3 61.5 S 3.1 b 
3H-Sitosterol 12.5 10.0 21.8 29.3 b 

aRelative percentage of C27-sterol in each fraction as determined by gas liquid chromato- 
graphic trapping and radioanalysis. 

bMajor component lathosterol. 

unsaturation of AO-dietary sterols are presented 
in Table II. Of the labeling in saturated sterols 
from larvae fed 14C_cholestero 1 77.3 and 47.7% 
was found in the sterol ester and free sterol 
fractions, respectively, an indication of efficient 
conversion to cholestanol. In the case of 
C29-AS-sterols, 3H-stigmasterol and 3H-sito- 
sterol, 52.4 and 77.4%, respectively, of the 
activity appeared in saturated sterol ester frac- 
tions, and 44.2 and 33.6%, respectively, ap- 
peared in saturated free sterol fractions. These 
values represent both stigmastanol and choles- 
tanol in these saturated sterol fractions derived 
from stigmasterol and sitosterol. Thus, it is 
obvious that all AS-sterols investigated were 
readily reduced by this insect. 

Lathosterol, or any other A7-sterol formed 
from labeled dietary sterols, is included in un- 
saturated sterol fractions (Table II). Lath6sterol 
comprises > 50% of radiolabel in unsaturated 
free sterol fraction from bean beetles fed 
14C-cholesterol. Very little unsaturation of the 
2 dietary stanols, cholestanol and stigmastanol, 
occurred, an indication that only a small quan- 
tity of lathosterol was formed from either sat- 
urated stanol. This indicates that these stanols 
did not enter as readily as AS-sterols into some 
system that concertedly reduced and dealkyl- 
ated AS-sterols and then produced lathosterol. 
These results could also indicate that these 
stanols, e.g., cholestanol or stigmastanol, were 
not  the principal precursors of lathosterol, but 
other pathways might be operative in lathoster- 
ol synthesis. However, results from GLC trap- 
ping tentatively indicate that some lathosterol 
was formed from these 2 stanols. 

C 2 9-Sterols were converted to C2 7-sterols in 
every case, and the extent of dealkylation is 
summarized in Table III. Radioanalysis of frac- 
tions trapped from GLC indicated that signifi- 
cant amounts of labeled cholestanol were de- 
rived from both stigmasterol and sitosterol. 
Lathosterol was the major component in la- 
beled unsaturated free sterol fractions derived 

from dealkylated dietary sterol in these 2 cases; 
>30% of unsaturated free sterol fraction from 
3H-stigmasterol and >15% of this fraction from 
3H-sitosterol were identified as labeled latho- 
sterol. Lesser amounts of labeled lathosterol 
were also present in unsaturates of the sterol 
ester fractions. A small amount of cholesterol 
also may have been present in these unsaturated 
fractions, but association of radiolabel with 
cholesterol was not unequivocally established in 
these studies. 

Some cholestanol was produced from 3H- 
stigmastanol, represented by saturated fractions 
in Table III, resulting from dealkylation, but 
considerably less than from AS-dietary sterols. 
As in the production of lathosterol from stan- 
ols, this may indicate that the more commonly 
available AS-dietary sterols more readily enter 
some complex or system of enzymes that is 
able to reduce sequentially the AS-bond, to 
dealkylate the C-24-alkyl substituent of the side 
chain, and to incorporate the A7-bond into the 
nucleus. Apparently, this insect less efficiently 
metabolizes a C29-saturated dietary sterol than 
a C29-AS-dietary sterol. 

Previously reported data concerning normal 
sterol content of Mexican bean beetles fed soy- 
bean leaves (1) taken together with data from 
metabolic studies with radiolabeled dietary ster- 
ols presented here, indicate that the proposed 
scheme shown in Figure 1 presents probable 
metabolic interrelationships for dietary radio- 
labeled sterols used in this study. Existence of 
other metabolic pathways, such as the conver- 
sion of sitosterol through the intermediates 
fucosterol and desmosterol to cholesterol (2), 
cannot be ruled out completely. However, the 
fact that labeled cholesterol could not be iden- 
tified unequivocally as a metabolite of either 
3H-sitosterol or 3H-stigmasterol in these stud- 
ies, along with the fact that neither desmosterol 
nor fucosterol were detected in this or our pre- 
vious study (1), argues against the presence of 
the  s i t o s t e r o l  ~ f u c o s t e r o l  ~ desmoster- 
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el  ~ cholesterol pathway being a major meta- 
bolic route in this insect. In addit ion,  there was 
no accumulation of desmosterol in Mexican 
bean beetles reared on bean leaves treated with 
certain azasterols that generally inhibit &24. 
sterol reductase in insects (2) and would be 
expected to bring about an accumulation of 
desmosterol if the latter pathway were opera- 
tive. There may be a A24-sterol intermediate 
involved in the conversion of  stigmastanol to 
cholestanol that is analogous to the intermedi- 
ate desmosterol which occurs in the stere1 
dealkylation pathways of certain other insects 
(2). Studies are now underway to determine 
whether or not  such an intermediate  does 
Occur. 

The Mexican bean beetle, which can intro- 
duce the AT-double bond into the sterol nu- 
cleus, differs from Xyleborus ferrugineus (F.) 
and Drosophila pachea Patterson and Wheeler, 
2 species of insects that require a dietary source 
of A7-sterol (6,7). This requirement for a 
A7-sterol can best be explained by its function- 
ing as a precursor for essential A7-steroid insect 
molting hormones (ecdysones). A number of 
other insects can introduce a A7-bond into the 
steroid nucleus (2,8), and lathosterol has been 
reported to be a major component  of sterols of 
certain other invertebrates, including some 
species of nematodes (9,10) and mollusks (11). 
However, the question remains as to how this 
unique metabolic system evolved in a plant- 
feeding insect. If phytophagy arose secondarily 
in an insect that was originally predacious, as 
with most lady bug beetles, some variations 
from the usual routes of metabolism of phytos- 
terols might be expected. The Mexican bean 
beetle is, therefore, an extremely interesting 
insect from the standpoint of sterol metab- 
olism, particularly plant stere1 metabolism. 
When a synthetic diet becomes available, it will 
be possible to carry out more definitive meta- 
bolic studies with sterols in this species. 

Comparative biochemical studies vcath in- 
sects such as the tobacco homworm,  Manduca 
sexta (L.) (2), confused flour beetle, Tribolium 
confusum Jacquelin duVal (8), and Mexican 
bean beetle indicate that considerably more 
diversification exists with regard to sterol 
metabolism in phytophagous insects than was 
believed formerly. Studies of related insects 

Stign~ster ol 

St~gmastancd CholeStclnol 

S ~ t e ~ o l  Q~leste~o~ 

FIG. i.  Proposed metabolic scheme for radiolabeled 
dietary sterols in the Mexican bean beetle based on 
known metabolites and conversions. 

Lathosteer 

with differing feeding habits, such as phyto-  
phagous and predacious species of the family 
CoccineUidae, could provide informat ion to 
relate biochemical and physiological adaptat ion 
to phylogeny and speciation within such a 
group of insects. 
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Elongation and Desaturation of Dietary Fatty Acids in Turbot 
Scophthalmus maximus L., and Rainbow Trout, Solmo goirdoerfi 
Rich. 
J.M. OWEN, J.W. ADRON, C. MIDDLETON, and C.B. COWEY, Institute of 
Marine Biochemistry, St. Fittick's Road, Aberdeen AB1 3RA, UK 

ABSTRACT 

Turbot  and rainbow trout,  which had 
previously received diets free of fat, were 
fed [1-14C] fat ty acids. The distribution 
of radioactivity in the tissue fat ty acids 
was examined 6 days later. In rainbow 
trout  fed [1-14C] 18:36o3, 70% of  the 
radioactivity was present in 22:66o3 fat ty  
acid~ In contrast, turbot  fed [1-14C] 
18:16o9, 18:26o6, or 18:36o3 converted 
only small amounts of labeled fat ty acids 
(3-15%) into fat ty acids of  longer chain 
length. The major product  of the l imited 
modification found in turbot  was the 
dietary acid elongated by 2 carbon atoms. 

I NTRODUCTION 

Studies carried out in recent years on fresh- 
water and euryhaline fish (1-5) indicate that the 
abili ty of  these species to elongate and desat- 
urate dietary fat ty acids is similar to  that  of 
birds and mammals. Thus, when rainbow trout  
were fed diets containing oleic, linoleic, or 
l i n o l e n i c  a c i d s ,  substantial  quantities of 
20:3609, 22:5606, or 22:6u~3, respectively, 
appeared in the lipids of different tissues (1). 

In recent experiments with marine flatfish, 
in which both plaice (6) and turbot  (7) were 
fed diets containing linoleic acid as the main 
dietary fat ty  acid, li t t le 20:4606 or 22:5606 
appeared in the lipids of either hepatic or extra- 
hepatic tissues. These findings implied that 
marine flatfish have a more limited capacity to 
elongate and desaturate dietary linoleic acid 
than do rainbow trout.  

To examine the capacity of marine flatfish 
to modify dietary fat ty acids, pellets containing 
[1-14C] oleic, [1-14C] linoleic, or [1-14C] 
linolenic acid were fed to  turbot  which had 
been fed fat free diets for some weeks previ- 
ously. The distribution of radioactivity in tissue 
fat ty  acids of these turbot  was examined 6 days 
later. 

EXPERIMENTAL PROCEDURES 

Wild turbot ,  about  6 months old, were 
weaned to a pelleted moist (35% water) artifi- 
cial diet in the Institute aquarium. Then, they 

were given a fat free diet containing 50% crude 
protein (supplied by a fish protein concentrate) 
for 16 weeks. Hatchery reared rainbow trout ,  
about  9 months old, were fed the same fat free 
diet for 6 weeks. 

[1-14C] Oleic acid, [1-14C] linoleic acid, 
and [ 1-14C] linolenic acid (The Radiochemical 
Centre, Amersham, England) were dissolved in 
chloroform to give solutions containing 1 /~Ci 
fat ty acid per /al. Portions (10/~1) then were 
added from a microsyringe to  pellets which had 
been freeze dried previously. The pellets then 
were rehydrated by serial addit ions of distilled 
water, and offered singly to tanks of  fish. The 
fish which took  the pellet then was transferred 
to another tank,  or to the CO 2 collection 
apparatus. 

After 6 days, fish were killed by a blow on 
the head, and lipids extracted by the method of 
Bligh and Dyer (8) as modified by Allen, et al., 
(9). Samples of lipid extracts were transesteri- 
fled with methanolic HC1 (10) for gas chroma- 
tographic analysis of methyl esters. 

Radioactivity in fat ty  acids of  the fish was 
measured as follows. Fa t ty  acids were separated 
b y  gas l iquid  chromatography (GLC) on 
1.5 m x 4  m m  internal diameter (ID) glass 
columns containing 10% EGSS-X or EGSS-Y on 
1 0 0 - 1 2 0  m e s h  Gas Chrom Q. Nitrogen 
(50 ml/min) was used as carrier gas, and a Pye 
104 gas chromatograph was equipped with 
flame ionization detectors. The colunm effluent 
was split 10:1 by a Pye Manual Preparative Kit 
with a hypodermic  needle silver soldered inside 
the heated outlet .  This modification permit ted 
collection of  fractions on cigarette filter tips 
impregnated with silicone oil (11). Samples of 
methyl esters of ca. 2000 cpm were injected, 
and fractions collected every min. The tips were 
transferred to 10 ml scintillation fluid (Instagel, 
Packard Instrument Co. Inc., Downers Grove, 
IL) in a scintillation vial. Samples were counted 
in a Tricarb model 3385 liquid scintillation 
spectrometer.  Results were p lot ted  on the mass 
trace from the GLC recorder. Peaks in this 
activity trace were integrated by addit ion of the 
cpm in individual vials comprising the peak. 
Recovery of [1-14C] oleic acid methyl  ester by 
this method was ca. 90%. 

Ident i ty  o t  certain fat ty  acids was confirmed 
by hydrogenation of methyl  esters. Hydro- 
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TABLE I 

Distribution of Radioactivity of Tissue Fatty Acids of Turbot 
and Trout Fed Different Dietary Fatty Acids 

529 

R a d i o a c t i v e  
acid fed 

fatty 
Turbot 

18:1o~9 18:2to6 18:3o33 
(Total radioactivity) 

Trout 

18:3to3 

14C 0.4 0.5 1.0 -- 
16C 1.2 2.6 3.7 2.2 
18:0 2.9 1.3 5.3 1.3 a 
18 : 1 9 0 . 4  1 . 8  -- 1 . 3  a 
18:2 -- 89.0 . . . .  
18:3 . . . .  71.7 7.2 

-- 4.8 18:4 . . . .  
20:1 2.9 . . . . . .  
20:2 -- 4.8 . . . .  
20:3 . . . .  15.2 

-- 4.8 20:4 . . . .  
- .  5 . 2  20.5 . . . .  

22.1 0.8 . . . . . .  
22:3 . . . .  0.6 -- 

-- 3.0 22:5 . . . .  
22:6 . . . . . .  ,69.8 
24:1 2.2 . . . . . .  

a l n c o m p l e t e  separation on activity trace. 

genation was carried out in ethanol using plati- 
num oxide on silicic acid as catalyst (12). 

For  measurement of expired 14CO2 from 
turbot,  2 fish were placed in 4 liters filtered sea 
water containing 200 mg sodium benzyl peni- 
cillin and 200 mg streptomycin sulphate in a 
desiccator. The sea water was buffered at pH 
8.0 with 10 g fish grade Trizma (Sigma Chemi- 
cal Co. Ltd., London, England). Three gas 
absorption bottles, each containing 25 ml 1M 
NaOH were attached in series to the desiccator, 
and air, free of  CO2, was drawn constantly 
through the system. After 24 hr, fish were 
transferred to the desiccator of an identical 
system. The sea water in the original system 
then was acidified to pH 2 with 6M HC1, and 
air, free of  CO2, was passed through the sea 
water gas absorption bottles for an additional 
60 min. In this manner, all expired air was col- 
lected over separate 24 hr periods. Recovery of  
14CO 2 from added Na214CO 3 was greater than 
95% in this system. 

R ESU LTS 

Table I shows the distribution of radioacti- 
vity in tissue fatty acids of experimental fish. 
The number and species of fish given each fatty 
acid were 18:1 (5 turbot), 18:2(2  turbot),  and 
18:3 (3 turbot and 2 trout). Fourteen and six- 
teen carbon acids were not resolved on the 
activity trace for some samples, and results are 
shown as totals for each chain length. Identifi- 
cation of acids derived from oleic acid was 

confirmed by chromatography of hydrogenated 
samples. 20:2606, 22:3603, and 22:6r were 
identified by gas chromatography on 2 columns 
(EGSS-X and EGSS-Y), and by comparison 
with known standards. Identification of  inter- 
mediates in the biosynthesis of 22:6603 is tenta- 
tive. It is based on retention data from a single 
column, because clear separation of close run- 
ning peaks, (e.g., 18:36o3, 18:4w3), was not 
obtained on the activity trace for the EGSS-X 
column. 

In turbot fed each of  the 3 fatty acids, a 
large proport ion of radioactivity remained in 
the unchanged parent acid. The main product 
of longer chain length than the fatty acid fed 
was formed by addition of 2 carbon atoms to 
the chain, but with all 3 fatty acids, this prod: 
uct accounted for only a small proportion of  
the radioactivity recovered in the lipid fraction. 
The percentage of radioactive fatty acid elong- 
ated became greater as the degree of  unsatura- 
tion increased. A small amount of radioactivity 
was invariably present in fatty acids of shorter 
chain length than that fed. Analysis of the 
radioactive fatty acids fed showed that these 
shorter chain acids were not present, and, there- 
fore, conversion must have been carried out by 
the turbot. 

In contrast to results obtained with turbot,  
most of the radioactivity occurring in tissue 
fatty acids of trout was present in 22:6w3, not 
in the parent linolenic acid fed. Again, a small 
amount of radioactivity was present in acids of  
shorter chain length than that fed. 
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TABLE II 

Radioactivity in Expired CO 2 from 
Turbot Fed 1-14C Fatty Acids 

Fatty Acid 
Day 18:1<.o9 18:2to6 18:3to3 

(total dpm x 10 -4) 

1 32.10 37.90 43.04 
2 21.42 28.12 22.05 
3 3.54 11.35 6.35 
4 1.41 6.06 4 .82  
5 0.90 6.53 4.41 
6 1.20 4.47 2.35 
Total 60.57 94.43 83.02 
Ratio of dpm 
CO2/dpm lipid 0.15 0.57 0.64 

It is known that  rainbow trout  elongate and 
desa tura te  18:16o9, 18:2606, and 18:36o3. 
Therefore, only one of these radioactively 
labeled acids was fed to trout  to ensure that  
desaturation and chain elongation occurred 
under the experimental  condit ions used. It can 
be inferred that  desaturation and chain elonga- 
t ion of [1-14C] 18:16o9 and [1-14C] 18:2606 
would also have occurred had either of these 
acids been fed. 

The percentage composit ion of fatty acids of  
the fish also was calculated. Total fa t ty  acids 
from experimental  turbot  contained 18.0% by 
wt of 22.6603, and from rainbow trout,  22.6% 
by wt of  22:6603 (average values). 

Expired CO2 from 2 turbot  from each 
experimental  group was collected for 6 days 
following administration of isotope. The radio- 
activity in expired CO 2 is given in Table II. 
Fa t ty  acids were oxidized rapidly at first, with 
the peak of oxidation occurring within 24 hr, 
and decreasing rapidly to nearly 0 after 6 days. 
In addition to the total  radioactivity collected 
over the 6-day period, the ratio of CO 2 expired 
radioactivity to  incorporated radioactivity also 
is given. Although the same amount  of isotope 
was added to each pellet,  some loss of labeled 
fat ty adds  may have occurred during feeding. 
Thus, the ratio of radioactivity in expired CO2 
to radioactivity incorporated into tissue lipid is 
a more reliable indication of  the relative 
amounts of each fat ty acid oxidized. Expired 
CO2 was not  collected from rainbow trout,  
because they do not survive for 24 hr in static 
water. 

DISCUSSION 

Earlier studies on turbot  (7) and plaice (6) 
indicated that these marine flatfish do not  
elongate and desaturate dietary fa t ty  acids 

readily. The present s tudy amply confirms 
these findings. In fact, over a 6-day period, no 
desaturation of  dietary oleate, linoleate, or 
l inolenate occurred in turbot ,  and chain elonga- 
t ion of these dietary acids was very limited. The 
t ime period elapsing between feeding of  radio- 
active acids and analysis of turbot ,  during 
which time the fish were fed nonlabeled fat free 
diet, was considered sufficient to permit  even a 
low rate of  desaturation to become evident. 

One possibility is that the presence of pre- 
formed long chain polyunsaturated acids in the 
tissues may have inhibited elongation and 
desaturation of 18-Carbon acids from the diet. 
This seems to be rather unlikely. In the parallel 
experiment with rainbow trout  which con- 
tained a higher tissue level of  22:6603 than did 
turbot ,  extensive elongation and desaturation 
of linolenic acid occurred. 

Wild turbot  contain relatively large amounts 
of polyunsaturated fat ty  acids of the 603 series. 
They are carnivorous, and presumably obtain a 
luxus of polyunsaturated fat ty  acids in their 
food,  thereby negating the value of, or the need 
for, a pathway from 18 C acids to long chain 
polyunsaturated acids. The loss or absence of 
such a pathway in turbot  is not  apparently 
disadvantageous in the natural environment. 

The culture of  such fish, currently being 
a t tempted in the UK, would require a diet con- 
taining the preformed polyunsaturated acids for 
normal growth and freedom from pathology. 
This need is likely to be accentuated because of 
the higher rates of  oxidation found for unsatu- 
rated acids. Brown and Tappel (13), studying 
fat ty acid oxidation by isolated carp mitochon- 
dria, also found increased rates of oxidat ion with 
increasing degree of unsaturation. If this effect is 
physiologically significant, a diet containing a 
sufficiently high level of preformed polyunsat- 
urated fat ty acids would be required for normal 
growth of  cultured turbot  to prevent essential 
fa t ty  acid deficiency after oxidative losses. 

It has been suggested recently (1) that  the 
adequacy of essential fatty acid intake in trout  
m a y  b e  a s s e s s e d  b y  t h e  r a t i o  o f  
20:36o9/22:66o3 in the tissue phospholipids. In 
the light of the present results, the inabil i ty of  
the turbot  to make 20:3609 from 18:16o9 
makes this index inapplicable to  turbot  even 
when 22:6w3 is present in the diet. 

The small amount  of  radioactivity present in 
shorter chain fat ty  acids than that fed turbot  
and rainbow trout  may have resulted from fat ty 
acid synthesis reutilizing radioactive acetate 
released during fl oxidation.  The increasing 
amounts of radioactivity in C-14 and C-16 acids 
with the same degree of  unsaturation of  acid 
fed (Table I) parallels increases in rates of fat ty 
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acid o x i d a t i o n  (Tab le  II), and  suppor t s  th is  
exp lana t ion .  The  d i lu t ion  o f  rad ioac t ive  ace ty l  
CoA by  e n d o g e n o u s  acetyl  CoA would  be  
c o m p e n s a t e d ,  to  some  ex t en t ,  by  the  r a n d o m -  
i za t ion  o f  labe led  c a r b o n  t h r o u g h o u t  t he  f a t t y  
acid chain.  

While t he  p resen t  work  has obv ious  impl ica-  
t ions  for  t h e  cu l tu re  of  t u r b o t ,  t he  causes o f  t he  
m a r k e d  d i f ferences  in  s y n t h e t i c  ab i l i ty  of  t he  
d i f fe ren t  f ish are less clear. F u r t h e r  work  is 
r equ i r ed  to  e luc ida te  the  r e l a t ionsh ip  b e t w e e n  
t h e  abi l i ty  of  a species to  m o d i f y  d ie ta ry  f a t t y  
acids and  fac tors  such  as hab i t a t ,  pos i t i on  in  t he  
f o o d  chain,  and  h o r m o n a l  s ta tus .  
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Methylating Activity of (Methyl -14C)-S-Adenosylmethionine by 
Microsomes of the Insect Ceratitis capitata 
C. JIMENEZ, A.M. MUNICIO, and A. SUAREZ, Department 
of Biochemistry, Faculty of Sciences, University of Madrid, Spain 

ABSTRACT 

The methylating activity of (methyl- 
1 4C).S_adenosylmethionin e by micro- 
somes from different stages of develop- 
ment of the insect Ceratitis capitata was 
studied in a series of in vitro experiments. 
Larval and pharate adult microsomal 
preparations were used in the in vitro 
conditions, and the utilization of the 
methyl group of the S-adenosylmethio- 
nine for the synthesis of phospholipids 
was evaluated. Incorporation of radio- 
activity in lipids by pharate adult micro- 
somes was significantly higher than that 
by larval preparations. In both cases, 
phosphatidyl ethanolamine showed the 
highest levels of radioactivity incorpora- 
tion. Free bases from total lipid hydroly- 
sates were resolved by paper chromatog- 
raphy, and the labeling was investigated 
by radioactivity scanning of paper chro- 
matograms. Larval and pharate adult 
preparations showed clearly the presence 
of dimethylethanolamine and choline. 
The presence in the incubation media of 
p ho s phatidyldimethylethanolamine and 
deoxycholate enhanced the radioactivity 
incorporation into choline, whereas, the 
first stages of methylation were inhibited. 
These findings confirmed previous results 
using insect homogenates. 

INTRODUCTION 

The in vitro and in vivo methylating activity 
of L-(methyl-14C)-methionine has been studied 
previously during development of the Dipterous 
Ceratitis capitata (1). 

Larval and pharate adult homogenates of the 
insect were used in the in vitro conditions, and 
the utilization of the methyl group of methio- 
nine for the synthesis of different classes of 
phospholipids was evaluated. Incorporation of 
radioactivity in lipids by pharate adult homoge- 
nates was significantly higher than that by 
larval homogenates. In both cases phosphatidyl 
ethanolamine showed the highest levels of 
radioactivity incorporation. Monomethyl etha- 
nolamine was the only methyl derivative that 
appeared in the hydrolysates of lipids synthe- 
sized by larval homogenates, whereas mono-, 
di-, and trimethylethanolamine were clearly 

detected in those synthesized by pharate adult 
homogenates. 

Administration of L-(methyl A4C)-methio- 
nine to larvae confirmed the existence of 
methylation reactions in the metabolic activity 
of the insect. 

This communication is an extension of the 
above studies, and reports results on the 
methylation activity of (methyl-14C)-S-adeno- 
sylmethionine in the microsomal fraction of 
larvae and pharate adults of Ceratitis capitata. 

MATERIALS AND METHODS 

Materials 

( M e t h y l - I  4C)-S-adenosylmethionine was 
purchased from the Radiochemical Centre 
(Amersham, UK). The specific activity was 
56 pCi/mmol. 

Rearing of Insects 

Larval and pharate adult C. capitata (Wiede- 
m a n n )  were used. Diet, temperature, and 
humidity conditions during culturing were con- 
trolled carefully. Culturing of the insect was 
carried out under the conditions previously 
described (2). 

Microsomal Preparations 

Larvae were reared 2-3 days before the lar- 
val-pupal apolysis, and were starved 3-4 hr be- 
fore used. Pharate adults were collected 5 days 
beyond the larval-pupal apolysis. Both larvae 
(60 g) and pharate adults (30 g) were washed 
carefully, and were homogenized directly with 
90 mi cold homogenizing buffer (0.35 M su- 
crose-0.05 M tr is[hydroxymethyl]aminometh-  
ane (tris)-I mM mercaptoethanol, pH 7.6) in a 
Pot ter-Elvehjem glass homogenizer with a 
Teflon pestle. All subsequent preparative pro- 
cedures were carried out at 2-4C. Crude 
homogenates were filtered through a cheese 
cloth, and then freed of cellular debris, nuclei, 
and mitochondria by centrifuging twice at 
6000 g for 5 min. Supernatant was centrifuged 
at 20,000 g for 10 min, and this mitochondria 
free supernatant was centrifuged at 105,000 g 
for 90 min in a SS34 rotor, L-4 Beckman Ultra- 
centrifuge. The pellet of microsomes was 
washed and suspended in 0.05 M tris-HC1, 
pH 8.8. This suspension was used as the enzyme 
source for the synthesis experiments. Glucose- 
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FIG. 1. In vitro incorporation of radioactivity from 
(methyl-14C)-S-adenosylmethionine by larval micro- 
somal preparations of Ceratitis capitata in the absence 
of phosphatidyl dimethylethanolamine (PDE) and 
deoxycholate (DC). Scanning of radioactivity on paper 
chromatograms after separating the bases from lipid 
hydrolysates. E = ethanolamine, D = dimethyl ethanol- 
amine, T = choline. 
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FIG. 2. In vitro incorporation of radioactivity from 
(methyl-14C)-S-adenosylmethionine by larval micro- 
somal preparations of Ceratitis cantata in the presence 
of phosphatidyl dimethyletlianolamine (PDE) and 
deoxycholate (DC). Scanning of radioactivity on paper 
chromatograms after separating the bases from lipid 
hydrolysates 
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FIG. 3. In vitro incorporation of radioactivity form 
(methyl-14C)-S-adenosylmethionine by pharate adult 
microsomal preparations in the absence of phospha- 
tidyl dimethylethanolamine (PDE) and deoxycholate 
(DC). Scanning of radioactivity on paper chromato- 
grams after separating the bases from lipid hydroly- 
sates. 
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FIG. 4. In vitro incorporation of radioactivity from 
(methyl-14C)-S-adenosylmethionine by pharate adult 
microsomal preparations in the presence of phospha- 
tidyl dimethylethanolamine (PDE) and deoxychotate 
(DC). Scanning of radioactivity on paper chromato- 
grams after separating the bases from lipid hydroly- 
sates. 

Extraction and Hydrolysis of Lipids 

At the end of the incubation, the reaction 
was stopped by the addition of chloroform, and 
the total lipids were obtained according to the 
method of Bligh and Dyer (4). Total lipids were 
hydrolyzed with 1 N HC1 (0.1 ml/mg lipids) at 
100 C for 16 hr. After hydrolysis, the mixture 
was chromatographed on paper according to 
the method described previously (1). Radio- 
activity present in paper chromatograms was 
tested as described previously (1). 

Three microsomal fractions were prepared 
independently and used in 3 series of incuba- 
tion experiments. The incubation mixtures 
were separately handled, and the patterns of 
radioactivity of paper chromatograrns were 
qualitatively identical. Figures 1-4 show the 
radioactivity scannings, results of which repre- 
sent the intermediate values (SD 10%). 

RESULTS A N D  DISCUSSION 

Experiments were carried out to test the 
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p h o s p h a t i d y l  et hanolamine: adenosylmethio- 
nine methyltransferase activity in the micro- 
somal preparations from larvae and pharate 
adults of the insect C. capitata. Incubation of 
microsomal preparations with (methyl-14C)-S- 
adenosylmethionine and extraction of total 
lipids yielded, after hydrolysis, a mixture of 
bases that were separated and identified by 
paper chromatography. 

Figures 1 to 4 show the radioactivity pat- 
terns of labeled bases from the phospholipids 
synthesized under different experimental con- 
ditions. Synthesis was performed by larval and 
pharate adult microsomal preparations in the 
presence or absence of phosphatidyl dimethyl- 
ethanolamine (PDE) and deoxycholate (DC). 

Figures 1 and 2 show the radioactivity pat- 
terns of labeled bases from the phospholipids 
synthesized using larval microsomal prepara- 
tions of the insect. Radioactivity incorporation 
shown in Figures 1 and 2 was carried out in the 
presence or absence of both PDE and DC. 
Ethanolamine exhibited the highest and very 
similar levels of incorporation under both 
experimental conditions. However, the pattern 
of labeled bases in Figure 1 shows clearly the 
significant incorporation into dimethylethanot- 
amine and choline; the presence of DC (Figure 
2) inhibited the first methylating step. This 
finding is in agreement with results of Cooksay, 
et al., (5). The simultaneous presence of PDE as 
methyl acceptor enhanced the levels of choline 
as the main methylated base. These facts agree 
w i t h  the participation of the methionine 

methyl groups in the [1C] methylation re- 
actions in the synthesis of phospholipids by 
the insect. 

Figures 3 and 4 show the radioactivity pat- 
terns of labeled bases from the phospholipids 
synthesized using pharate adult microsomal 
preparations of the insect. As in the larval 
preparations, the absence of DC allowed the 
synthesis of methylated intermediates (Figure 
3), whereas, the presence of both DC and PDE 
increased notably the levels of radioactivity in 
choline without any significant presence of 
mono- and dimethylethanolamine. 

These results support the more active meth- 
ylation capacity of the pharate adult prepara- 
tions. They are in agreement with previous 
results obtained in in vitro experiments using 
whole insect homogenates. These data confirm, 
therefore, the participation of adenosylmethio- 
nine methyltransferase in the biosynthesis of 
phosphatidyl choline by the insect C. capitata. 
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Effects of Structural Variation in/3-Monoglycerides and Other 
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ABSTRACT 

Studies of ~monoglycer ide  multilayers 
were carried out using a variety of spin 
probes. Effects of variables such as chain 
length, unsaturation, and branching on 
organization of acyl chains in lipids of 
model  membranes were assessed. In addi- 
tion, effects of added cholesterol on 
membrane order were determined. Re- 
suits indicated that  pure ~monolaur in  
yields highly ordered films, whereas, 
unsaturated glycerides such as ~-mono- 
o l e i n ,  ~-monolinolein, and analogous 
l e c i t h i n s  yield fluid films. Branched 
m o n o g l y c e r i d e s  behaved similarly to 
~monoole in ,  suggesting that  branching in 
acyl chains is an effective substitute for 
unsaturation in maintaining membrane 
integrity. Multilayers of ~-monoglycerides 
exhibited similar properties to those of 
more complex lipids such as phospho- 
lipids. ~-Monoglycerides, by virtue of  the 
presence of a single acyl chain, provided a 
relatively simple and effective alternative 
to the use of phospholipids in studies of 
membrane architecture. 

INTRODUCTION 

The function of membranes in living systems 
is closely related to structure and organization 
of lipids in bilayers (1-4). Accordingly, much 
effort has been directed toward elucidating bi- 
layer membrane structure (5-7). Lipid bilayers 
(lameUae) prepared with one or more consti- 
t u e n t s  of membranes, e.g., phospholipids, 
cholesterol, various glycerides, are often used to 
simulate membranes in model  systems. The use 
of such models reduces the multi tude of com- 
plexities encountered in the study of real mem- 
branes, making it possible to restrict s tudy to 
one facet of membrane structure at a time. 
Lipid bilayers are readily prepared and experi- 
mental data are relatively easy to interpret.  

The ability of lipids to form organized, 
ordered layers has been studied by a number of 
investigators (8-12); the recent review by 
Roubal (13) describes studies for l ipid-protein 

1To whom all correspondence should be addressed. 

organization and interaction in a variety of 
membrane systems. Schreier-Muccillo, et al., 
(12), have performed spin labeling studies on a 
variety of  lipids to ascertain conditions neces- 
sary for the formation of ordered systems. 
They reported that saturated phospholipids 
such as dipalmitoyl  lecithin formed ordered 
layers (bilayers), whereas, saturated mono- 
glycerides excluded spin labels at room temper- 
ature. However, when cholesterol was added, 
both  phospholipids and monoglycerides yielded 
films of increased order. 

In the present study, we show, that with one 
exception, spin labels do intercalate with mono- 
glycerides in the absence of cholesterol at room 
temperature.  Moreover, addition of cholesterol 
induced order and changes in bilayer films 
formed from saturated, monounsaturated,  and 
branched monoglycerides. Thus, effects of indi- 
vidual structural features of monoglycerides are 
evaluated, and the degree of order of  the lipid 
matrix is at tr ibuted to these parameters. Fur- 
thermore, these results are compared with data 
obtained using phospholipids with the same 
acyl moieties to point  out  similarities that may 
exist between related lipid classes. 

MATERIALS AND METHODS 

Lipids 

L-a-di(dodecanoyl)  Lecithin (dflauroyl leci- 
thin), L-a-di(tetradecanoyl)-lecithin (dimyris- 
toyl lecithin), L-a-di(cis-9-octadecanoyl) leci- 
thin (dioleoyl lecithin), L-a-di(cis, cis-9, 12- 
octadecanoyl)  lecithin (dil inoleoyl lecithin), 
and L-a-di(cis, cis, cis-9, 12, 15-octadecatri- 
enoyl)  lecithin (dil inolenoyl lecithin), (purity,  
ca. 99%), were obtained from Serdary Research 
L a b o r a t o r i e s  (London ,  Ontario, Canada). 
Ch roma tog raph i ca l l y  pure 2:(n-dodecanoyl) 
glycerol (fl-monolaurin) and 2-(n-octadecanoyl) 
glycerol (~-monostearin) were obtained from 
Applied Science Laboratories, Inc. (State Col- 
lege, PA). 

2-(cis-9-octadecanoyl) Glycerol (j3-mono- 
olein), 2-(cis, cis-9, 12-octadecadienoyl) glycer- 
ol (fi-monolinolein), fi-monodocosahexaenoin, 
and  2-(1 6 - m e t h y l h e p t a d e c a n o y l )  glycerol 
(~-monoisostearin) were prepared from corre- 
sponding triacylglycerols using steapsin (14). 
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FIG. 1. Spin label spectra for oriented multflayers 
of lipids exhibiting perfect ordering. Line splitting 
distances, R and S, and peak ratio, A:B, provide neces- 
sary data needed to assess the degree of order. The 
solid line is for cholestane label (CSL) recorded for the 
p-orbital parallel to the magnetic field, indicated Holl. 
The dashed line is for CSL recorded for the field per- 
pendicular to p-orbital of nitroxide, indicated as HoL 
This convention obtains for all of the figures in this 
paper where CSL is discussed. In the case of the ni- 
troxide stearate spin labels, this order is reversed. 
Horizontal axes, by convention, represent field 
strengths (gauss). However, some spectra were photo- 
graphed at slightly different magnifications and a 
single marker will not fit all spectra. Pertinent gauss 
measurements are presented in the tables. 

Because /3-monoglycerides undergo a partial 
isomerization to a-isomer, the 'pure'  ~-mono- 
giycerides reported here are mixtures consisting 
of 80% j3-isomer and 20% a-isomer. Moreover, 
the  '3-monoisostearin '  contained 74% iso- 
chains, comprised of CI7 (5.7 mole%), C18 
(45 mole %), C19 (13.4 mole %), and C20 
(9.8 mole %). Because of this, we refer to this 
material as/3-monoisoglyceride. 

Cholesterol (>  99% pure) was obtained from 
General Biochemicals (Chagrin Falls, OH). With 
the exception of /3-monoisostearin, content  of 
cholesterol in bilayer films is expressed in mole 
%; because of the mixed nature of the/3-mono- 
isostearin material, % by wt of cholesterol is 
given for iso- lipids. 

Spin Labels 

The following spin labels were used in this 
t t . 

study: 17~-hydroxyl-4, 4 -dlmethylsptro-(Sa- 
t . . t 

an dr ostane-3,2 -oxazohdln)-3 -yloxyl (choles- 
tane spin label [CSL]), 2-(3-carboxylpropyl)-4, 
4- d im e t hy l- 2-tridecyl-3-oxazolidinyloxyl (5- 
n i t r o x i d e  stearate [5NS]), 2-(10-carboxy- 
decyl)-2-hexyl-4-, 4-dimethyl-3-oxazolidinylo x- 
yl (12-nitroxide stearate [12NS]), and 2-(14- 
ca rbo  xyte t radecyl) -2-e thyl-4 ,  4-dimethyl-3- 
o x a z o l i d i n y l - o x y l  ( 1 6 - n i t r o x i d e  stearate 
[16NS]). Labels were obtained from Syva Inc. 
(Palo Alto, CA). 

The nitroxide moiety of CSL is the most 
polar portion of this probe, and, therefore, is 
directed to the membrane (multilayer) surface 
(15). Hence, CSL was used primarily as a probe 
for monitoring environment in the surface 
region of the multilayers. However, because 
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CSL is a flat, rigid molecule, mobility of this 
probe is also influenced by the environment 
over the entire molecule; therefore, some c a u -  
tion must be exercised in interpretation of data. 
Nitroxide stearate labels (NS labels) were chos- 
en to study the inner region of the membrane. 
Thus, 5NS with the nitroxide moiety located 5 
carbon atoms from the polar carboxyl head 
group, reflects the environment at this position 
in the membrane. Similarly, 12NS and 16NS 
report the environment at greater depths, with 
16NS probing near the middle of the bilayer 
membrane. 

Oriented Quartz Plate - Spin Label Studies 

Bilayer films were prepared by carefully 
depositing a chloroform solution containing 
0.25 mg lipid with spin label (ratio of lipid to 
label, 150:1, w/w) onto the broad face of a 
quartz plate (0.5 cm x 2 cm x 0.1 cm). 

Initially, residual solvent was removed by 
placing the plate in a vacuum for ca. 45 min, 
followed by a brief (10-15 sec)exposure of the 
plate to a temperature of 50-60 C. Later it was 
found that the same results were obtained by 
exposing the plate to a fast flowing stream of 
dry nitrogen at room temperature for 20 min. 
Dry plates were then inserted into the electron 
paramagnetic resonance (EPR) cavity of a 
Varian E-3 spectrometer, and positioned in the 
magnetic field via a quartz rod sealed to one 
end of the plate and held by the collet of a 
goniometer. EPR spectra were recorded for the 
face of the plate, parallel and perpendicular to 
the applied magnetic field. All EPR measure- 
ments were made at room temperature (ca. 
22 C). 

Measurement of Membrane Order 

The degree of ordering is indicated by dif- 
ferences in spectra for 2 orientations of the 
quartz plate in the applied field. The greater the 
difference in line splittings for these 2 orienta- 
tions, the greater is the ordering. Figure 1 
shows the spectra for optimum ordering of the 
label by a parallel array of membrane lipids, 
e .g. ,  phosphatidylcholine,  with their long 
amphiphilic axes normal to the broad surface of 
the quartz plate. Membranes exhibiting opti- 
mum order give an R value of ca. 32 gauss and 
an S value of ca. 6 gauss (Fig. 1). The R value 
decreases and the S value increases when the 
environment about label becomes less ordered, 
e.g., the parallel array arrangement of lipids is 
no longer maintained; prevailing conditions are 
such that long amphiphilic axes of lipids under- 
go independent rotational and lateral motion. 
As the environment tends toward fluidity, 
movement of acyl chains becomes independent 
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of one another, and motion is random in na- 
ture. When an oriented (ordered) sys tem is no 
longer maintained, spectra become independent  
of the applied magnetic field, resulting in a 3 
narrow line, solution spectrum as a result of 
isotropy. Another parameter, the so-called 
order parameter, is also used to assess mem- 
brane order; this is the ratio of peaks A:B (Fig. 
I), measured for oriented films showing anisot- 
ropy. For this measurement to be valid as an 
indicator of ordering, the plate must be aligned 
such that the p-orbital of the label is oriented 
perpendicular to the applied magnetic field 
(16). A ratio of uni ty would indicate perfect 
alignment in the film, while a zero value would 
indicate no order at all. Although R and S 
values are good indicators, the A:B ratio ap- 
pears to describe more completely the degree of 
ordering. 

RESULTS 

Pure Monoglycerides, and Monoglycerides 
Containing Cholesterol 

Spin label spectra of pure fl-monolaurin films 
are shown in Figure 2A,B,C,D. A comparison of 
R and S values (Table 1) shows that all 4 labels 
exhibit considerable mobility, approaching a 
purely isotropic condition in the hydrophobic 
interior (Fig. 2D for 16NS). Addition of choles- 
terol greatly enhances ordering of both CSL 
(Fig. 2a) and 5NS (Fig. 2b), indicating an im- 
proved alignment and order at the surface and 
in the hydrophobic region extending at least to 
the depth of nitroxide in 5NS. For membranes 
containing a mixture of monolaurin:cholesterol 
(48.5:51.5 mole %), the spectra with CSL indi- 
cate almost perfect order of components (R = 
23.5 gauss, S = 7.5 gauss, and A:B = 0.94; Table 
I). The spectra obtained with labels 12NS and 
16NS are shown in Figure 2c,d. The 5NS spec- 
tra, similar to that of CSL, show anisotropies, 
with parameters of R = 23 gauss, S = 8 gauss, 
and A:B = 0.45. 

The study of fl-monostearin presented a 
rather unique situation in that this monoglycer- 
ide excludes label (17). Exclusion of label is 
immediately apparent because the usual 3-line 
resonance is replaced by a single, broad reso- 
nance, a condition arising from localized pools 
of label undergoing spin spin interaction (12). 

Interestingly, addition of cholesterol to 
fl-monostearin permits label intercalation into 
the membrane (Fig. 3A; Table I). Spectra for 
fl-monostearin with 68.9 mole% cholesterol 
(CSL label) exhibits parameters of R = 25 gauss 
and S = 7 gauss. However, the A:B ratio is only 
0.23, indicating imperfect alignment of lipid 
chains in the multilayer matrix. Spectra in Fig- 
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FIG. 2. Spin label spectra for oriented multflayers 
of ~monolaurin. Spectra A,B,C, and D are for multi- 
layers free of cholesterol. Spectra a,b,c, and d are for 
multilayers containing 51.5 mole % cholesterol. 

~ /6Ns 

FIG. 3. Oriented multilayers of fl-monostearin con- 
taining 68.9 mole % cholesterol. A = Cholestane spin 
label; B = 5-Nitroxide spin label; C = 12-Nitroxide spin 
label; D = 16-Nitroxide spin label. 

ure 3B and C for 5NS and 12NS indicate anisot- 
ropy at these label positions. Deep in the 
hydrophobic interior of the membrane, at the 
position of nitroxide in 16NS (Fig. 3D), the 
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FIG. 4. Oriented films and multilayers of ~-mono- 
olein. Spectra A,B,C, and D are for labels in pure ffdms 
of monoolein. Spectra a,b,c, and d are for multilayers 
containing 38.7 mole % cholesterol. CSL = cholestane 
label; NS = nitroxide stearate. 
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FIG. 5. Oriented multilayers of a mixture of 
branched-chain monoglycerides, high in #-monoiso- 
stearin. Spectra A,B,C, and D are for multilayers free 
of cholesterol. Spectra a,b,c, and d are for multilayers 
containing 50 wt% cholesterol CSL = cholestane label; 
NS = nitroxide stearate. 

spectra are almost identical for either orienta- 
t ion of the plate in the magnetic field, and the 
high field line vanishes. 

An unsaturated ~-monoglyceride, e.g., /3- 
monoolein, was used next. This monoglyceride, 
which has a lower melting point than ~-mono- 
stearin, does not exclude label. The spectra of 
pure monoolein with all 4 labels exhibited isot- 
ropy (Fig. 4A,B,C,D). Addition of 38.7 mole % 
cholesterol resulted in some anisotropy (Fig. 
4a,b,; Table I). The ratio of A:B for CSL was 
0.16. Small increases or decreases in the propor- 
tion of cholesterol produced an isotropic spec- 
trum. In the case of 12NS and 16NS, 'no dif- 
ferences were seen in spectra for monoolein 
with or without cholesterol. 

Films of pure monoglycerides, ~-monolino- 
lein and ~-monodocosahexaenoin, gave isotrop- 
ic spectra for all labels. The isotropic spectrum 
for/3-monodocosahexaenoin was not altered by 
additions of  cholesterol, and there was only 
minimal broadening of  the resonance lines for 
/3-monolinolein (CSL label) for levels of  choles- 
terol up to 58.5 mole %. 

Mixed Monoglycerides 
Exclusion of spin labels by monostearin can 

be overcome by several methods. Use of ele- 
vated temperature (12) or addition of choles- 
terol can be used to perturb the film and allow 
label intercalation. Instead of  cholesterol, how- 
ever, other lipids can be used for causing the 
necessary perturbations. Accordingly, we have 
shown that CSL intercalates into membrane, at 
least partially, when 6.6-13.0 mole % of mono- 
laurin is mixed with monostearin. 

In contrast to ~-monostearin, ~monoiso-  
glyceride, which is also a saturated monoglycer- 
ide, does not exclude label. Because monoiso- 
stearin contains a mixture of  only long chain 
isomers, > C17 , it appears that, like unsatura- 
tion, branching alters packing between acyl 
chains, providing a more open structure and, 
thereby, allowing label intercalation. 

Addition of cholesterol to /3-monoisoglycer- 
ide induced order primarily at the surface, as 
indicated by pronounced anisotropy in spectra 
for CSL probe. Thus, for a membrane com- 
prised of 50 % by wt /3-monoisoglyceride and 
50 % by wt cholesterol (Fig. 5a), values for R 
and S are 26 and 7 gauss, respectively, with 
A:B = 0.27 (Table I). Some anisotropy not 
readily apparent in the 5NS spectra exists in the 
case of 12NS (Fig. 5c). The order is once again 
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reduced at the 16-position (Fig. 5d). Why 
anisotropy is more pronounced at the 12NS 
position and not  at the 5NS posit ion is not 
understood. 

Phospho lipids 

Although dilauroyl lecithin and dimyris toyl  
lecithin exhibited more order than /3-mono- 
laurin in the absence of cholesterol, it was ob- 
served that phospholipids also required addit ion 
of  cholesterol to promote an improved ordering 
o f  membranes  (Table II). Accordingly, a 
61.6 mole % cholesterol level in dilauroyl leci- 
thin produced the highest degree of order; R,S, 
and A:B values of  21.6 gauss, 6.5 gauss, and 
0.45, respectively, were recorded (Table II). 
Dimyristoyl lecithin with an opt imum choles- 
terol content (63.7 mole%)  gave values of 
21 gauss, 6.5 gauss, and 0.67, respectively. 
Analogous results have been reported for cho- 
lesterol containing bilayers of dipalmitoyl  leci- 
thin (18). 

Distearoyl lecithin, like /3-monostearin, ex- 
cludes label in absence of cholesterol. Addit ion 
of  50.5 mole % cholesterol results in an A:B 
ratio of  only 0.13 (CSL probe),  which increases 
to a maximum of 0.22 at a level of 67.1 mole % 
of  sterol. Further  addition of  cholesterol re- 
duced the A:B ratio, and at 86 mole % choles- 
terol, the ratio was 0.05. 

Diooleoyl lecithin behaves in an analogous 
manner to ~-monoolein. Addit ion of cholesterol 
(75.3 mole %) resulted in broadening of reso- 
nance lines, thereby indicating a small degree of 
anisotropy. Because there was no difference 
between spectra for either orientat ion of the 
quartz plate in the applied magnetic field, the 
data suggest that  label undergoes a rapid aniso- 
tropic tumbling. Cholesterol content  below 
75.3 mole% did not result in any marked 
changes in spectra from those of pure diooleoyl  
lecithin itself. Dilinoleoyl lecithin and dilinolen- 
oyl  lecithin films were fluid under all condi- 
tions. In no case did it appear that  lecithin 
cholesterol films were as perfectly ordered as 
those of  monolaurin cholesterol. 

DlSCUSSl ON 

Results of this s tudy show that  the short 
chain lipid, /3-monolaurin, forms exceptionally 
well ordered films with cholesterol. Although 
the content of cholesterol necessary to achieve 
a high degree of ordering in these films is quite 
high, ordering observed is due to monoglyceride 
cholesterol interactions, and not simply due to 
high cholesterol content.  This conclusion is 
supported by the fact that pure cholesterol 
films exhibit only broad, orientation indepen- 
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TABLE II 

Effects of Cholesterol on Line Splittings and Order Parameter in 
Oriented Multilayers of Dilauroyl Lecithin and Dimyristoyl Lecithin 

Lipid 
Measured Cholesterol content (mole %) 

Label a parameter b 0 34.9 61.6 82.8 

Dilauroyt 
lecithin 

Dimyristoyl 
lecithin 

CSL R 20 
S 12 
A:B 0.15 

5NS R 20 
S 16 

12NS R 20 
S 16 

16NS R 18.0 
S 16.0 

CSL R 
S 
A:B 

5NS R 
S 
A:B 

21.6 
6.5 
0.45 

20.6 
16.0 

21 
10 
pS c 

0 36.9 63.7 84.0 

20.5 21.6 21 19 
7.5 7.0 6.5 6.5 
0.22 0.6 0.67 0.13 

28 -- 24 24 
18 -- 7 17 

PS c 

aCSL = Cholestane label; NS = nitroxide stearate. 
bSee footnote b, Table I. 
Cpowder spectrum (16). 

dent spectra. For most lipid studies, cholesterol 
content beyond an optimum value is disruptive, 
that is, it causes a loss of order. Analogous to 
this are the studies of Schreier-Muccillo, et al., 
(18) who indicate that increasing levels of 
cholesterol in dipalmitoyl lecithin first show a 
condensing effect (ordering), but that beyond 
an optimum cholesterol content, the effect is 
disruptive due to weakening of strong inter- 
chain interaction between acyl chains, pro- 
moting a transition to the liquid crystal state. 

The observed spectral anisotropy for CSL in 
/~-monolaurin cholesterol films indicates a high 
degree of order in the membrane. This observa- 
tion for CSL, however, does not provide specif- 
ic information as to where this order exists, 
because CSL responds generally to any environ- 
mental restraint within the boundary of the 
entire lable. However, because the nitroxide 
moiety, being the most polar portion of the 
probe is aligned with the polar membrane sur- 
face, we may suppose that the data indicate 
high ordering of  polar head groups. In addition, 
however, spectra for 5NS also exhibit anisot- 
ropy, indicating ordering in the hydrophobic 
region ca. 5 carbon atoms from the surface. 
Taken together, these data indicate that cho- 
lesterol is able to quench tumbling of the ni- 
troxide about the hydrocarbon chain of the 
nitroxide stearate. Also, it appears that choles- 
terol is able to restrict lateral motion, side to 
side movement of acyl chains, at least to the 

depth of nitroxide in 5NS. If either of these 
motions predominated, 5NS spectra would be 
isotropic. Beyond the 5NS position of the 
nitroxide stearate chain, the spectra take on a 
different character. The acyl chains are less 
constrained and at carbon-12 position of the 
12NS label, the spectra indicate considerable 
motion. Finally, at the maximum depth re- 
ported by 16NS, the spectra indicate an envi- 
ronment of high fluidity. Hence the ordering of 
the membrane by cholesterol extends from the 
surface tO at least the position of nitroxide in 
5NS. Order does not extend, however, over the 
entire breadth of  the membrane. Although 
Schreier-Muccillo, et al., (12) found that well- 
ordered monolaurin films were achieved with 
5% added cholesterol, we found the cholesterol 
requirements to be much higher. Because we do 
not know the exact nature of the material used 
by these workers, it is tempting to speculate 
that slight variations in samples or experimentai 
techniques are responsible for observed differ- 
ences. In any event, our data suggest that 
packing of acyl chains in the short chain lipid, 
monolaurin, in the absence of cholesterol, is 
not as tight as that originally reported (12). 

Stearic acid has a unique position in this 
study, for of all the various parameters studied, 
this long chain fatty acid alone is able to ex- 
clude label. It does not matter whether  stearic 
acid is part of a monoglyceride or lecithin; the 
effect is the same. Addition of cholesterol or 
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shor t  cha in  m o n o g l y c e r i d e  to der ivat ives  of  
s tear ic  acid p r o m o t e s  labe l  i n t e r ca l a t i on ,  and  
some order  is induced .  In con t r a s t  to  s tear ic  
acid der ived lipids, we found  t h a t  all o t h e r  com-  
p o u n d s  in t e rca l a t e  labels readi ly.  However ,  
Schreier-Mucci l lo ,  e t  al., (12) ,  r e p o r t  t h a t  all 
s a tu ra t ed  monog lyce r ides ,  e.g., m o n o l a u r i n ,  
m o n o p a l m i t i n ,  do n o t  in te rca la te  labels  at  r o o m  
t empe ra tu r e .  

Our  s tudies  ind ica te  t h a t  in l ipid mul t i layers ,  
b r a n c h e d  l ipids  behave  l ike u n s a t u r a t e d  ones,  
impa r t i ng  f lu id i ty  to  t he  mul t i layers .  In this  
con t ex t ,  i t  is n o t e w o r t h y  t ha t  Si lbert ,  et al., 
(19) ,  have  s h o w n  t h a t  b r a n c h e d  cha in  f a t t y  
acids d i s rup t  pack ing  of  acyl chains  and  are able  
to  replace to ta l ly  cis-unsaturation in mem-  
b ranes  of bac ter ia ,  Escherichia colt. F o r  exam-  
ple, h e x a d e c e n o i c  acid and  o c t a d e c e n o i c  acid 
were replaced  by  1 2 - m e t h y l t e t r a d e c a n o i c  acid 
and  1 4 - m e t h y l h e x a d e c a n o i c  acid,  respect ive ly .  
Moreover ,  Varanas i  and  Malins (20)  have re- 
cen t ly  s h o w n  t h a t  m o n o u n s a t u r a t e d  acids com- 
m o n l y  p resen t  in  mos t  m a m m a l i a n  sys tems  are 
p a r t i a l l y  r e p l a c e d  b y  b r a n c h e d  acids in 
p h o s p h o l i p i d s  of  po rpo i se  tissues. 
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Sterols of the Adult and Juvenile Forms of Ivy, Hedera helix L. 
J.R. HILLMAN, B.A. KNIGHTS, and R. MCKAIL, Department 
of Botany, The University, Glasgow G12 8QQ, UK 

ABSTRACT 

Sterols have been isolated from both 
adult and juvenile ivy in free and esteri- 
fied form. Stigmasterol or its C-24 iso- 
mer, poriferasterol,  is the main compo- 
nent, and lesser amounts of sitosterol, 
a - s p i n a s t e r o l ,  5 a - s  tigmast-7-en-3fl-ol, 
cholesterol, and campesterol also were 
detected. Flowers and fruits were found 
to contain a glycoside fraction in which 
stigmasterol, together with some sito- 
sterol, could be detected. 

INTRODUCTION 

Many plants, particularly trees and bushes 
grown from seed, grow vegetatively for a num- 
ber of years before the first appearance of sex- 
ual reproduction,  i.e., flowering and fruit for- 
mation. Often there is a marked change in 
physical form between juvenile, nonflowering 
forms and adult forms, in which flowering 
occurs. Thus, leaf shape may be radically dif- 
ferent between the 2 forms, e.g., species of 
Juniperus, and methods of propagation may 
differ greatly, as exemplified by ivy (1). Ivy 
(Hedera helix L.) exhibits the phenomenon of 
having both adult and juvenile growth simul- 
taneously on the same plant, thereby prbviding 
material which is genetically homogeneous (2). 

Adult  material of Hedera helix is distin- 
guished by a bushy habit, light colored leaves, 
and small umbels of flowers, born in late sum- 
mer. The umbels develop into racemes during 
autumn,  and fruits ripen the following spring. It 
is very difficult to propagate this form by 
means of cuttings. Juvenile ivy grows as long 
vines which exhibit a chmbing habit ,  and ad- 
ventitious roots are readily formed at each 
node, thereby facilitating propagation by means 
of cuttings. Leaves are a darker green, often 
variegated and pigmented with anthocyanin,  
and are more palmate in shape than those of 
adult material. 

Biochemical and physiological changes as- 
sociated with the transition from juvenile to 
adult  forms in plants are not clearly under- 
stood, and we have chosen ivy as a convenient 
source of  material to commence a study of 
these changes. In the animal kingdom, steroids 
are known to exert a great influence in growth 
and development of sexual reproduct ion (3). 
By analogy, we have chosen to start with a 
study of the  steroidal compounds present in 

both  adult and juvenile material. In this paper, 
we report  on sterols present in leaves, flowers, 
and fruits. 

EXPERIMENTAL PROCEDURES 

IvY 

Leaf material '  Was harvested from a single 
plant growing on the banks of the River Kelvin 
in the Garscube Estate, Glasgow, Scotland 
(National Grid Reference NS552703). Flowers 
were collected in October from several bushes 
in a similar location. Fruits and adult leaf ma- 
terial were collected in April from a bush along- 
side the Crinan Canal, Argylshire, Scotland 
(National Grid Reference NR796929).  Fruits 
were not  produced on the bushes at Garscube. 
All materials were stored frozen unless used 
immediately.  

Chemicals 

Hydroxyalkoxy-LH-20 lipophilic sephadex 
was prepared in 2 stages from Sephadex G-25 
(4). Analar or other commercial grades of sol- 
vents were used for extraction. Anasil B was 
purchased from Analabs Inc., North Haven, CN. 
Derivatization reagents used were Methelute 
(Pierce Chemical Co., Rockford,  IL), bistd- 
methylsilyl acetamide (BSA), (Phase Separa- 
tions Ltd., Deeside Industrial Estate, Queens- 
ferry, Flintshire, UK), tr if luoroacetylimidazole,  
heptaf luorobutytyl imidazole  (Pierce Chemical 
Co., Phase Separations Ltd.) and other reagents 
we re  o b t a i n e d  from standard commercial 
sources. Gas chromatography packings were 
obtained from Phase Separations Ltd. 

Extraction Procedures 

Whole leaf material was mascerated in chlo- 
roform:methanol  (2: 1) and the brei filtered via 
a Soxhlet thimble.  The residue then was ex- 
tracted for 18 hr in a Soxhlet extractor. 

Isolation of Sterols 

Sterols were isolated from crude extract by 
evaporation of solvent to  a smaU volume fol- 
lowed by application of an aliquot as a strip to 
a thin layer chromatographic (TLC) plate (0.25 
or 0.4 mm thickness) along with marker spots 
of  cholesteryl palmitate  and brassicasterol. 
Development was with chloroform; detection 
of  zones was achieved by spraying with di- 
chlorofluorescein; and materials were recovered 
b y  m echanically transferring the indicated 
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zones to small chromatography columns, after 
which sterols or esters were etuted with diethyl- 
ether. For larger scale isolation of sterols for 
structure determination, crude extract was 
triturated with benzene, filtered, and the solu- 
t ion applied to a column of hydroxy-alkoxy- 
LH-20 sephadex (4). Zones corresponding to 
sterol ester and free sterol (standard elution vol- 
umes [SEV] = 50 and 110, respectively) were 
eluted, sterol glycosides were recovered from the 
column by elution with 8% EtOH in benzene 
and emerged immediately after the ethanol 
solvent front (5). 

Gas Liquid Chromatography (GLC) of Sterols 

GLC was carried out using a 1.5 m, 3% 
OV-17 column and a 3 m, 2% SE-33 column, 
both at 265C,  in a Pye 104 Model 14 gas 
chromatograph. Comparison was made with 
authentic sterols and their derivatives. 

G LC-Mass Spectrometry INS) of Sterols 

GLC-MS was carried out using GLC columns 
with an AEI MS-30 single beam mass spectrom- 
eter, ion source 200 C, membrane separator 
240C,  ionization voltage 70eV,  and using 
helium as carrier gas. 

Derivatives 

Sterol derivatives were prepared using BSA 
for preparation of trimethylsilyl (TMSi) ethers 
and pyridine:acetic anhydride (1:2) for prepara, 
tion of acetates. Trifluoroacetate and heptafluo- 
robutyrate derivatives of sterol glycosides were 
formed in pyridine solution by reaction for 
10 rain with the corresponding imidazole deriv- 
ative. GLC (OV-17) was performed directly on 
the reaction mixtures. 

Sterol Esters 

These were hydrolyzed by dissolving in 
methehite and the solution heated for 2 hr at 
ca. 60 C. TMSi ethers were formed by removal 
of the methelute by hot plate or rotary evap- 
orator, and reaction of the residue with BSA. 
The crude mixture was found suitable for GLC. 

TLC on Anasil B 

Plates were prepared by slurrying Anasil B in 
water (1:2.2, w/v), spreading at 0.25 or 0.5 mm 
thickness, and heating at 100C before use. 
Plates were developed with 1-2% ether in petro- 
leum for 4-6 hr using a Shandon continuous 
development tank in which the atmosphere was 
saturated with the solvent system (6). Sterol 
acetates were located with dichlorofluorescein 
or 4N sulphuric acid. Typical R s values (c~- 
spinasterol = 1.0) for acetates were: sitosterol = 
2.2; stigmasterol = 1.6; 5c~-cholest-7-en-3~-ol = 

J 

3 

a ~4,5 

A F 

FIG. 1. Gas chromatograms of free sterol fractions 
a) from juvenile leaf (J), adult leaf (A) and flowers 
(F) of Hedera helix L., and b) corresponding ester 
fractions after hydrolysis. 1 = cholesterol; 2 = campe- 
sterol; 3 = stigmasterol; 4 = sitosterol; 5 = ~-spina- 
sterol; and 6 = 5~-stigmast-7-en-3~ol. 

1.4; cholesterol = 1.85; and ergosterol -- 1.15. 

RESULTS 

Free and esterified sterol fractions were iso-. 
lated from adult and juvenile leaves and from 
flowers. All 6 fractions were similar in compo- 
sition, analysis of GLC and comparison with 
data for authentic compounds suggested stig- 
masterol as the main component,  with lesser 
amounts of sitosterol, c~-spinasterol (these 2 
b e i n g  only partially resolved), cholesterol, 
campesterol, and 1 other compound, possibly 
5a-stigmast-7-en-3/3-ol or cycloartenol (Fig. 1). 
Analyses by GLC-MS (7) further confirmed the 
assignment for stigmasterol. They were in agree- 
ment with other assignments, and suggested 
that the questionable compound stigmast-7-en- 
3~-oI rather than cycloartenol. TLC of derived 
acetates on Anasil B gave 3 steroid zones which 
were analyzed by GLC and GLC-MS. The most 
mobile zone contained (as acetates) sitosterol 
with lesser amounts of stigmasterol, campester- 
ol, and cholesterol. The middle zone was pre- 
dominantly stigmasterol, and also contained 
stigmast-7-en-3/3-ol, as was expected from analy- 
sis of standards. The polar zone was a 1 : 1 mix- 
ture of 2 compounds having correct chromato- 
graphic and mass spectrometric properties for 
stigmasterol and a-spinasterol. Repeated chro- 
matography yielded fractions for stigmasterol 
acetate and a-spinasterol acetate which were 
> 80% pure. These compounds yielded optical 
rotatory dispersion (ORD) curves almost identi- 
cal with those for authentic sterols. It has been 
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F]G. 2. Mass spectrum of  stigmastery! glycoside 
tetratrifluoracetate isolated from flowers. AEI MS-30, 
gas liquid chromatography (GLC) inlet, 70 eV. M = 
molecular ion. 

reported without details (8) that ORD curves of 
A22 sterols exhibit differences between 24R 
and 24S alkylsubstituted isomers. In the pres- 
ent work, ORD curves for isolated A5,22_ and 
A7,22-sterols resembled more closely the ORD 
curve for stigmasterol than that for porifera- 
sterol, its 24fl-isomer. It should be emphasized 
that apart from the ORD curves, no data which 
might distinguish compounds isomeric at C-24 
have been obtained, and the presence of alter- 
nate isomers cannot be excluded absolutely. 
The possibility of  alternative double-bond iso- 
mers to A7 compounds, e.g., A8(9)_ or A8(14)_ 
was discounted on the basis of GLC data. 

Flowers also yielded a sterol glycoside frac- 
tion obtained from lipophilic sephadex which 
was subject to analysis by GLC and GLC-MS of 
trifluoroacetate and heptafluorobutyrate deriv- 
atives (5). Results were consistent with the 
main compound being stigmasteryl glycoside 
(M +, M-15, M-43, M-side-chain, M-side chain, 
and ring D, plus ions at m/e 3 5 1 , 2 5 5 , 2 5 3 , 2 1 3  
as shown in Figure 2, and with sitosteryl and 
stigmast-7-en-3fl-yl glycosides also being pres- 
ent. The heptafluorobutyrate also showed the 
ions for cleavage at m/e 394 and 395. No clear 
data for a-spinasteryl glycoside could be ob- 
tained. The sugar moiety has not been identi- 
fied definitely. 

Fruits collected in Argyleshire were analyzed 
by extraction with chloroform:methanol  and 
examined for free and glycoside sterols. Results 
were similar to those for flowers described 
earlier, and sterols of leaf material from the 

same bush were not significantly different from 
those collected at Garscube. 

D I S C U S S I O N  

Sterol patterns of adult and juvenile ivy leaf 
were essentially identical, with quantities of 
sterol per 100 g fresh leaf being: cholesterol 
(trace); campesterol, 1 ms; stigmasterol, 9 ms; 
sitosterol plus a-spinasterol, 2.5 ms; and stig- 
mast-7-en-3fl-ol, 0.5-0.7 ms. 

It is clear also that there were only small 
quantitative differences between free and esteri- 
fled sterols. At the present time we cannot 
comment on any possible involvement of ster- 
ols in the transition between juvenile and adult 
phases of growth in ivy. Sterols are considered 
to be components of membranes in eukaryotic 
organisms, and they occur in this species at 
levels which are typical for such organisms (9). 
If other steroidal compounds, such as mam- 
malian sex hormones, play a role in the phase 
transition, it is possible that they do so only at 
very low levels, and it is improbable that we 
would observe any change in the level of sterols 
associated with their possible biotransformation 
into such hormones. 
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ABSTRACT 

The activity of uridine diphosphate- 
glucose:ceramide glucosyltransferase dur- 
ing chick retina ontogenesis was studied. 
This enzyme catalyzes the first step in the 
biosynthetic pathway leading to  ganglio- 
sides. The glucosyltransferase activity was 
detected in 8 day old embryos,, and was 
present in adult  animals. The highest 
specific activity was found ca. day 10 of 
embryonic life. The radioactive product  
was identif ied as glucocerebroside by 
means of radiochromatography.  The pres- 
ence of phosphatidylcholine in the incu- 
bat ion mixtures was found to stimulate 
the enzyme. 

INTRODUCTION 

Glucocerebrosides are widely distributed in 
animal tissues such as kidney (1), aortic tissue 
(2), and spleen (3) as well as nervous tissue 
(4-6). Their role in the synthesis of gangliosides 
and other complex glycohpids is well estab- 
lished (7). The properties of the enzyme which 
catalyzes the formation of glucocerebroside 
from uridine diphosphate (UDP)-glucose and 
cerarrfide, the UDP-glucose:ceramide glucosyl- 
transferase (ceramide glucosyltransferase in the 
further text),  has been studied in brain (8,9), 
spleen (10), and kidney (11). 

We were interested in the functional role of 
retinal gangliosides undergoing light st imulation 
(12), and, more specifically, in the metabohsm 
of gangliosides of  synapses responsible for 
transfer of visual information.  

Recently, Hughes and La VeUe (13) pub- 
lished new extensive data concerning the synap- 
togenic sequence of the chick retina. In this 
investigation, we studied the activity profile of 
ceramide glucosyltransferase in chick retina to 
correlate it with biochemical events accom- 
panying synaptogenesis in the retina. 

MATERIALS AND METHODS 

The  s o u r c e  of nonhydroxy  fat ty  acid 
(NFA)-ceramide,  gluco-, and galactocerebro- 
sides and of  UDP-GIu[14C] has been given 
before  (8,14). Lecithin (pure phosphat idyl  
choline) was isolated from pig brain (15). 

Leghorn chicken embryos were killed after 
8-21 days of incubation, and chicks were killed 
1-30 days after hatching. Adult  animals also 
were used. The retinal tissue was removed 
immediately after killing, and 10% (w/v) homo- 
genates were prepared in 0.32 M sucrose con- 
ta in ing 3 x  10-3M Na2HPO 4 and 10-aM 
Na 2 EDTA. 

The assay conditions were based essentially 
on previous studies (8,9), and no at tempts  were 
made to establish opt imal  pH, bivalent cation 
and  buffer concentrations. The incubation 
mixture contained 0.1/Jmole NFA-ceramide,  
0.50 mg Tri ton X-100, 150/Jg lecithin, I / Jmole  
MgCI2, I0/Jmoles  Tris(hydroxymethyl)amino-  
methane (Tris)-HCl buffer (pH 7.5), 20 nmoles 
(5 / JCi / /~mole)  U D P [ U - 1 4 C ] g l u c o s e ,  and 
0.5-1.5 mg protein of homogenate in 0.25 ml 
final volume. Ceramide, Tri ton X-100, and leci- 
thin were dissolved in chloroform:methanol  
(2:1) added before the other  compounds,  and 
c h l o r o f o r m : m e t h a n o l  removed by  vacuum 
evaporation. Incubations were carried out at 
37 C for 60 rain in a shaking bath. The reaction 
was s topped by adding 2.5 ml chloroform: 
methanol  (2: 1), and separation into two phases 
was achieved by addit ion of 0.25 ml water  (16). 
The lower phase was washed twice with 0.5 ml 
chloroform:methanol :water  (3:48:47) .  Stand- 
ard glucocerebrosides were added, and TLC 
separation of  glucocerebrosides was carried out  
on sodium borate impregnated plates w i t h  
chloroform:methanol :water  (24:7: 1) as devel- 
opment  solvent (17). Glucocerebrosides were 
located by spraying with 2 ' ,7 '-dichlorofluores- 
cein solution (18), and corresponding areas 
were transferred into counting vials containing 
10 ml 0 .4% Omni f luo r  (NEN Chemicals, 
Dreieichenhain, Germany) in toluene; radio- 
activity was measured in an Intertechnique 
liquid scintillation spectrometer.  For  identifica- 
tion of  radioactive products,  when relatively 
large amounts of lipid material were present, 
mild alkaline hydrolysis was performed before 
TLC (25). Synthesis in vitro of retinal gluco- 
cerebrosides was a linear function of enzyme 
concentrat ion up to ca. 1 nag protein. Activity 
was determined at 2 different enzyme concen- 
trations, corresponding to linear parts of  the 
activity-enzyme concentrat ion plots. No cor- 
rections were made for blanks in which cera- 
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FIG. 2. Effect of lecithin on uridine diphosphate 
(UDP)-glucose:ceramide glucosyltransferase at dif- 
ferent protein concentrations. 

FIG. 1. Thin layer chromatogram (TLC) of radio- 
active glycolipids after incubation of retinal homoge- 
nate with labeled uridine diphosphate (UDP)-glucose 
and nonhydroxy fatty acid (NFA)-ceramide. Amounts 
of components were increased 10 times and incubated 
2 hr; 10 mg retinal protein (1 day old chick) were 
used. Total lipids extracted from the incubation 
mixture were subjected to a mild alkaline methanoly- 
sis (25). Alkali resistant lipids were spotted on a 
borate impregnated plate and developed as described 
in Materials and Methods. Orcinol sulfuric acid reagent 
(26) was used for detection. (A) Standard glycolipids; 
(B) Alkali resistant lipids from the incubation mixture; 
(C) Radioactivity scanning (Thin Layer Scanner II, LB 
2723, Berthold). Identification of glycolipids: (1) 
glucocerebrosides, (2) galactocerebrosides (2 spots), 
(3) lactosylceramide. 

mide was omitted (<30% whole radioactivity 
detected in glucocerebrosides). Proteins were 
determined according to Lowry, et al., (19). 

RESULTS 

Identification of Labeled Products 

Identification of labeled products was made 
o n l y  by  cochromatography with standard 
glycolipids isolated from beef spleen. Because 
of limited amounts of retinal tissue and low 
synthesizing capacity of the incubation system, 
structural analysis of labeled products was not 
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FIG. 3. Ceramide glucosyltransferase activity in 
chick retina as function of age. Each value is the mean 
of 2-4 determinations. E = Embryonic age; P = Post- 
natal age; P1 = hatching day; Ad = adults. 

undertaken in this work. 
As shown in Figure 1, about 80% of total 

radioactivity was associated with peak I, which 
cochromatographed with authentic glucocere- 
brosides. The position of this main peak indi- 
cates the presence of labeled material moving 
less rapidly than standard glucocerebrosides 
from spleen, which contain only NFA. Similar 
observation has been made previously in brain 
(7,8,20) in which this phenomenon was attri- 
buted tentatively to synthesis of a-hydroxy 
fatty acid (HFA) HFA-glucocerebrosides. It is 
interesting to note a small peak migrating as 
standard lactosyl ceramide (ca. 20% total radio- 
activity). This may be explained by the pres- 
ence of galactosyltransferase specific glucocere- 
broside in retina, as it was shown previously in 
brain (21,22). 

Stimulation of Glucocerebcosifle Synthesis 
by Lecithin 

Addition of lecithin to the incubation mix- 
ture substantially increased ceramide glucosyl- 
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t ransferase  w i th  the  m a x i m u m  of  ac t iva t ion  of 
ca. 150/~g lec i th in  per  tube ,  w h e n  0 .25-1.0  mg 
re t ina l  p ro te ins  were  used (Fig. 2). 

Development of Ceramide Glucosyltransferase 
Activity 

Figure  3 shows the  evo lu t ion  prof i le  of cera- 
mide  g lucosy l t ransfe rase  in  ch i cken  re t ina .  The  
first m a x i m u m  act iv i ty  was observed  at day  10 
o f  e m b r y o n i c  life. It co r responds  to  the  highest  
ac t iv i ty  de t ec t ab le  in  ch icken  re t ina .  F r o m  day 
10 of  e m b r y o n i c  life t o  day 3 of  pos tna t a l  life, 
t he re  was a r a t h e r  rapid  decrease.  The  second  
m a x i m u m  occur red  on  day 11 of  pos tna t a l  life. 
This maximum was less m a r k e d  and r a t h e r  f la t  
un t i l  day 14. Act iv i ty  t h e n  decreased  slowly,  
and  in older  animals  was f o u n d  to  be  ca. one  
th i rd  of  m a x i m u m  value observed .  

DISCUSSION 

D e v e l o p m e n t a l  changes  of  ce ramide  gluco- 
sy l t ransferase  have b e e n  s tud ied  previously  in 
e m b r y o n i c  ch /ck  b ra in  by  Basu,  et  al., (21).  
These  workers  inves t iga ted  t he  pe r iod  b e t w e e n  
days  7-20 o f  e m b r y o n i c  life. E v o l u t i o n  of  cera- 
mide  g lucosyl t ransferase  ac t iv i ty  dur ing  this  
pe r iod  in ch icken  b ra in  was f o u n d  to  be  s imilar  
to  t ha t  r e p o r t e d  in t he  p resen t  work  for  re t ina ,  
excep t  t h a t  max ima l  ac t iv i ty  of  g lucosyl t rans-  
ferase was f o u n d  earl ier  in  r e t ina  (day 10 of  
e m b r y o n i c  life) t h a n  in b ra in  (day  13 of  embry -  
on ic  life). C o m p a r i s o n  c a n n o t  be  m a d e  for  the  
p o s t n a t a l  per iod ,  because  data  on  ch icken  bra in  
are missing. Never theless ,  da ta  are available for  
b ra in  of  o t h e r  species. Our  results  for  the  post -  
na ta l  ch icken  r e t i na  are s imilar  to  those  r epor t -  
ed by  Neskovic,  et  al., in  m o u s e  b ra in  (8).  

The  role  o f  ce ramide  g lucosy l t ransfe rase  in 
t he  syn thes i s  o f  b ra in  gangliosides seems to  be  
c o n f i r m e d  by  d e v e l o p m e n t a l  s tudies  (22) .  
There  is good accordance b e t w e e n  per iods  o f  
rapid  ganglioside a c c u m u l a t i o n  and  the  h ighes t  
e n z y m e  ac t iv i ty  (23).  Brenke r t  and  Rad in  (24)  
s u g g e s t e d  t h a t  ce ramide  g lucosy l t rans fe rase  
may  be  a l imi t ing  fac to r  in  ganglioside forma-  
t ion .  At  the  p re sen t  t ime,  we could  n o t  con f i rm  
such  a close t ime  co r re l a t ion  b e t w e e n  these  2 
p h e n o m e n a  in re t ina .  Our  s tudies  on  ganglioside 
evo lu t ion  in ch i cken  re t ina  dur ing  d e v e l o p m e n t  
(23)  show a re la t ively  rap id  a c c u m u l a t i o n  of  
t o t a l  ganglioside c o n c e n t r a t i o n  wh ich  remains  
apprec iab le  un t i l  day 20 of  e m b r y o n i c  life. 

I t  is di f f icul t  at  this  t ime  to  m a k e  a correla-  
t i o n  b e t w e e n  ce ramide  g lucosy l t rans fe rase  
evo lu t ion  and  morpho log ica l  events  of  develop-  
ing ch i cken  re t ina ,  because  these  changes  are 
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e x t r e m e l y  rapid  and  overlap f r e q u e n t l y  (13) .  
However ,  i t  seems t ha t  t he  e n z y m e  levels are 
h ighes t  du r ing  the  earl iest  stage of  synap togene -  
sis in  ch icken  re t ina ,  e.g., dur ing  f o r m a t i o n  and  
d e v e l o p m e n t  of  i nne r  a n d  ou t e r  p l e x i f o r m  
layers.  
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Lipids of Cultured Hepatoma Cells" VII. Structural Analyses of 
Glycerolipids in Minimal Deviation Hepatoma 7288C 
REX D. WI EGAND and RANDALL WOOD, Division of Gastroenterology, 
Departments of Medicine and Biochemistry, University of Missouri 
School of Medicine, Columbia, MO 65201 

ABSTRACT 

P h o s p h a t i d y l c h o l i n e ,  phosphatidyl-  
ethanolamine, and triglycerides were 
isolated from minimal deviation hepa- 
toma 7288C cells cultured as monolayers 
to confluency in roller flasks containing 
Swim's 77 medium supplemented with 
5% fetal calf serum, plus 20%, 10%, or 5% 
bovine serum. Fa t ty  acid distribution at 
each posit ion of  glycerol was determined 
for the 3 glycerolipid classes, and carbon 
number distributions of triglycerides and 
digiycerides derived from phosphatidyl-  
cho l ine  and phosphatidytethanolamine 
were quanti tated by high temperature gas 
l i q u i d  c h r o m a t o g r a p h y .  Fa t ty  acid 
composit ion was only marginally affected 
by the level of bovine serum in the cul- 
ture medium. Percentage composit ion of 
fat ty  acids esterified at each posit ion of 
the 3 glycerolipids was different, indi- 
cating a nonrandom distribution of acyl 
groups in triglycerides and the 2 diacyl 
phosphatides. The carbon number distri- 
b u t i o n  o f  diglycerides derived from 
phosphat idylchol ine  and phosphatidyl-  
ethanolamine was different, and neither 
carbon number  distribution agreed with 
the calculated 1-random, 2-random diacyl 
distribution, thus indicating pairing of 

cer ta in  acids in the diglycerides derived 
f rom these phospholipid classes. The 
determined triglyceride carbon number 
d is t r ibut ions  did not  show complete  
agreement with those calculated, assum- 
ing a 1-random, 2-random, 3-random type 
o f  f a t ty  acyl distribution, suggesting 
preferential pairing of  some acids in this 
l ipid class. The 1-, 2-diglycerides derived 
from phosphatidylcholine,  phosphatidyl-  
ethanolamine,  and triglycerides differed, 
indicating either selectivity in util ization 
of  digiyceride species in biosynthesis of 
these glycerolipids, or modification of 
glycerolipids after their initial synthesis. 

INTRODUCTION 

Wood and colleagues have examined in great 
detail giycerolipids of  rat liver (1-4) and those 
obtained from a number of transplantable rat 

and mouse tumors (3-7). Such studies, recently 
reviewed (8), revealed that tumor  lipids possess 
important  qualitative and quantitative struc- 
tural differences from that  of normal tissue. A 
series of reports from this laboratory has de- 
scribed the qualitative and quantitative changes 
in individual phosphotipids and neutral lipid 
c l a s se s  f rom minimal deviation hepatoma 
7288C cells (HTC) when cultured on a variety 
of media (9-12). Lack of information on glyc- 
erol ip id  structure in these HTC ceils has 
prompted  the present investigation. In this re- 
port, we describe positional analyses and struc- 
ture of  glyceride species of  triglyceride (TG), 
phosphatidylcholine (PC), and phosphatidyl-  
ethanolamine (PE) isolated from HTC cells cul- 
tured on varying levels of serum. 

EXPERIMENTAL PROCEDURES 

Minimal deviation hepatoma 7288C cells 
(HTC) were grown as monolayers in roller cul- 
tures on a modified Swim's-77 medium (Grand 
Island Biological Co., Grand Island, N.Y.), sup- 
plemented with varying amounts of  serum, as 
described previously (9). Glycerolipids analyzed 
in the present s tudy were from the same source 
of HTC lipids described in earlier reports 
(9-12). TG, PC, and PE of  > 99% purity were 
isolated by preparative thin layer chromatog- 
raphy (TLC). Positional analysis of  fat ty acids 
of  PC and PE was performed as described pre- 
viously (2). PC and PE also were hydrolyzed 
with phospholipase C to diglycerides (5), and 
the diglycerides converted to diglyceride ace- 
tates (13) and hydrogenated.  Carbon number 
distribution of hydrogenated diglyceride ace- 
tates was examined by high temperature gas 
l iquid chromatography (GLC) as described 
previously (5). Similarly, TG were hydrogen- 
ated and analyzed intact by GLC as described 
previously (5). The stereospecific analysis of 
TG was performed by the Brockerhoff proce- 
dure (14), modified for 3-5 mg TG as described 
recently (3). The source and quality of  stan- 
dards, solvents, and reagents were the same as 
given previously (3,4). 

R ESU LTS 

Positional Analysis of PC and PE 

Positional analysis of the fat ty  acids of PC 
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TABLE I 

Distribution of Fatty Acids at 1- and 2-Positions of Phosphatidylcholine and 
Phosphatidylethanolamine Derived from Minimal Deviation Hepatoma Cells Cultured in 

Media Containing Varying Amounts of Serum 

Fatty acid percentage a 
Basal medium 
supplement Position 16:0 16:1 18:0 18:1 18:2 20:1 20:4 22:6 

Phosphatidylcholine 

20% Bovine serum + 1 47.9 4.0 19.6 23.3 1.5 1,9 T b T 
5% Fetal calf serum 2 18.5 5.7 4.9 43.4 13.6 1.0 10.3 0.1 

10% Bovine serum + 1 50.2 2.9 17.4 23.6 1.2 2.9 T T 
5% Fetal calf serum 2 16.3 7.2 2.5 43.4 17.8 1.2 7.4 1.4 

5% Bovine serum + 1 58.0 2.3 16.5 22.2 0.1 0.2 T T 
5% Fetal calf serum 2 17.8 11,6 3.4 48.1 12.5 0.1 3.9 0.8 

Pbosphatidylethanolamine 

20% Bovine serum+ 1 11.9 1.2 40.1 43.9 1.7 T T T 
5% Fetal calf serum 2 9.2 1.4 15.6 49.6 6.4 0.1 16.0 0.1 

10% Bovine serum + 1 10.8 0.1 41.4 47.1 0.7 T T T 
5% Fetal calf serum 2 5.6 2.4 11.6 41.2 10.0 1.8 19.2 1.4 

5% Bovine serum + 1 12.9 0.1 39.0 47.5 0.5 T T T 
5% Fetal calf serum 2 8.0 4.2 13.7 45.6 9.4 0,1 14.0 0.8 

aDifference between sum of fatty acid percentages in each row and 100% represents 
sum of minor fatty acids not given in the table. 

bT = Detectable levels, but < 0.1%. 

the 

and PE is given in Table I. Bo th  phospho l ip id  
classes have quant i ta t ively  unique  posi t ional  
d is t r ibut ions  of  fa t ty  acids, suggesting a prefer-  
ence o f  cer tain fa t ty  acids for 1 of  the  2 acyl 
posi t ions .  Reduc t ion  of  arachidonic  acid (20:4)  
at 2-posi t ion of  PC was found  when  cells were  
cul tured  on  decreasing levels o f  bovine serum.  
Otherwise ,  only  minor  changes in fa t ty  acid 
compos i t i on  at b o t h  acyl posi t ions were ob- 
served wi th  decreasing levels o f  bovine serum in 
the  cul ture  medium.  1-Position fa t ty  acids of  
PC are much  more  sa tura ted  than  the  corre-  
sponding  pos i t ion  in PE. Oc tadeceno ic  acid 
(18: 1) in 1-posit ion o f  PC was one-hal f  tha t  o f  
the  2-posi t ion,  whereas,  in PE, percentages  of  
18:1 at b o t h  pos i t ions  were similar. Pos i t ion  1 
of  b o t h  phospha t ides  con ta ined  only  insignifi7 
cant  levels o f  po lyunsa tura tes ,  whereas,  f a t ty  
acids ester if ied at pos i t ion  2 were  pr imari ly  
unsa tura ted ,  ranging f rom 75% to  85% of  the  
total .  

Stereospecific Analysis of Triglycerides 

Table II shows the  d is t r ibu t ion  o f  fa t ty  acids 
among  the  acyl posi t ions  o f  TG isolated f rom 
HTC cells cu l tured  on the  3 levels o f  serum. 
Al though  pos i t ional  d i s t r ibu t ion  of  fa t ty  acids 
of  TG were not  near ly so unique  as tha t  for  the  
d iacy lphospha t ides ,  each pos i t ion  did have a 
quant i ta t ively  d i f fe rent  fa t ty  acid compos i t i on ,  
suggesting a n o n r a n d o m  d is t r ibu t ion  o f  f a t ty  
acids. Only minor  changes in f a t ty  acid compo-  
s i t ion at acyl pos i t ions  of  TG were observed as 

the level o f  bovine se rum in the cul ture media 
was reduced.  Al though  changes in the level o f  
18:2 and 20:1 at the  3-posi t ion were evident ,  
these  changes were no t  cons is ten t  wi th  the  
decrease in bovine se rum concen t r a t ion  in the  
cul ture med ium.  Oc tadeceno ic  acid r ep resen ted  
ca. 50%, 60%, and 70% of  the  1-, 2-, and 3- 
p o s i t i o n s ,  respect ively.  Hexadecano ic  acid 
(16:0)  did no t  p r e d o m i n a t e  any of  the  acyl 
posi t ions .  Posi t ion 2 possessed ca. 3 t imes  more  
18:2 t h a n  the  o the r  posi t ions ,  whereas,  the  
2-posi t ion con ta ined  the  least a m o u n t  of  18:0 
in compar i son  to  the  o the r  acyl pos i t ions .  

Analysis of Intact Diglyceride Acetates of PC and PE 

Table III shows tha t  the ca rbon  n u m b e r  
d is t r ibut ion  of  digiycerides derived f rom PC 
was str ikingly d i f fe rent  f rom tha t  o f  PE, and, 
excep t  for minor  changes,  individual  distr ibu- 
t ions were  a f fec ted  marginally by  the  level o f  
serum in the  cul ture  medium.  In general,  the 
percentages  of  diglyceride species of  PC possess- 
ing carbon  number s  34 and 36 were similar,  and 
c o m b i n e d  they  cons t i t u t ed  > 75% o f  the  to ta l  
diglyceride species. As cells were  cul tured  on  
decreasing levels o f  bovine serum,  the  quan t i ty  
of  diglyceride ca rbon  n u m b e r  34 and 36 f rom 
PE increased.  Regardless of  serum level, t h e r e  
was a no t iceab le  increase in higher mol  wt  car- 
bon  n u m b e r  species of  PE relative to  PC. Also 
shown  in Table III are calculated carbon  num- 
ber  percentages  derived f rom formula  based on 
the  1-random, 2 - random fa t ty  acid d i s t r ibu t ion  
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TABLE II 

Distr ibution of Fatty Acids at 1-, 2-, and 3-Positions of Triglycerides 
Derived from Minimal Deviation Hepatoma Cells Cultured in Media 

Containing Varying Amounts  of Serum 

Basal medium 
supplement  

Fatty acid percentage a 

Position 14:0 16:0 16:1 18:0 18:1 18:2 20:0 20:1 20:4 

20% Bovine serum + 1 0.9 13.8 4.6 14.7 54.6 2.6 1.1 6.8 
5% Fetal calf serum 2 1.5 11.4 6.3 4.5 59.9 11.2 0.2 1.6 

3 T 3.9 2.2 6.3 75.4 4.4 0.6 6.3 
10% Bovine serum + 1 1.4 18.1 5.3 15.2 49.2 2.2 1.1 7.3 

5% Fetal calf serum 2 1.4 13.3 6.6 4.9 57.4 10.9 0.3 2.3 
3 0.7 11.9 3.1 11.7 62.5 3.2 1.0 5.7 

5% Bovine serum + 1 1.5 18.9 6.0 13.6 51.3 3.4 0.6 4.1 
5% Fetal calf serum 2 0.6 16.0 7.2 4.8 60.4 7.7 T 1.5 

3 T 11.7 2.6 10.3 73.5 T T 1.8 

0.3 
2.2 
T 
T 
1.4 
T 

0.3 
1.4 
T 

aDifference between sum of fa t ty  acid percentages 
minor fa t ty  acids not  given in the table. 

bT = Detectable levels, but < 0.1%. 

in each row and 100% represents 

TABLE 111 

Distribution of Carbon Numbers in Diacyl Acetates of  Phosphat idylchol ine 
and Phosphat idyle thanolamine Derived from Minimal Deviation Hepatoma Cells 

Cultured in Media Containing Varying Amounts  of Serum 

the sum of 

Percent carbon number  a 
Basal Medium 
supplement  30 32 34 36 38 40 42 

Pbosphat idylchol ine 

20% Bovine serum + Diacyl 0.7 6.6 36.7 40.1 14.3 1.6 
5% Fetal calf serum Calc.b 0.4 13.2 43.7 35.0 7.1 0.5 0.0 

10% Bovine serum + Diaeyl 0.3 6.4 38.5 38.4 13.3 2.9 
5% Fetal calf serum Calc. 0.6 13.4 44.9 33.6 6.7 0.7 0.0 

5% Bovine serum + Diacyl 0.3 8.6 40.6 36.3 12.9 1.3 
5% Fetal calf serum Calc. 1.1 18.8 50.3 27.6 2.0 0.1 0.0 

Phosphat idyle thanolamine 
20% Bovine serum + Diacyl 0.4 0.7 8.8 54.5 33.3 2.2 

5% Fetal calf serum Calc. 0.0 1.9 19.4 63.8 13.8 1.0 0.0 

10% Bovine serum + Diacyl 0.4 0.9 10.3 51.9 32.2 4 2 
5% Fetal calf serum Calc. 0.0 1.0 13.8 59.0 21.5 4.6 0.0 

5% Bovine serum + Diacyl 0.9 0.6 15.5 57.5 22.4 3.0 
5% Fetal calf serum Calc. 0.1 2.1 19.5 61.8 13.5 2.9 0.0 

aCarbon atoms of acetate are not  included in carbon numbers.  
bValues were calculated from the determined abundance of  each even carbon numbered 

fat ty  acid in the 1- and 2-positions (Table I) and possible fa t ty  acid combinat ions of  each 
carbon number. A sample 1-random, 2-random distr ibution calculation of C-32 is given: 
32 = (16 x 16) + (14 x 18) + (18 x 14) x 100. Each mult ipl icand and multiplier represents a 
combinat ion or permuta t ion  of  fa t ty  acid chain lengths present that  could give rise to C-32. 
The mult ipl icand represents the 1-position, and the multiplier,  the 2-position. Determined 
fat ty  acid percentages are subst i tuted,  and the result ing sum of  the products  represents 
1-random, 2-random dis t r ibut ion percentage of  C-32. 

h y p o t h e s i s .  V a l u e s  c a l c u l a t e d  f r o m  t h e  c o m p o -  

s i t i o n  o f  t h e  1- a n d  2 - p o s i t i o n s  o f  PC a n d  PE  

s h o w n  in  T a b l e  I d id  n o t  a ~ e e  w i t h  t h o s e  d e t e r -  

m i n e d  e x p e r i m e n t a l l y .  

Analysis of Intact Triglycerides 

T G  c a r b o n  n u m b e r  d i s t r i b u t i o n  b a s e d  on  
m o l  w t  o f  T G  s p e c i e s  f r o m  cel ls  c u l t u r e d  o n  t h e  

3 l eve l s  o f  s e r u m  w a s  d e t e r m i n e d  b y  h i g h  

t e m p e r a t u r e  G L C ,  a n d  is g i v e n  in  T a b l e  IV .  

T h r e e  se t s  o f  t h e o r e t i c a l l y  d e r i v e d  T G  d i s t r i b u -  

t i o n s  a lso  w e r e  c a l c u l a t e d  f o r  e a c h  s e r u m  leve l ,  
a n d  a l so  are  g i v e n  i n  T a b l e  IV.  R e s u l t s  f r o m  
s t e r e o s p e c i f i c  a n a l y s i s  o f  T G  ( T a b l e  I I )  a n d  di- 
g l y c e r i d e  s p e c i e s  d e r i v e d  f r o m  PC a n d  P E  
( T a b l e  I I I )  p r o v i d e d  t h e  d a t a  f o r  c a l c u l a t i n g  
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TABLE IV 

Comparison of Determined and Calculated Carbon Numbers of Triglycerides, 
Pbosphatidyleholine, and Phosphatidylethanolamine Derived from Minimal 

Deviation Hepatoma Cells Cultured in Media Containing Varying Amounts of Serum 

Percent carbon number b 

Chi-C 
Glyceride a 48 50 52 54 56 58 60 Square 

TG (determined) d 
Calc. (1-, 2-, 3-random) e 
Caic. (PC diacyl Ac + 3 pos. TG) ( 
Calc. (PE diacyl Ac + 3 pos. TG) I 

TG (determined) 
Calc. (1-, 2-, 3-random) e 
Cale. (PC diacyl Ac + 3 pos. TG) f 
Calc. (PE diacyl Ac + 3 pos. TG) I 

TG (determined) 
Calc. (1-, 2-, 3-random) e 
Calc. (PC diacyl Ac + 3 pos. TG) f 
Calc. (PE diacyl Ac + 3 pos. TG)" 

20% Bovine serum + 5% fetal calf serum 

0.2 9.6 26.7 45.8 13.0 3.4 1.3 
0.7 6.2 27.7 51.9 12.3 0.9 0.0 9.9 
0.4 8.1 35.1 38.5 15.4 2.4 0.1 18.7 
0.0 1.2 11.1 50.3 32.9 4.2 0.2 99.3 

10% Bovine serum + 5% fetal calf serum 
2.8 14.3 28.7 36.8 12.2 4.2 1.0 
1.7 10.2 32.3 43.9 10.8 0.9 0.0 16.1 
1.2 11.1 36.3 34.5 13.4 3.2 02  8.4 
0.2 2.6 16.2 46.0 29.2 5.4 0,3 131.3 

5% Bovine serum + 5% fetal calf serum 
3.0 15.3 31.9 38.1 8.9 2.1 0.7 
1.5 11.1 36.4 45.0 5.6 0.2 0,0 28.2 
1.2 13.1 39.5 33.1 11.7 1.3 0.0 6.4 
0.1 2.8 21,5 52.2 20,4 2,9 0,1 159.0 

aTG = triglyceride; PC = phosphatidylcholine; PE = phosphatidylethanolamine; AC = 
acetate. 

bA carbon number represents the sum of carbon atoms in the 3 fatty acids esterified to 
glycerol. 

cChi-square values were calculated for comparing TG (determined) distribution with that 
of calculated triglyceride distribution. 

dAnalyzed intact by gas liquid chromatography (GLC). 
eThe 1-random, 2-random, 3-random distribution was calculated from the determined 

composition of the 1-, 2-, and 3-position of the triglyeeride. 
fValues were calculated from determined abundance of each diaeyl even carbon number 

(1- and 2-position) and even carbon number distribution of fatty acids at position 3 of TG. 

these  TG dis t r ibut ions .  On compar ing  the  deter-  
mined  TG dis t r ibu t ion  wi th  tha t  of  t he  1-ran- 
dom,  2- random,  3 - random d is t r ibu t ion  at a 
part icular  se rum level, the  mos t  s t r iking dif- 
fe rence  occurs  at ca rbon  n u m b e r  54. At each 
se rum level, absolu te  percentage  of  the  calcu- 
la ted  carbon  n u m b e r  54 is 6-7% higher  than  
tha t  o f  the  de t e rmined  value. The elevated 

value for  calculated carbon n u m b e r  54 could  be 
expla ined  by  preferen t ia l  associat ion o f  fa t ty  
acids wi th  18 carbons  ester if ied at acyl posi- 

t ions  on the  glycerol  molecule .  At each se rum 
level, d e t e r m i n e d  TG carbon n u m b e r  distri- 
bu t ion  did no t  show comple t e  agreement  w i th  

those  calculated,  assuming a 1-random, 2-ran- 
dom,  3 - random fa t ty  acid d is t r ibut ion .  The 
o the r  2 calculated TG carbon n u m b e r  distr ibu- 

t ions  at each se rum level have been  c o m p u t e d  
f rom the  values o f  diglyceride species derived 
f r o m  PC and PE, plus the  fa t ty  acids experi-  
menta l ly  de t e rmined  for  the  3-posi t ion of  TG. 
Regardless of  se rum level or  the  diacyl-phos-  
pha t ide  examined ,  n o n e  of  the  calculated 
d i s t r ibu t ion  percentages  agreed comple te ly  wi th  
the  de t e rmined  TG carbon  n u m b e r  percentages .  

Chi-square values derived by  compar ing  deter-  
mined  TG d is t r ibu t ion  to  1-random, 2- random,  
3- random dis t r ibu t ion  or  PC diglycerides,  plus 
the  3-posi t ion o f  TG, increased and decreased,  
respect ively ,  as t he  level o f  bovine  se rum in the  
cul ture med i u m decreased.  Thus,  on  the  basis 
o f  Chi-square values, the  data  suggest  tha t  TG 
carbon n u m b e r  percentages  calculated f rom PC 
diglycerides,  plus t he  3-posi t ion o f  TG, more  
closely agreed wi th  t hose  of  de t e rmined  TG 
percentages  than  did similar calculat ions using 
percentages  of  PE diglycerides.  

DISCUSSION 

Earlier repor t s  o f  this series descr ibed the  
qual i ta t ive and quant i ta t ive  changes in indivi- 
dual cellular and media  lipid classes f rom HTC 
ce l l s  cu l tured  on  media  conta in ing  varied 
amou n t s  o f  serum and lipids (9-12). In addi t ion  
to  those  s tudies ,  the  present  invest igat ion al- 
lows one  to  a) examine  the  effect  of  se rum level 
on  the  s t ruc ture  o f  major  glycerides,  b) gain 
insight i n to  metabo l ic  re la t ionships  o f  glycer- 
ides compr is ing  these  h e p a t o m a  cells, and c) 
compare  glyceride s t ruc ture  o f  HTC cells wi th  
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that of hepatoma 7288CTC and compare both 
with normal liver and Ehrlich Ascites cells. 

Comparison of Positional Analysis of PC, PE, and TG 

Fatty acid composition of major glycerides 
of these cells was only marginally affected by 
the level of bovine serum in the media. Com- 
parison of fatty acids at the 1- and 2-positions 
of the diacyl-phosphatides (Table I) and tri- 
glyceride (Table II) reveals no agreement in per- 
centage compositions of fatty acids. The level 
of 16:0 at the 1-position of PE in these HTC 
cells, as well as in 7288CTC (4), was 4-5 times 
lower than the 1-position of PC. In both neo- 
plasms, the reduced level of 16:0 in PE was 
offset by increased percentages of 18:0 at the 
1-position of PE. The decreased level of 16:0 at 
the 1-position of hepatoma PE is reduced much 
from that found in normal rat liver (1,4). In 
general, the level of 16:0 at the 1-position ot 
TG from normal liver represents one-half to 
two-thirds of total fatty acids of that position 
(1,3), whereas with HTC or 7288CTC (3), the 
level was reduced 2 to 3 fold. Reduction of 
16:0 at the 1-position of PE and T G i n  these 2 
neoplasms very likely is not the result of de- 
creased synthesis of 16:0, because the level of 
t6 :0  in PC was comparable to normal liver. 
However, these data may suggest that fatty 
acids of the primary position of PE and TG in 
neoplasms arise from the same fatty acid pool, 
whereas, 1-position fatty acids of normal rat 
liver PC and PE appear to arise from the same 
source, as suggested earlier (4). 

We have reported earlier that these HTC cells 
are characterized by high levels of 18 : 1 fatty 
acids in both neutral lipid and phospholipid 
classes (9-12). Thus, the present study demon- 
strates that the high level of 18 : 1 occurs at all 3 
acyl positions of TG (Table II), at both acyl 
positions of PE, as well as at the 2-position of 
PC (Table I). A rather striking feature of the 
present study was the similar levels of 18:1 
(45%) at the 2-position of PC and PE. Although 
the level was twice that of PE in the Ehrlich 
ascites cells (5), it was quite comparable to that 
observed in PC and PE of 7288CTC (4). PC 
from hepatoma 27 (15) and Yoshida hepatoma 
(16) have been shown to contain increased 
levels of 18:1 at the 1-position, in comparison 
to normal liver. In contrast, PC of these HTC 
cells, 7288CTC (4), or hepatoma 5123C (16) 
did not  exhibit such an elevation of 18:1 at the 
1-position. However, 18:1 at the 2-position of 
PC in hepatoma 27 (15), Yoshida hepatoma 
(16), hepatoma 5123 (16), or 7288CTC (4) was 
elevated in comparison to that of normal liver. 
Even though these HTC cells, as well as several 
other neoplasms, possess elevated levels of 18:1 

in several lipid classes, these levels cannot be 
regarded as a generalization, because major 
glycerolipids of only a few neoplasms have been 
examined in great detail. An earlier communica- 
tion (12) reported that vaccenic acid repre- 
sented 30-70% of the 18:1 fraction from PC, 
PE, and TG of these HTC cells. Subsequent 
studies with radiolabeled fatty acids confirmed 
the earlier findings, as well as demonstrated 
that biosynthesis of vaccenic acid occurs by 
elongation of palmitoleic acid (17). Because the 
increased level of 18:1 found in the glycero- 
lipids of tumors by several investigators has not 
been established by double bond positional 
analysis, it is possible that vaccenic acid, and 
not oleic acid, accounts for increased levels of 
18:1 fraction of neoplasms. 

Hepatoma 7288CTC exhibits reduced levels 
of C-20 and C-22 fatty acids in PC and PE, as 
well as increased levels of those acids in TG, 
relative to normal liver or host liver (4). A simi- 
•ar trend was observed with these HTC cells 
which agreed with that reported earlier for 
Ehrlich ascites ceils (5), and for the PC fraction 
of Yoshida hepatoma (16), and hepatoma 
5123C (16). The level of 20:4 in PC and PE 
fractions of these HTC cells, although reduced 
from the level in normal liver, was comparable 
to 7288CTC (4). Reduced levels of C-20 and 
C-22 fatty acids in neoplasms may be due to 
the apparent decreased desaturation activities 
of 18:2 or 18:3, which give rise to C-20 or C-22 
fatty acids as recently proposed by Chiappe, et 
al., (18,19). TG of these HTC cells did not 
possess significant quantities of 20:4 at any 
acyl positions, as was found in the 7288CTC 
(4), but  rather possessed elevated levels of 20:1 
at the 1- and 3-positions of TG. In a previous 
communication, it was shown that the 20:1 
fraction of TG was comprised predominately of 
A l l  and A13 isomers, presumably arising from 
elongation of oleic and vaccenic acids (12). 

Comparison of Determined and Calculated PC and PE 
Composition 

Carbon number  distributions of PC diglycer- 
ides were different .from PE diglycerides, and 
neither agreed with the calculated 1-random, 
2-random fatty acid distribution. These data 
would suggest that pairing of certain fatty 
acids, or selectivity of diglyceride species pos- 
sessing fatty acids of certain chain length, oc- 
curs during biosynthesis of PC or PE. However, 
the lack in correlation of determined versus 
calculated carbon number distribution could 
also arise through the deacylation-reacylation 
pathway (20). Wood and coworkers have shown 
that determined carbon numbers of PC di- 
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glycerides from Ehflich ascites cells (5) and PC 
and PE diglycerides from 7288CTC (4) agreed 
remarkably close with calculated 1-random, 
2-random distribution of  fat ty  acids, whereas, 
PC and PE diglycerides from normal liver 
showed pairing of specific fa t ty  acids (1,4). 
Even though differences exist in fat ty acid 
composit ion of PC of  these HTC cells and 
7288CTC, determined carbon numbers of di- 
glycerides of  PC of  these 2 neoplasms agreed 
remarkedly close. Similarly, the PE fraction 
isolated from these HTC cells cultured at 10% 
serum and PE from 7288CTC (4) showed al- 
most complete agreement. Because respective 
carbon number distributions of  PC and PE from 
HTC and hepatoma 7288CTC agree, one might 
question how it is possible for these HTC cells 
to exhibit  pairing of fat ty acids in PC and PE 
when 7288CTC seems to exhibit a 1-random, 
2-random distribution of  fat ty acids in phos- 
phatides. Although HTC and 7288CTC are both 
derived from the same tissue of origin, differ- 
ences in apparent distr ibution of  fatty acids in 
phospholipids could possibly be due to the 
environment that these cells are subjected to 
d u r i n g  growth. HTC cells are continually 
bathed in an optimal growth environment, 
whereas, the nutri t ional  status of 7288CTC 
may be limited by factors such as absorption 
and transport  of  metabolites.  Continued investi- 
gations of comparative routes of phospholipid 
biosynthesis in these 2 neoplasms, as well as in 
normal liver, are necessary to evaluate more 
fully the different types of  molecular species of 
phosphoglycerides that characterize these cells. 

Comparison of Determined and Calculated TG 
Composition 

The level of bovine serum in the culture 
media resulted in only marginal changes in 
distribution of  molecular species of TG isolated 
from these cells (Table IV). Comparison of 
determined and calculated TG carbon number 
distribution suggest that these HTC cells exhibit 
a type of fat ty acid distribution other  than 
1-random, 2-random, 3-random, in agreement 
w i t h  p rev ious  data derived from TG of 
7288CTC (3) and normal liver (1,3). In con- 
trast, determined carbon number distr ibution 
of Ehrlich ascites cell TG agreed well with 
c a l c u l a t e d  1-random, 2-random, 3-random 
distribution (5). Slakey and Lands (21) and 
Akesson (22) have proposed that  normal rat  
liver TG may exhibit  a 1-random, 2-random, 
3-random arrangement of fat ty acids. Those 
authors first separated the TG fraction accord- 
ing to degree of unsaturation,  and on recovered 
TG species performed stereospecific analysis. 
The apparent  type of arrangement of fat ty 
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acids in TG of normal liver as proposed by 
Wood and coworkers (1,4), in contrast  to that 
proposed by other laboratories (21,22), may 
reside in the method of approach of analyzing 
TG species. In the present investigation, as well 
as previous reports (1,4), carbon number 
distr ibution for species of TG was determined 
by GLC, wtuch quantifies TG species according 
to mol wt. Interpreta t ion of the data utilizing 
both methods of approach may be correct. 
However, it appears that  stereospecific analysis 
of  TG fract ionated according to degree of 
unsa tu ra t ion  and mol wt is necessary to 
completely resolve the composit ion of TG. 

Differences between TG carbon number  
distributions calculated from relative abun- 
dance of either PC or PE diglycerides, plus fat ty  
acids at the 3-position of TG, to that  of deter- 
mined TG carbon number  suggest that diglycer- 
ide species possessing fat ty  acids of  specific 
chain length utilized for biosynthesis of TG are 
different from those of  PC and PE. In an earlier 
report,  Wood and Snyder (5) showed that  the 
TG distribution calculated from PC diglycerides 
and 3-position fatty acids of TG of Ehrlich 
ascites cells agreed remarkedly close to that  of 
the determined TG values, whereas in normal 
rat liver no such agreement was observed (1). 

The present investigation must be examined 
in light of  earlier reports suggesting that  cellular 
TG and PC of Ehrlich ascites cells are derived 
f r o m  randomly  biosynthesized diglycerides 
utilized at random (5), in contrast to the ap- 
parent diglyceride selectivity for biosynthesis of 
TG, PC, and PE in normal rat liver (1). Because 
intermediate diglycerides may arise by  a variety 
of metabolic pathways in vivo, elucidating the 
type of  fat ty  acid distr ibution in TG of liver 
cells may be a difficult task. However, detailed 
studies of fatty acid composit ion and structural 
analysis emphasize the existence of  some order 
in the distribution of  fat ty acids of  glycero- 
lipids, but fail to reveal how selective incorpora- 
t ion occurs. It is imperative that  structural 
analyses of  major l ipid classes from more 
normal and neoplastic tissues, and, if possible, 
the tissue of origin of the neoplasm, be exam- 
ined if analytical studies are to make contribu- 
tions toward our knowledge of  biosynthesis and 
metabolic interconversions of  glycerolipids in 
neoplasia. 

ACKNOWLEDGMENTS 
This work was supported by Public Health Service 

Research Grant No. CA 12973 from the National 
Cancer Institute. 

REFERENCES 
1. Wood, R., and R.D. Harlow, Arch. Biochem. 

Biophys. 131:495 (1969). 

LIPIDS, VOL. 10 NO. 9 



554 R.D. WIEGAND AND R. WOOD 

2. Wood, R., and R.D. Harlow, Ibid. 135:272 
(1969). 

3. Wood, R., Lipids 10:404 (1975).  
4. Wood, R., Ibid. (in press). 
5. W o o d ,  R., and F. Snyder, Arch. Biochem. 

Biophys. 131:478 (1969). 
6. Wood, R., and R.D. Harlow, Ibid. 141:183 

(1970). 
7. Wood, R., and R.D. Harlow, Lipids 5:776 (1970). 
8. Wood, R., in " T u m o r  Lipids: Biochemistry and 

Metabol ism,"  Edited by Randall Wood, AOCS, 
Champaign, IL, 1973, p. 139. 

9. Wood, R., Lipids 8:690 (1973). 
10. Wood, R., and J. Faleh, Ibid. 8:702 (1973). 
11. Wood, R., a n d J .  Faleh, Ibid. 9:979 (1974).  
12. Wood, R., J. Falch, and R.D. Wiegand, Ibid. 

9:987 (1974). 
13. Fritz, J.S., and G.H. Schenk, Anal. Chem. 31 : 1808 

(1959). 

14. Brockerhoff,  H., J. Lipid Res. 8:167 (1967). 
15. Bergelson, L.D., and E.V. Dyatlovitskaya, in 

" T u m o r  Lipids: Biochemistry and Metabol ism,"  
Edited by Randall Wood, AOCS, Champaign,  IL, 
1973, p. 89. 

16. Ruggieri, S., and A. Fallani, Ibid., p. 89. 
17. Wiegand, R.D., and R. Wood, Lipids 10:194 

(1975). 
18. Chiappe, L., O. Mercuri, and M.E. DeTomas,  Ibid. 

9:360 (1974). 
19. Chiappe, L., M.E. DeTomas,  and  O. Mercuri, Ibid. 

9:489 (1974). 
20. Lands, W.E.M., and I. Merkl, J. Biol. Chem. 

238:898  (1974). 
21. Slakey, P.M. St., and W.E.M. Lands, Lipids 3:30 

(1968). 
22. Akesson,  B., Eur. J. Biochem. 9:463 (1969). 

[Received April 11, 1975] 

A Guide for Authors is Located in Lipids 10(January):60 (1975) 

LIPIDS, VOL. 10, NO. 9 



Analyses of Renal Medullary Lipid Droplets from Normal, 
Hydronephrotic ,  and I ndomethacin Treated Rabbits 1 
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ABSTRACT 

Lipid droplets isolated from rabbit 
renal medullary tissue were analyzed and 
found to be composed of triglyceride and 
free fat ty acids in a ratio of 2.9:1. These 
triglycerides were unique when compared 
to triglycerides of other rabbit tissues ex- 
amined, in that  they contained high per- 
centages of octadecanoic acid (stearic 
ac id ,  9.8%), 5,8,11,14-eicosatetraenoic 
a c i d  ( a r a c h i d o n i c  acid, 6.8%), and 
7,10,13,16-docosatetraenoic acid (adren- 
ic acid, 10%). Lipid droplet  triglycerides 
were found to increase during experi- 
mental hydronephrosis and after adminis- 
trat ion of indomethacin,  a prostaglandin 
synthetase and phosphodiesterase inhibi- 
tor. From gas liquid chromatography of 
fatty acid methyl  esters of these triglyc- 
erides, it  was determined that they were 
enriched further in their percent composi- 
t ion of  9,12-octadecadienoic acid (lino- 
leic acid) and arachidonic acid, a prostao 
glandin precursor. The inverse relation- 
ship between lipid droplets and prosta- 
glandin content in the inner medulla sug- 
gested a significant role of lipid droplet  
triglycerides as storage pools for prosta- 
glandin precursors. 

INTRODUCTION 

Interest in lipids of the renal inner medulla 
has been aroused recently because the antihyper- 
tensive function of the inner medulla has been 
traced in part to its product ion of large quanti- 
ties of prostaglandins E 2 and F2a (1,2,3) and 
other neutral lipids (4). Highly structured inter- 
stitial cells of the inner medulla have been im- 
plicated as a site of prostaglandin product ion 
(5) and contain osmiophilic lipid droplets sensi- 
tive to fluctuations in salt and water balance 
(6-10). In addition, a diminution of lipid drop- 
lets has been observed in several different types 
of rat and rabbit  hypertension and in human 
malignant hypertension (6-8). During hydro- 
nephrosis or after administration of  indometha- 

1presented in part at the Biochemistry-Biophysics 
Meeting, Minneapolis, 1974, and AOCS 48th Annual 
Fall Meeting, Philadelphia, 1974. 

cin, a prostaglandin synthetase and phospho- 
diesterase inhibitor,  the number of  lipid drop- 
lets and their trigly6eride content  were ob- 
served to increase significantly (11). Extracts of 
inner medullas and lipid droplets, isolated by 
sucrose density centrifugation from rat and rab- 
bit inner medullary homogenates,  have been re- 
ported in preliminary communications to con- 
tain significant amounts of arachidonic acid, 
the precursor for prostaglandins E 2 and F2a  
(11-14). 

The present communication reports analyses 
of the renal inner medullary lipids and lipid 
droplets of normal rabbits and rabbits  with in- 
creased number of  lipid droplets (11) due to 
hydronephrosis  or indomethacin treatment.  
Fa t ty  acid composit ion of triglycerides, free 
fat ty acids, and cholesteryl esters, which com- 
prise the lipid droplets, are compared to fatty 
acid compositions of these lipid classes in other 
rabbit  tissues. 

MATERIALS AND METHODS 

Male, New Zealand rabbits (2-21/2 kg) were 
obtained from HARE, Inc. (West Milford, NJ) 
and were fed Purina Laboratory  Chow (Ralston 
Purina Co., St. Louis, MO) ad l ibitum. After 
sacrifice, tissue samples were quickly dissected, 
cleaned, and frozen on dry ice. Frozen samples 
were weighed and homogenized in cold chloro- 
form and methanol as described by Bligh and 
Dyer (15). Extracts were fi l tered and centri- 
fuged. The lipid containing chloroform layer 
was removed and evaporated under nitrogen at 
room temperature,  and the lipid residue was 
dissolved in a minimum of chloroform and 
stored at -20 C under nitrogen. 

Lipid classes were separated by chromatog- 
raphy on silica gel impregnated glass fiber 
sheets, ITLC type SA (Gelman Instrument Co., 
A n n  A r b o r ,  Mich.). Lipid residues were 
streaked onto the chormatography media under 
a stream of nitrogen and developed in hexane: 
diethyl ether:acetic acid (90:10:0.2) .  A lipid 
s t anda rd  containing cholesterol,  cholesteryl 
oleate, triolein, oleic acid, and lecithin (TLC 
reference 18-5A) was obtained from Nu Chek 
Prep (Elysian, Minn.) and used on each chro- 
matogram. Areas containing various lipids were 
identified under ultraviolet light after spray- 
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ing the chromatogram with ethanolic 4 ' ,5 '-  
dichlorofluorescein. Lipid classes were eluted 
from the sheets with chloroform:methanol  
(2: 1), and dried under N 2 before transmethyla- 
t i o n  wi th  borontrif luoride-methanol (14%) 
(Supelco, Inc., Bellefonte, Pa.) (16). Methyl 
esters were extracted into hexane and im- 
mediately analyzed by gas liquid chromatog- 
raphy (GLC) using a Hewlett-Packard Research 
Chromatograph (Model 7620A). The chromato- 
graph was equipped with a hydrogen flame de- 
tector and a digital integrator (Hewlett-Packard, 
Model 3372A). Separation of fat ty acid methyl 
esters was achieved on a stainless steel column 
(8 ft x 1/8" outer diameter [ODI ) packed with 
10% EGSS-X on Gas Chrom P 80/100 Mesh 
(Applied Science Laboratories, State College, 
Pa.) at an operating temperature of 186 C. Pre- 
purified nitrogen was used as the carrier gas. 
Identities of unknown fat ty  acid methyl esters 
were established by a comparison of retention 
times and equivalent chain lengths to those of 
standards (17). 

Quantitative GLC was performed using the 
following lipids as internal standards: 11,14- 
eicosadienoic acid, tri-11,14-eicosadienoin, and 
c h o l e s t e r y l - l l , 1 4 - e i c o s a d i e n o a t e  (Nu Chek 
Prep, Elysian, Minn.). Additions of  100-200 #g 
of each standard were made to samples prior to 
chloroform-methanol extraction. After GLC, 
correction factors were used for standard tri- 
glyceride fat ty acid (0.91) and cholesterol ester 
fa t ty  acid (0.46) to determine /~g lipid. Re- 
covery of triglyceride averaged 82%; that for 
cholesteryl ester was 86%. The data as reported 
were corrected for losses, and are expressed as 
gg lipid per g wet inner medulla. Significance 
was determined by using student 's  t-test. 

Renal medullary lipid droplets were purified 
from fresh rabbit inner medullas by the method 
of  Anggard, et al., (14). Before homogenization 
in cold 0.25 M sucrose, medullary tissue was 
minced using a McIlwain tissue chopper (Brink- 
man Instruments, Westburn, NY) at fine set- 
tings. Isolated lipid droplets were purified fur- 
ther by floatation through water. This was ac- 
complished by resuspending lipid droplets in su- 
crose to a f inn  concentration of 0.4 M sucrose, 
then overlaying with cold glass distilled water 
and centrifugation in a Beckman SW 27 rotor  at 
100,000 x g for 2 hr. This same procedure was 
used to isolate lipid droplets from rabbits which 
had been manipulated to increase lipid droplet  
content of the medullary intersti t ial  cells. 
E i t h e r  a d m i n i s t r a t i o n  o f  i n d o m e t h a c i n  
(5 mg/kg i.v., Merck, Sharp, and Dohme, Rah- 
way, NJ) or unilateral hydronephrosis,  using 
the contralateral kidney as an internal control, 
was employed as described previously (11). 
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TABLE II 

Fatty Acid Composition of Cholesteryl Esters from Rabbit Tissues 
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Composition (%) 

Fatty acid Renal Renal lipid 
methyl esters Liver (7) a Adrenal (7) Testis (7) Spleen (7) cortex (7) droplets (8) 

14:0 2.8 -+ 0.4 b 2.6 • 0.2 3.0 -+ 0.4 3.8 • 0.3 2.9 • 0.5 3.3 -+ 0.6 
16:0 37.3 • 1.9 14.7 • 1.1 31.5 • 2.0 28.6 • 1.3 25.3 +- 1.1 23.5 +- 0.6 
16:1 4.2• 3.0•  5.0+1.3 4.7• 4.0+-1.0 4 .7+0.4 
18:0 6.9 -+ 0.7 5.5 • 0.5 5.8 +- 1.1 9.2 -+ 1.8 9.4 -+ 1.1 9.7 -+ 1.2 
18:1n-9 29.6 • 2.4 29.0 +- 1.6 27.0 +- 1.3 29.6 -+ 1.2 27.7 -+ 2.2 27.6 • 0.8 
18:2n-6 12.3 • 2.3 15.0 • 2.1 14.7 • 2. '7  18.8 • 1.0 22.7 +- 1.7 17.2 • 1.4 
18:3n-3 1.8 • 0.4 2.3 • 0.5 3.0 +- 0.6 2.3 • 0.4 3.2 -+ 0.6 1.6 • 0.2 
20:3n-6 -- 1.7 • 0.7 1.2 • 0.5 . . . .  0.4 • 0.1 
20:4n-6 0.7 • 0.1 8.1 • 0.8 2.4 • 0.9 . . . .  5.0 -+ 0.3 
22:3n-6 . . . . . . . .  3.2 • 0.5 
22:4n-6 -- 12.3 • 0.6 . . . . . .  1.8 • 0.1 
22:5n-6 -- 1.6 • 0.3 . . . . . . .  
22:5n-3 - 2.7 • 0.6 . . . .  0.8 -+ 0.1 
22:6n-3 -- 0.2 • 0.1 . . . . . . .  
% PUFA c 14.8 43.9 21.3 21.1 25.9 29.2 

aNumber of determinations; 2 rabbits were used for each determination. 
bMean + standard error. 
cpUFA = polyunsaturated fatty acids. 

Three groups of  rabbi ts  c o m p o s e d  of  2 animals 
each received indomethac in .  H y d r o n e p h r o t i c  
inner  medullas of  5 rabbits  were divided in to  2 
groups (2 animals in 1 group and 3 in the  
second)  for  isolat ion and analysis o f  lipid drop-  
lets. 

Prostaglandin F2a was measured  by a radio- 
immunoassay  t echn ique  sensitive to  5 pg of  
PGF2a  (11). 

Pro te in  de te rmina t ions  were  p e r f o r m e d  ac- 
cording to  the  m e t h o d  o f  Lowry ,  et  al., using 
bovine se rum a lbumin  as s t andard  (18). 

RESULTS 

F a t t y  acid c o m p o s i t i o n  (mean  -+ SE) o f  con- 
t r o l  rabbi t  t issue t r iglycerides is given in 
Table I. In all t issues examined ,  except  k idney ,  
the  relative abundance  of  stearic (18:0)  and  

arachidonic  (20:4n-6)  acids in the  tr iglycerides 
was low. Renal cor tex ,  inner  medulla ,  and iso- 
lated lipid droplets  con ta ined  relatively high per- 

centages of  a rachidonic  acid; 2.7, 3.3, and  
6.8%, respectively.  F u r t h e r m o r e ,  inner  medul la  
and  lipid drople t  tr iglycerides con ta ined  signifi- 

cant  amoun t s  o f  b o t h  stearic (9.9 and 9.8%, 
respect ively)  and adrenic  acid (22:4n-6)  (4.3 
and 10%, respect ively) .  The only  o the r  tissue 

l ipid which  con ta ined  a significant percentage  of  
22:4n-6 was the  choles tery l  ester  f rac t ion  f rom 
adrenals (Table II). The high percentage  of  poly-  
unsa tura t ion  f o u n d  in lipid drople t  t r iglycerides 

(43.7%), as com pa red  to the  o the r  tissues ex- 
amined,  were found  to  correlate  wi th  lower  

p e r c e n t a g e s  of  palmit ic  and l inoleic acids 
(Table I). 

Suff ic ient  quant i t ies  o f  choles teryl  esters 
could be isolated f rom liver, adrenal,  testis,  
spleen,  k idney  cor tex ,  and lipid drople t s  for  
GLC analysis (Table II). Unlike rat inner  medul-  
la, no choles teryl  esters could be d e t ec t ed  in 
to ta l  lipid ext rac ts  o f  rabbi t  inner  medullas 
(12,13),  and only  a small percentage  of  l ipids 
isolated f rom lipid drople ts  were choles tery l  
esters (Table IV). Po lyunsa tu ra t ion  of  choles- 
teryl  esters f o u n d  in mos t  tissues was low and 
conf ined  to,  l inoleic acid (18:2n-6) .  However ,  
a rachidonic  acid was f o u n d  in choles tery l  esters 

of  testis  and renal lipid drople ts  (2.4 and 5%, 
respect ively) .  In addi t ion ,  small percentages  of  
22:3n-6  (3.2%) and 22:4n-6  (1.8%) were ob- 
served in lipid droplets .  Adrenal  choles teryl  
esters con ta ined  the  highest  percentage  of  poly-  
unsa tura t ion  (43.9%) wi th  significant  amo u n t s  
of  20:4n-6  and 22:4n-6 (8.1 and 12.3%, respec- 
tively). These percentages  agree wi th  previously  
publ i shed  data on f a t t y  acid c o m p o s i t i o n  of  
adrenal  choles teryl  esters f rom o the r  animals 
(19,20) .  

Unlike mos t  subcelhi lar  vesicles, isolated 
renal l ipid drople ts  con ta ined  a lmost  unde tec t -  
able amoun t s  of  phosphol ip ids .  This result  
agrees wi th  u l t ras t ructura l  observat ions  which  
had suggested tha t ,  a l though these  lipid vesicles 
arise as i sola ted  loci ,  t hey  lack a comple t e  
m e m b r a n e  s t ruc ture  (21,22).  GLC analyses of  
o ther  t issue phosphol ip ids ,  which  remained  at 
the  origin of  the  t_hin-layer c h r o m a t o g r a m  after  
deve lopmen t  in neut ra l  l ipid solvent  sys tem,  re- 
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T A B L E  I I I  

F a t t y  Ac id  C o m p o s i t i o n  o f  Rabbi t  Tissue Phosphol ip ids  

Comp o s i t i o n  (%) 

Fa t t y  acid Renal  Rena l  i n n e r  
m e t h y l  esters Hear t  (7) a Liver  (7) Adre na l  (7) Testis  (7) Spleen ( 7 )  cor tex  (7) medu l l a  (7) 

14 :0  1.1 •  b 0 . 2 •  0 . 3 •  0 . 4 •  0 . 3 •  0 . 4 •  0 . 4 •  
16 :0  2 0 . 7 •  2 3 . 4 •  1,0 2 0 . 2 •  2 8 . 7 •  2 2 . 4 •  2 2 . 0 •  1 9 . 8 •  
16:1 0 . 7 •  0 . 7 •  0 . 5 •  0 . 8 ~ 0 . 1  0 . 6 •  0 . 6 •  0 . 4 •  
18:0  1 3 . 9 •  1 8 . 6 •  1 9 . 1 •  1 0 . 6 •  1 6 . 8 •  1 5 . 1 •  1 4 . 4 •  
18 :1n-9  1 0 . 3 •  1 3 . 1 •  1 8 . 9 •  1 4 . 0 •  1 2 . 8 •  1 3 . 1 •  1 8 . 8 •  
18:2n-6  2 4 . 8 •  3 1 . 6 •  8 . 9 •  7 . 8 •  1 9 . 3 •  2 5 . 7 •  1 9 . 5 •  
18 :3n-3  0 . 8 •  2 . 8 •  0 . 5 •  0 . 4 •  1 . 0 •  1.2 •  0 . 6 •  
20 :3n -6  0 . 3 •  0 . 6 •  0 . 4 •  4 . 5 •  1 . 2 •  1 . 9 •  0 . 7 •  
20 :4n -6  1 9 , 7 •  5 . 9 •  2 7 . 5 •  1 5 . 0 •  1 7 . 6 •  1 3 . 9 •  2 1 . 6 •  
22 :4n -6  0 . 5 •  0 . 2 •  0 . 9 •  3 . 3 •  1 . 7 •  1 . 0 •  0 . 4 •  
22 :5n -6  0 . 4 •  0 . 3 •  0,1 •  1 0 . 8 •  0 . 5 •  0 . 3 •  0 . 2 •  
22 :5n - 3  1 . 9 •  0 . 4 •  0 . 8 •  0 . 4 •  2 . 0 •  0 . 8 •  0 . 3 •  
% P U F A  c 48 .4  41 .8  39.1 42.2 43 .3  44 .8  43 .3  

a N u m b e r  o f  de t e rmina t ions ;  2 rabbi ts  we re  used for  each  d e t e r m i n a t i o n .  

bMean  + s t anda rd  error .  

CpUFA = p o l y u n s a t u r a t e d  f a t t y  acids. 

T A B L E  IV 

Quan t i t a t ive  GLC Analysis  of  Lipid Drople t  Lipids 

C o m p o s i t i o n  (%)a 
F a t t y  acid 

m e t h y l  esters  Tr ig lycer ides  Free f a t ty  acid Choles te ry l  esters Polar  lipids 

14 :0  1.6 1.5 2.4 1.8 
16:0  21.7 19,9 20 .4  30.1 
18 :0  9.1 7.9 10.8 17.3 
18:1n-9  20 .4  22.9 26.2 21.1 
18 :2n-6  22 .0  26 .7  18.1 15.5 
18 :3n-3  2.8 3.9 2.9 0.7 
20 : 3n -6  0.5 1.1 0.5 -- 
20 :4n -6  5.4 4.9 7.8 11.3 
22 : 3n -6  - -- 2.8 -- 
22 : 4n -6  10.4 3.7 2.7 -- 

To ta l  #g l ipid/g 
inne r  medul la  
+ S.E,M. 281 • 59 98 + 28 6.4 • 2.6 4.2 • 2 .4 

% To ta l  72.1 25.2 1.6 1.1 

aAve rage  of  3 e x p e r i m e n t s ;  2 an imals  w e r e  

vealed fat ty  acid compositions as given in 
Table III. Phospholipids of renal inner medulla, 
like phospholipids of other tissues, contained 
an abundance of arachidonic acid (20:4n-6) and 
o n l y  s m a l l  p e r c e n t a g e s  of adrenic acid 
(22:4n-6). The testis was the exception,  be- 
cause it contained significant percentages of 
20:4n-6, 22:4n-6, and 22:5n-6 (15.0, 3.3, and 
10.8%, respectively). Although material from 
lipid droplets recovered from the phospholipid 
region of  the thin layer chromatogram con- 
tained a high percentage of arachidonic acid 
(11.3%), the fatty acid composit ion of this ma- 
terial was not  comparable to phospholipids 
found in other rabbit tissues (Tables III and IV) 

used in each e x p e r i m e n t .  

and was contaminated by small amounts of 
mono- and diglycerides. 

Except for renal lipid droplets, rabbit  tissues 
examined contained insignificant amounts of  
free fat ty acids. By quantitative GLC, the 
amount of free fat ty  acid found in isolated lipid 
croplets comprised an average of 25% (n = 3) of 
the lipids (Table IV), second only to the triglyc- 
eride content (72%). When compared to fat ty  
acid composit ion of  triglycerides, free fat ty 
acids were slightly enriched in linoleic acid, 
slightly depleted in arachidonic acid, and mark- 
edly depleted in adrenic acid (Table IV). 

P r o s t a g l a n d i n  content of isolated lipid 
droplets was determined using a sensitive radio- 
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TABLE V 

Quantitative GLC Analysis of Inner Medullary Lipid Droplet Triglycerides from 
Hydronephrotic and Indomethacin Treated Rabbits 
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Composition (%) 

Fatty acid 48 Hr 72 Hr Indomethacin Controls 
methyl ester HN a (2)b C a (2) b HN a (2) b C a (2) b 5.0 mg/kg (3) (3) 

14:0  1.2 1.7 0.5 1.9 0.4 1.6 
16:0  16.7 20 .4  15.7 18.7 18.0 21.7 
18:0  8.3 10.4 8.9 9.4 12.7 9.4 
1 8 : I n - 9  19.7 15.6 15.7 16.5 22 .9  20 .4  
18 :2n -6  32.7 27 .6  32.3 29.5 24 .3  22 .0  
18 :3n-3  3.0 2.2 3.0 2.3 3.6 2.8 
20 :3n-6  0.4 0.9 1.1 1.0 0.4 0.5 
20 :4n -6  7.8 5.4 7.8 6.1 8.9 6.8 
22 :4n-6  2.9 4.8 5.2 6.9 3.0 10.6 
22 :5n-6  0.3 0.5 0.5 t r  0.3 0.3 
22 :5n-3  0.7 1.2 2.9 1.3 0.7 1.8 
% P U F A  c 47 .8  42.6 52.8 47.1 41 .2  44 .8  

#g /g  I n n e r  
medul la  458  121 2155  381 660 292 

aHN = hydronephrotic; C = contralateral. 
bNumber of experiments: 2 rabbits were used for each control experiment. Numbers in columns are averages 

of experimental results. 
CpUFA = polyunsaturated fatty acids. 

immunoassay for detection of PFG2a (11). 
From 3 analyses, an average of 11.7 + 0.04 ng 
PFG2a/g inner medulla was detected. This 
value is only 8% of the amount of prostaglandin 
F2a found in inner medullary extracts (11), 
confirming the observation of Anggard, et al., 
in which 75-80% of prostaglandins of the inner 
medulla were found in the cytosol fraction 
(14). 

Protein analysis by the method of Lowry, et 
al., (18) of lipid free lipid droplet residues re- 
vealed an average of 18#g protein + 4/~g 
(n = 7) in lipid droplets isolated from a single 
inner medulla (average wet wt, 0.35 g per inner 
medulla). 

Next, analyses of lipid droplets from hydro- 
nephrotic and indomethacin treated rabbit 
inner medullas were performed. By TLC and 
quantitative GLC, it was determined that the 
amount of triglyceride and the amount  of un- 
saturation were increased during hydronephro- 
sis (Ref. 11 and Table V). In lipid droplet 
lipids, ca. 90 and 95% were in the form of tri- 
glycerides after 48 and 72 hr, respectively, in 
the hydronephrotic state. Similarly, lipid drop- 
lets derived from indomethacin treated rabbits 
contained 91% of lipids as triglycerides. Contra- 
lateral inner medullary lipid droplets, however, 
contained 66% and 63% (at 48 and 72 hr, re- 
spectively) of lipids as triglycerides, slightly less 
than the control value of 72% (Table IV). Fatty 
acid analyses of triglycerides (Table V) revealed 
a significant (p<0.001) increase in the percent 

of linoleic acid for hydronephrotic samples at 
48 and 72 hr (32.7 and 32.3%, respectively), as 
compared to controls (22%). Furthermore, 
there was a marked but not significant increase 
in the percent arachidonic acid for hydro- 
nephrotic samples at 48 and 72 hr and for indo- 
methacin treated samples (7.8, 7.8, and 8.9%, 
respectively), as compared to controls (6.8%). 
Contraleteral triglycerides were significantly in- = 
creased (p<0.001) in their linoleic acid content 
(27.6% and 29.5% for 48 and 72 hr samples, 
respectively), as compared to normal controls 
(22.0%) and slightly decreased in their arachi- 
donic acid content (5.4 and 6.1% for 48 and 72 
hr samples), as compared to normal controls 
(6 .8%) .  The  percentage of adrenic acid 
(22:4n-6) was significantly depressed (p<.001) 
in all these triglycerides. However, total polyun- 
saturation in both the 48 and 72 hr hydro- 
nephrotic and 72 hr contralateral samples had 
increased, the highest being 52.8% after 72 hr 
in the hydronephrotic state (Table V). 

DISCUSSION 

Renal lipid droplets from control rabbit inner 
medullas were found to consist mainly of tfiglyc- 
erides and free fatty acids in a ratio averaging 
2.9: 1. In addition, small amounts of cholesteryl 
esters, cholesterol, phospholipids, and protein 
were identified. Unlike the communication of 
Nissen and Bojesen (13) which reported sub- 
stantial amounts of chotesteryl esters in rat 
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inner medulla and isolated lipid droplets, no 
cholesteryl esters were detected in inner medul- 
las of rabbits,  and only a small percentage 
(1.6%) of isolated lipid droplet  lipids were cho- 
lesteryl esters (Table IV). While this work was 
in progress, a report  by Bojesen (23) corrected 
the earlier report  in which cholesteryl esters 
were identified as the main lipid component  of 
renal lipid droplets and in which 22:4n-6 was 
misidentified as 22:5n-6. 

The results in this report  extend the observa- 
tions of  Anggard, et al., (14) and Bojesen (23) 
who repor ted that substantial  amounts of 
arachidonic acid (~5%) could be detected in 
neutral lipids of  lipid droplets and polar  lipids 
of other cell fractions of rabbit  kidney. The 
majori ty of the arachidonic acid of isolated 
lipid droplets was found in triglycerides; an 
average of 6.8% of triglyceride fat ty acid was 
arachidonic acid (Table I), a value in excellent 
agreement  with that  repor ted by Bojesen 
(6.4%) (23). In addition, triglycerides also were 
found to contain significant amounts of adrenic 
acid (10%), a fatty acid 2 carbons longer than 
arachidonic acid. This percentage was signifi- 
cantly lower than that reported by Bojesen 
(22.4%) for rabbits, but in good agreement with 
that  found for rat (12.6%) and dog (11.0%). 
The uniqueness of  these triglycerides became 
more apparent when their total  polyunsatura- 
tion was considered; 43.7% for normal samples, 
and as high as 53% during prolonged hydro- 
nephrosis (72 hr), a degree of  unsaturat ion not 
found in the triglycerides of  other tissues 
examined (Tables I and V). Higher degrees of 
unsaturation were obtained utilizing techniques 
in which lipid droplet populat ion of renal inter- 
stitial cells was increased and prostaglandin 
levels decreased (11). Fa t ty  acid composit ion of 
triglycerides did not  reflect dietary lipids or 
rabbit serum triglycerides. In the former case, 
no arachidonic acid was detectable. In the lat ter  
case, less than 2% of serum triglyceride was 
arachidonic acid, and levels of adrenic acid were 
undetectable (K. Comai, unpublished data, 
1975). 

The possible physiological significance of 
these unique triglycerides is apparent if several 
facts are considered. The immediate precursor 
for prostagiandins E 2 and F2a is free arachi- 
donic acid (24,25). However, as reported here, 
lipid extracts of  rabbit  inner medullas contain 
little free fat ty  acid. In addition, the renal inner 
medulla releases large quantities of prostaglan- 
dins (ca. 180 ng PGE2/min , [rabbit,  26] ,  and 
ca. 300 ng PGE2/min [dog, 27])  which have 
been implicated in maintenance of resting 
blood flow to the kidney and intrarenal distri, 
bution of blood flow (26,28). Yet prostaglan- 

dins in these quantities are not stored in any 
subceilular component  of the inner medulla 
(14). 

These facts, plus the existence of an inverse 
relationship of inner medullary prostaglandin 
content and lipid droplet  populat ion of  inter- 
stitial cells (11), support  the l ikelihood that 
lipid droplet triglycerides are active storage vesi: 
cles for arachidonic acid, the prostaglandin pre- 
cursor. Furthermore,  this suggests the existence 
of a triglyceride lipase for release of arachidonic 
acid, and an integrated system for prostaglan- 
din biosynthesis. 

Because lipid droplet triglycerides did not  re- 
flect dietary lipids or serum triglycerides, the 
possibility exists that arachidonic and adrenic 
acids were chain elongated and desaturated 
f rom less unsaturated precursors by inner 
medullary microsomal enzyme systems before 
incorporat ion into triglycerides. However, high 
percentages of stearic acid (18:0) found in all 
isolated lipid droplet triglycerides, but not  
found in other rabbit  triglycerides, indicate a 
phospholipid origin for some of  the lipid drop- 
let triglyceride. Some enzymes of phospholipid 
metabolism, such as CDP-choline:diacylglyc- 
e r o l  choline phosphotransferase, are rever- 
sible (29). Such enzymes, usually of micro- 
somal origin, give rise to diacylgiycerols, a 
branch point  in lipid metabolism leading to 
e i t h e r  phospholipids or trigiycerides (30). 
Montfoort ,  et al., have shown preferential pair- 
ing of  saturated and unsaturated fat ty  acids in 
phosphatidylcholine of fat and rabbit  kidney 
(16:0 with 18:2n-6, and 18:0 with 20:4n-6) 
(31). Fa t ty  acid composit ion and to ta l  poly- 
unsaturation of inner medullary phospholipids 
are similar to those found for isolated lipid 
droplet  triglycerides. Inner medullary phospho- 
lipids are much richer in arachidonic acid than 
lipid droplet triglycerides (21.6% vs 6.8%). 
However, these phospholipids are devoid of 
adrenic acid, whereas, lipid droplet  trigiycerides 
are relatively rich in this long chain fat ty acid 
(10%) as well as other polyunsaturated fat ty 
acids (Table I). A position analysis of these tri- 
glycerides would support  the phospholipid 
origin hypothesis.  

The significant percentage of adrenic acid in 
the triglyceride (10%) may represent a form of 
storage for arachidonic acid, or may be a sub- 
strate for prostaglandin biosynthesis (32,33). 
There is precedent for the former suggestion of 
retroconversion of long chain unsaturated fat ty 
acids. Both rat liver and testis were found to 
convert 22:5n-6 to 20:4n-6 (34,35), and rat 
liver converted 22:4n-6 to 20:4n-6 (36). In an 
elegant series of experiments,  Stoffel, et al., 
located enzymic activity for conversion of 22:4 
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to 20:4n-6 in the inner membrane of  rat liver 
mitochondria,  indicating a /3-oxidation mecha- 
nism (36). If the process of retroconversion 
occurs in the inner medulla, it would be 
laborious route involving triglyceride hydrolysis 
and partial /~-oxidation by mitochondrial  en- 
zymes prior to prostaglandin synthesis in the 
microsomes. Furthermore,  biological signifi- 
cance of retroconversion of fat ty acids has not 
been determined. 

Because Struijk, et al., (32) and Tobias, et 
al., (33) have demonstrated that  adrenic acid 
can serve directly as a substrate for prosta- 
glandin synthetase of sheep vesicular glands, and 
that prostaglandin like material was formed, it 
is likely that the large amounts of this fat ty acid 
found in lipid droplet  triglycerides are utilized 
for prostaglandin production.  Unfortunately,  
few of the biochemical and physiological prop- 
erties of the 22-carbon prostaglandins have 
been reported.  
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SHORT COMMUNICATIONS 

High Levels of Pancreatic Nonspecific Lipase in Rattlesnake and 
Leopard Shark 

ABSTRACT 

Hydrolysis of synthetic triglycerides 
by rattlesnake and leopard shark pancre- 
atic enzymes revealed striking differences 
in specificity, depending on the presence 
or absence of  sodium taurocholate.  With- 
out added sodium taurocholate the classi- 
cal specificity of pancreatic lipase was ex- 
pressed. Rattlesnake enzymes, in the 
presence of sodium taurocholate ,  at- 
tacked the unsaturated oleic acid in the 
2 - p o s i t i o n  o f  r a c e m i c  g l y c e r o l - 1 -  
palmitate-2-oleate-3-stearate nearly twice 
as fast as either outside saturated fat ty  
acid. In this instance, over 90% of the 
monoglyceride which accumulated were 
1-monoglyceride. These results are attrib- 
uted to very high levels of bile salt acti- 
vated nonspecific lipase. Eight vertebrate 
species were compared. With the excep- 
t ion of the ratt lesnake and leopard shark, 
the other species (3 elasmobranchs and 3 
mammals) all exhibited low levels of non- 
specific lipase, e.g. less than 5% hydroly-  
sis of the 2-position of racemic glycerol- 
1 -pal mi t  at e- 2-oleate-3-stearate in the 
presence of sodium taurocholate.  

INTRODUCTION 

Pancreatic lipase (glycerol ester hydrolase, 
EC 3.1.1.3) has been studied extensively for 
more than a century.  Its classical specificity for 
the primary ester linkages of a triglyceride mol- 
ecule has been the cornerstone of our under- 
standing of  the specificity of  fat digestion in 
higher animals (1, 2, 3). This so called position- 
al specificity now appears to be absolute (4, 5, 
6), although, for  years investigators often found 
that  a small amount  (1-5%) of the 2-position 
fat ty  acid of  triglycerides was released during 
incubations with crude rat and porcine pancre- 
atic enzymes. By selective inactivation of pan- 
creatic lipase, Mattson and Votpenhein (7) suc- 
ceeded in detecting a small amount  of  another 
lipase in rat pancreatic juice. They named this 
new enzyme nonspecific lipase (6) and found 
that  it required bile salts for activity and at- 
tacked esters of  pr imary as well as secondary 

alcohols. In addit ion they calculated that  pan- 
creatic lipase in the rat had an activity 10-60 
times greater than that  of nonspecific lipase (6, 
7, 8, 9). This report  provides evidence that  in at 
least two vertebrates, the western rattlesnake, 
Crotalus viridis, and the leopard shark, Triakus 
semifasciata, intestinal fat digestion is mediated 
by comparable levels of both  nonspecific lipase 
and pancreatic lipase. 

MATERIALS AND METHODS 

The synthetic triglycerides racemic glycerol- 
1-palmitate-2-oleate-3-stearate (rac-POS) and 
sn-gly cerol-l,2-dioleate-3-palmitate (sn-OOP) 
were synthesized and donated by J. G. Quinn 
(10). A-grade sodium taurocholate (NAT)was  
purchased from CalBiochem (San Diego, Calif.). 
Acetone-ether powders of fresh pancreas were 
prepared (11) and their aqueous extracts used 
without further treatment.  

The synthetic triglycerides were subjected to 
15 rain digestions by the various pancreatic ex- 
tracts. All assays were run in duplicate at pH 
8.0, at room temperature on 1.0 mg substrate 
in 0.5 ml enzyme and buffer  (0.05M Tris- 
[ t r i s ( h y  d r o x y  m e t h y l ) a m i n o m e t h a n e ] - H C 1 ,  
0.1N NaC1, and 0.02M CaC12). NaT, when pre- 
sent, was added to give an assay concentrat ion 
of 10 mM. High speed agitation was provided 
by an orbital finishing sander as previously de- 
scribed (12). The reactions were s topped with 
3N HC1, and the lipid products  extracted into 
ethyl ether and isolated by thin layer chroma- 
tography (TLC) (13, 14). Quantification of  the 
fatty acids released and elimination of blanks 
was accomplished by using an internal standard 
fat ty  acid (15). Acyl migration (16) of partial 
giycerides was not observed under the experi- 
mental condit ions used. Following isolation by 
TLC, the fat ty  acids and monoglycerides were 
methyla ted and analyzed by  GLC (12). 

RESULTS AND DISCUSSION 

Hydrolysis of synthetic triglycerides by the 
rattlesnake and shark pancreatic enzymes re- 
vealed striking differences in specificity, de- 
pending .on the presence or  absence of bile salts 
(Table I). Without added NaT the classical 
specificity of  pancreatic lipase was expressed. 
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TABLE I 

Hydrolysis of Synthetic Triglycerides by Acetone Powders of Rattlesnake, Shark and 
Rat Pancreas in the Presence and Absence of Sodium Taurocholate (NAT). 

563 

Animal 

Fatty acid composit ion 
of l ipolytic product 

(wt percent) 
Percent 

Lipolytie hydrolysis  c 
Substrate a product NaT 16:0 b 18:1 18:0 (%) 

Intact rac-POC 
Intact sn-OOP 

Rattlesnake rac-POC 

sn-OOP 

Shark rac-POS 

Rat rac-POS 

33.7 30.8 35.5 
33.8 66.2 

Fatty Acids 53.8 nd 46.2 20% 
Fatty Acids + 27.5 47.5 24.9 60% 
Monoglycerides nd 100.0 nd 
Monoglycerides + 42.6 9.1 48.3 
Fatty Acids 48.5 51.5 22% 
Fatty Acids + 19.8 80.2 34% 
Monoglycerides nd 100.0 
Monoglycerides + 68.6 31.4 

Fatty Acids 50.6 nd 49.4  7% 
Fatty Acids + 34.9 31.1 34.0 49% 
Monoglycerides nd 100.0 nd 
Monoglycerides + 26.3 46.4 27.3 

Fatty Acids 51.3 nd 42.7 22% 
Fatty Acids + 54.5 4.8 40.6 28% 

aFor systematic names see text. 
bCarbon chain length:number of double bonds, 16:0 = palmitic acid (P); 18:1 = oleic acid (0) 

18:0 = stearic acid (S). nd:none detected. 
CThe percent hydrolysis is based on the micrograms of fatty acid released. 

With rac-POS addi t ion of  bile salt s t imulated 
act ivi ty 3 and 7 t imes in the rat t lesnake and 
shark, respectively,  as compared  to only 1.3 
t imes in the  rat. In the  presence of  bile salt, the  
unsaturated oleic acid in the  2-posi t ion o f  rac- 
POS was a t tacked nearly twice as fast as e i ther  
outside saturated acid by the  rat t lesnake en- 

zymes. In this instance over  90% of the mono-  
glycerides which accumula ted  were 1-mono- 
glyceride. With sn-OOP, ca. 70% of  the mono-  
glycerides were 1-monoblycer ide .  The pancre-  
atic enzymes  of  the  leopard shark showed a 
similar specif ici ty,  a l though not  qui te  as pro- 
nounced  as the  rat t lesnake.  In the  rat, less than 
5% of the  2-posit ion fa t ty  acid was released 
f rom rac-POS in the presence of  bile salt (Table 
I). Identical  results were also obta ined  with  
acetone-e ther  powders  of  dog and fur seal 
(Callorhinus ursinus) pancreas. 

Two studies of  fat  digestion in fish have 
shown the accumula t ion  of  the tr iglyceride 
2-posit ion fa t ty  acid in the free fa t ty  acids pro-  
duced during lipolysis (12, 17). In bo th  of  these 
studies the 2-posit ion was hydro lyzed  only 
when the fa t ty  acid was unsaturated.  When the  
acid was saturated,  i t  was no t  a t tacked to  any 
degree. Because bile salt was present and the  

preparat ions were crude,  bo th  studies measured 
the physiological  specif ici ty of  the two  lipases 
together .  It is n o t e w o r t h y  that  in the dogfish, 
Squalus suckleyi,  the  blue shark, Prionace 
glauca, and the sting ray, Urolophus halleri, 
pancreat ic  nonspeci f ic  lipase levels were identi-  
cal to  that  in the rat, e.g., less than  5% hydro ly-  
sis of  the  2-posit ion acid f rom rac-POS. Thus a 
high level of  pancreat ic  nonspecif ic  lipase is no t  
a general feature  of  all fish and shark digestive 
systems. 

Because of  its quant i ta t ive ly  minor  role in 
mammal ian  t r iglyceride digestion, the  funct ion-  
al significance of  nonspecif ic  lipase has re- 
mained somewhat  obscure.  Some workers  have 
suggested that  sterol ester hydrolase and non- 
specific lipase are the  same enzyme  (16, 18); 
however ,  Hyun,  et al. (19) in their  pur i f icat ion 
of  sterol  ester hydrolase ,  lost  nonspeci f ic  lipase 
act ivi ty  in the  final step. Morgan, et al., (18) 
isolated two  dif ferent  lipase activities in rat 
pancreat ic  juice.  Their  results indicated that  
nonspeci f ic  lipase at tacks micellar lipids, while 
lipase prefers substrate in the  emulsi f ied form. 
BorgstriSm (1) suggested that  nonspeci f ic  lipase 
may be responsible for the  act ivi ty  of  pancre- 
at ic juice towards  the  esters of  vitamins A, D, 
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and  E. B radshaw and  R u t t e r  (20)  s h o w e d  t h a t  
nonspec i f i c  lipase was t he  p r e d o m i n a n t  l ipo- 
ly t ic  e n z y m e  in  the  e m b r y o n i c  ra t  pancreas ,  
while  l ipase d o m i n a t e d  in t he  adul t .  It is clear,  
t h o u g h ,  t h a t  in  the  r a t t l e snake  and  l eopard  
shark,  t he  overal l  specif ic i ty  of  fat  d iges t ion is 
d e t e r m i n e d  as much ,  if  no t  more ,  by  nonspec i -  
fic l ipase t h a n  by  panc rea t i c  hpase.  In  these  
cases, i t  mus t  be said t h a t  t r ig lycer ide  d iges t ion 
is m e d i a t e d  no t  p r imar i ly  b y  one  enzym e ,  bu t  
by  two .  

P r imary  esters  of  panc rea t i c  hpase- res i s tan t  
f a t t y  acids (21)  were h y d r o l y z e d  by  the  l eopa rd  
sha rk  and  r a t t l e snake  e n z y m e s  on ly  in t he  
presence  of  bile salt. P re l iminary  resul ts  indi- 
cate  t h a t  a l t h o u g h  b o t h  lipases f ind  wax  es ter  a 
p o o r  subs t ra te ,  c o m p a r e d  to  t r ig lycer ide ,  non -  
specif ic  l ipase appears  to  be b e t t e r  des igned for  
wax es ter  hydro lys i s .  Thus ,  un t i l  th is  poor ly  
s tud ied  e n z y m e  can  be o b t a i n e d  in  pure  fo rm,  
the  n a m e  nonspec i f i c  l ipase of Ma t t s on  and  
V o l p e n h e i n  (6)  seems app rop r i a t e .  

J O H N  S. P A T T O N  
Scripps I n s t i t u t i o n  of  O c e a n o g r a p h y  
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KCN Inhibition of Lipoxygenase in Purple, Green, and White 
Eggplants 

ABSTRACT 

Lipoxygenase  ac t iv i ty  in th ree  culti-  
vars (purp le ,  green,  and  whi te)  of  egg- 
p lan t ,  Solanum melongena, were com-  
pared.  Ac t iv i ty  was greates t  in t he  purp le  
and  lowes t  in  the  whi te  var ie ty .  In con-  
t ras t  to  r epor t s  t h a t  NaCN did no t  inh ib i t  
eggplant  hpoxygenase ,  in  these  s tudies  
cyan ide  comple t e ly  i n h i b i t e d  the  e n z y m e  
in all t h ree  variet ies.  

I N T R O D U C T I O N  

Methods  fo r  t he  p re se rva t ion  of  qua l i ty  of  
raw vegetables  fo r  a r a t h e r  long  storage t ime  
have largely c e n t e r e d  a r o u n d  con t ro l  of  en- 
zymes  t h a t  a f fec t  f lavor  and  qua l i ty .  Peroxida-  
t i o n  of  l ipids ca ta lyzed  b y  l ipoxygenase  (EC 
1 .13.1 .13)  is cons ide red  a major ,  if no t  the  
major ,  cause o f  qua l i ty  d e t e r i o r a t i o n  in un-  
b l a n c h e d  vegetables.  L ipoxygenase  act ivi ty  has  
b e e n  r e p o r t e d  in eggplants  (1) ,  and  the  e n z y m e  
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and  E. B radshaw and  R u t t e r  (20)  s h o w e d  t h a t  
nonspec i f i c  lipase was t he  p r e d o m i n a n t  l ipo- 
ly t ic  e n z y m e  in  the  e m b r y o n i c  ra t  pancreas ,  
while  l ipase d o m i n a t e d  in t he  adul t .  It is clear,  
t h o u g h ,  t h a t  in  the  r a t t l e snake  and  l eopard  
shark,  t he  overal l  specif ic i ty  of  fat  d iges t ion is 
d e t e r m i n e d  as much ,  if  no t  more ,  by  nonspec i -  
fic l ipase t h a n  by  panc rea t i c  hpase.  In  these  
cases, i t  mus t  be said t h a t  t r ig lycer ide  d iges t ion 
is m e d i a t e d  no t  p r imar i ly  b y  one  enzym e ,  bu t  
by  two .  

P r imary  esters  of  panc rea t i c  hpase- res i s tan t  
f a t t y  acids (21)  were h y d r o l y z e d  by  the  l eopa rd  
sha rk  and  r a t t l e snake  e n z y m e s  on ly  in t he  
presence  of  bile salt. P re l iminary  resul ts  indi- 
cate  t h a t  a l t h o u g h  b o t h  lipases f ind  wax  es ter  a 
p o o r  subs t ra te ,  c o m p a r e d  to  t r ig lycer ide ,  non -  
specif ic  l ipase appears  to  be b e t t e r  des igned for  
wax es ter  hydro lys i s .  Thus ,  un t i l  th is  poor ly  
s tud ied  e n z y m e  can  be o b t a i n e d  in  pure  fo rm,  
the  n a m e  nonspec i f i c  l ipase of Ma t t s on  and  
V o l p e n h e i n  (6)  seems app rop r i a t e .  
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KCN Inhibition of Lipoxygenase in Purple, Green, and White 
Eggplants 

ABSTRACT 

Lipoxygenase  ac t iv i ty  in th ree  culti-  
vars (purp le ,  green,  and  whi te)  of  egg- 
p lan t ,  Solanum melongena, were com-  
pared.  Ac t iv i ty  was greates t  in t he  purp le  
and  lowes t  in  the  whi te  var ie ty .  In con-  
t ras t  to  r epor t s  t h a t  NaCN did no t  inh ib i t  
eggplant  hpoxygenase ,  in  these  s tudies  
cyan ide  comple t e ly  i n h i b i t e d  the  e n z y m e  
in all t h ree  variet ies.  

I N T R O D U C T I O N  

Methods  fo r  t he  p re se rva t ion  of  qua l i ty  of  
raw vegetables  fo r  a r a t h e r  long  storage t ime  
have largely c e n t e r e d  a r o u n d  con t ro l  of  en- 
zymes  t h a t  a f fec t  f lavor  and  qua l i ty .  Peroxida-  
t i o n  of  l ipids ca ta lyzed  b y  l ipoxygenase  (EC 
1 .13.1 .13)  is cons ide red  a major ,  if no t  the  
major ,  cause o f  qua l i ty  d e t e r i o r a t i o n  in un-  
b l a n c h e d  vegetables.  L ipoxygenase  act ivi ty  has  
b e e n  r e p o r t e d  in eggplants  (1) ,  and  the  e n z y m e  
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has been isolated and partially characterized 
(2). The isolated enzyme was reported to be 
unaffected by cyanide (2). Although not men- 
tioned, these studies were presumably done on 
the purple variety. 

Recently, two different cultivars (a light 
green, pear shaped fruit and a pure white, 
rounded fruit) have been appearing in Southern 
Louisiana. The purpose of this report is to pres- 
ent a comparison of lipoxygenase activities in 
the three eggplant cultivars, grown and ana- 
lyzed under identical conditions. 

EXPERIMENTAL PROCEDURES 

Eggplant Homogenates 

Similar size fruit were obtained from plants 
grown under identical conditions in the same 
outdoor location in Chalmette, La. They were 
stored in a refrigerator at 4 C for 1-2 days be- 
fore peeling and homogenizing in a food blend- 
er. Peeled fruit were cut into 1 cm 3 pieces and 
immediately homogenized (50 g/250 ml cold 
deionized water) for 1 minute in the blender. 
The homogenates were centrifuged at 15,000 g 
at 9 C for 15 min. The supernatants then were 
carefully decanted into clean test tubes, and the 
tubes placed in an ice bath until  assayed. Nitro- 
gen contents of the supernatants were deter- 
mined by the Kjeldahl method. 

Lipoxygenase Assays 

The procedure was essentially that em- 
ployed for assay of lipoxygenase in peanuts (3), 
using 1 ml (0.83 x 10 -4 M) Tween-solubilized 
linoleic acid as substrate, and 0.1 ml eggplant 
supernatant as enzyme source in 3 ml total 
volume. Activity at pH 6.5 was measured as 
change in optical density at 234 nm in a Beck- 
man DU recording spectrophotometer for the 
first 5 rain of the reaction. KCN was added at a 
final concentration of 10-aM for the inhibitor 
tests as reported by Grossman, et al., (2). Tubes 
containing enzyme plus KCN were placed in an 
ice bath for 30 min before testing to allow for 
any possible effect of (CN) to take place. 

RESULTS AND DISCUSSION 

As seen in Fig. 1, both the amount of activi- 
ty and the reaction rate for the purple eggplant 
were substantially greater than for the green 
and white varieties. The initial reaction rate 
for lipoxygenase in green eggplant, while slow- 
er than that for the purple variety, was 
faster than the rate for the white eggplant. The 
reason for these differences is unknown. Wheth- 
er it was due to different or less active isoen- 
zymes, or to the presence of lipoxygenase in- 
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FIG. 1. Lipoxygenase activity in purple, white, and 
green eggplants with and without KCN. Enzyme con- 
centration was 0.1 ml/cuvette (equivalent to 20 mg 
fresh tissue extract) plus 1 ml (0.32 x 104M) linoleic 
acid substrate in a total of 3 ml. P-l, W-l, and G-1 are 
activity curves for purple, white, and green eggplants 
without added KCN. P-2, W-2, and G-2 are the curves 
for extracts with added KCN. 

hibitors in the newer cultivars, can be deter- 
mined only by purification of the enzyme from 
all three eggplants. Grossman, et al., (2) ob- 
tained two peaks of activity after chromatog- 
raphy of eggplant extract over ecteola cellulose. 
Most activity was concentrated in the first 
peak, which had a specific activity of 230 units 
compared to 72 units of activity for peak 2. 
Purification of lipoxygenase from all three vari- 
eties, as done by Grossman, et al., (2) is neces- 
sary to determine if the lipoxygenase activities 
for the green and white eggplants have greater 
concentrations of the less active, second peak 
reported by Grossman, et al., (2). 

Hayano (4), in describing oxygenases in lipid 
metabolism, reported that fatty acid hydrolases 
could be stimulated by cyanide; and that no 
prosthetic groups or cofactors appeared to be 
involved in lipoxygenase action. A recent report 
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by Chan (5), that soybean lipoxygenase con- 
tained iron, seemed to conflict with findings of 
Grossman, et al., (2), who reported no signifi- 
cant inhibition of eggplant lipoxygenase by 
NaCN. Therefore, the effect of 10-3M cyanide 
on lipoxygenase in extracts of all three eggplant 
cultivars was tested and is shown in Fig. 1 
(curves P-2, W-2, and G-2). KCN completely in- 
hibited the activity in all three extracts. Gross- 
man, et al., (2) did not mention a 30 min incu- 
bation of enzyme and cyanide before testing, as 
was done in this work. Therefore, it is possible 
that some natural inhibitor(s) of the cyanide 
effect might have been removed during the iso- 
lation procedure by them. Further purification 
of the enzyme from the three eggplant varities 
will help clarify these issues. 
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Identification of/3-Sitosterol, Campesterol, and Stigmasterol in 
Human Serum 

ABSTRACT 

The presence of 3 plant sterols,/3-sito- 
sterol, campesterol, and stigmasterol, has 
been demonstrated in the serum from 2 
patients with fl-sitosterolemia and xantho- 
matosis. 

I N T R O D U C T I O N  

In a previous communication (1), the pres- 
ence of high concentrations of /%sitosterol, as 
well as 2 other plant sterols, campesterol and 
stigmasterol, in the blood and tissues of 2 sis- 
ters who have developed extensive xantho- 
matosis since childhood, has been reported. The 
observed, greater than normal intestinal absorp- 
tion of fl-sitosterol in both of these patients 
suggests the cause of this disease, presently 
t e r m e d  fl-sitosterolemia and xanthomatosis. 
Furthermore, it has been postulated that in 
some, as yet, undetermined manner, plant ster- 
ols originating from the diet initiated develop- 

ment of xanthomatosis, and perhaps atheroma. 
It is the purpose of this communication to 

report and confirm the presence of 3 plant ster- 
ols, ~-sitosterol, campesterol, and stigmasterol, 
via combined gas chromatography-mass spec- 
trometry (GC-MS), in the blood of these 2 
patients. 

M A T E R I A L S  A N D  METHODS 

About 1 ml blood plasma or serum from the 
2 patients was saponified following the pro- 
cedure of Abell, et al., (2). The unsaponifiable 
portion was subjected to digitonin precipita- 
tion. Precipitated sterol concen t ra te  was ex- 
tracted with hexane, washed with water, dried 
over sodium sulfate, and the solvent evaporated 
to dryness. Purified sterol concentrate was dis- 
solved in ca. 500/A pyridine, and shaken with 
100 pl Bis Trimethylsilyl Acetamide (BSA) 
(Pierce Chemical Co., Rockford, IL), and heat- 
ed in an oven at 70 C for 30 rain. Trimethylsilyl 
ether derivative of the sterol concentrate was 
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by Chan (5), that soybean lipoxygenase con- 
tained iron, seemed to conflict with findings of 
Grossman, et al., (2), who reported no signifi- 
cant inhibition of eggplant lipoxygenase by 
NaCN. Therefore, the effect of 10-3M cyanide 
on lipoxygenase in extracts of all three eggplant 
cultivars was tested and is shown in Fig. 1 
(curves P-2, W-2, and G-2). KCN completely in- 
hibited the activity in all three extracts. Gross- 
man, et al., (2) did not mention a 30 min incu- 
bation of enzyme and cyanide before testing, as 
was done in this work. Therefore, it is possible 
that some natural inhibitor(s) of the cyanide 
effect might have been removed during the iso- 
lation procedure by them. Further purification 
of the enzyme from the three eggplant varities 
will help clarify these issues. 
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Identification of/3-Sitosterol, Campesterol, and Stigmasterol in 
Human Serum 

ABSTRACT 

The presence of 3 plant sterols,/3-sito- 
sterol, campesterol, and stigmasterol, has 
been demonstrated in the serum from 2 
patients with fl-sitosterolemia and xantho- 
matosis. 

I N T R O D U C T I O N  

In a previous communication (1), the pres- 
ence of high concentrations of /%sitosterol, as 
well as 2 other plant sterols, campesterol and 
stigmasterol, in the blood and tissues of 2 sis- 
ters who have developed extensive xantho- 
matosis since childhood, has been reported. The 
observed, greater than normal intestinal absorp- 
tion of fl-sitosterol in both of these patients 
suggests the cause of this disease, presently 
t e r m e d  fl-sitosterolemia and xanthomatosis. 
Furthermore, it has been postulated that in 
some, as yet, undetermined manner, plant ster- 
ols originating from the diet initiated develop- 

ment of xanthomatosis, and perhaps atheroma. 
It is the purpose of this communication to 

report and confirm the presence of 3 plant ster- 
ols, ~-sitosterol, campesterol, and stigmasterol, 
via combined gas chromatography-mass spec- 
trometry (GC-MS), in the blood of these 2 
patients. 

M A T E R I A L S  A N D  METHODS 

About 1 ml blood plasma or serum from the 
2 patients was saponified following the pro- 
cedure of Abell, et al., (2). The unsaponifiable 
portion was subjected to digitonin precipita- 
tion. Precipitated sterol concen t ra te  was ex- 
tracted with hexane, washed with water, dried 
over sodium sulfate, and the solvent evaporated 
to dryness. Purified sterol concentrate was dis- 
solved in ca. 500/A pyridine, and shaken with 
100 pl Bis Trimethylsilyl Acetamide (BSA) 
(Pierce Chemical Co., Rockford, IL), and heat- 
ed in an oven at 70 C for 30 rain. Trimethylsilyl 
ether derivative of the sterol concentrate was 
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subjected to GC separation. A Varian Aero- 
graph model 500B equipped with hydrogen 
flame detector was used in this experiment. A 
stainless steel column packed with SP 2250 on 
80/100 Supelcon AW-DMCS [Supelco, Inc., 
Bellefonte, PA) was connected to the detector 
through a splitter with a split ratio of 1:8. The 
flow of nitrogen used as carrier gas was main- 
tained at 60 ml/min, column temj?erature was 
programmed from 150-280 C at 6~/min; the in- 
let and detector temperatures were maintained 
at 250 C and 300 C, respectively. The majority 
of GC effluent from one end of tile sphtter was 
allowed to pass through a fritted glass hehum 
separator and into a RMU-6 Hitachi-Perkin- 
E l m e r  s ing le  focusing mass spectrometer,  
which, in turn, was interfaced with a Varian 
Spectro System 100 data system, and also to a 
high speed plotter and printer. Mass spectra 
were determined each 10 sec at an ionizing volt- 
age of 22 and 70 ev, and stored on magnetic 
tape. Selected spectra were processed to obtain 
printed copies of the mass spectra of interest. 

RESULTS AND DISCUSSION 

The sterol concentrates isolated from human 
plasma were subjected to combined gas chro- 
matography and mass spectrometry after con- 
version to their respective trimethylsilyl deriva- 
tives. A gas chromatogram (Fig. 1) was ob- 
tained under conditions mentioned previously 
using 5a-cholestane as the internal standard. In 
addition to cholestane, 4 more peaks were ob- 
tained. These peaks were identified as choles- 
terol, campesterol, stigmasterol, and ~-sito- 
sterol. The peaks had the same retention time 
under identical conditions as those of  authentic 
standards. Effluent corresponding to these 
peaks was allowed to pass through the ion 
source of the mass spectrometer, and each of 
these peaks was separately scanned, and mass 

5~-Cholestone 

l - -  ~ 1 I 
0 4 8 12 16 

Cholesterol 

,8-Sitosterol 

I i i I 
2O 24 28 32 

RETENTION TIME (min) 

FIG. 1. Gas chromatogram of trimethylsflyloxy 
ether of steroids from human plasma. 

~pectra were recorded. 

Mass Spectral Data 

Mass spectra of trimethylsilyl (TMS) deriva- 
tives of cholesterol and 3 other compounds 
previously identified tentatively as plant sterols, 
campesterol, fl-sitosterol, and stigmasterol, were 
superimposable on the authentic standards run 
under the same conditions. The spectrum of 
stigmasterol trimethylsilyl ether derivative was 
in good agreement with that reported by 
Brooks, et al., (3) and Eneroth, et al., (4). Six 
of the most important fragmentations in the 
mass spectra of  the 3- plant sterols are summa- 
rized in Table I. 

The TMS ethers of/3-sitosterol, stigmasterol, 
and campesterol gave molecular ions at m/e 486 
(10%), 484 (7.5%), and 472 (10%), respective- 
ly. The characteristic peak at m/e 129 of  
&s-3/3-trimethylsflyloxy steroid for all 3 sterols, 
which fall under the same classification, was in 

TABLE I 

Characteristic Fragment Ions in the Mass Spectra of 
/3-Sitosterol, Stigmasterol, and Campesterol 

Mol. lon M-TMS M-(TMS a + Side 
Compound m/e m/e m/e = 129 M-129 Chain) - H - Side Chain 

/~-Sitosterol 486 397 129 357 275 143 with rearrange H ++ 
(10%) b (29%) (100%) (43%) (8.5%) 

Stigmasterol 484 395 129 355 255 139 
(7.5%) (12%) ( 4 2 % )  ( 4 0 . 5 % )  (20.2%) (17.6%) 

Campesterol 472 383 129 343 255 128 with rearrange H + 
(10%) (29%) (18.5%) (45%) (14.2%) (100%) 

aTMS = Trimethylsilyl. 
bRelative Intensity. 
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agreement with the finding of Brooks, et al., 
(3). The peak at m/e 129 has been identif ied as 
the fragment originating from the breakdown 
of ring A along with the TMS moiety.  

! ; CH2 

~ -b m/e 2/, , v  ~'~/ /~  , 2 ,  

(CH3)3Si (CH3)3Si 

Similarly, the other characteristic fragmen- 
tat ion ion from AS-3fl-trimethylsilyloxy ster- 
oids as repor ted by Brooks, et al., (3) was a 
series of ions from M-129. These ions were also 
prominant  at m/e 357 (43%), 355 (40.5%), and 
343 (42%) in the mass spectra of the fl-sito- 
sterol, stigmasterol,  and campesterol t r imethyl-  
siloxy derivatives, respectively. 

Moderately intense ions observed at m/e 397 
(29%), 395 (12%), and 383 (29%) correspond 
to the loss of  a TMS moiety from/3-sitosterol, 
stigmasterol, and campesterol,  respectively. 

The structural feature which distinguishes 
each of these 3 plant sterols is the side chain. 
The  side chain of /~-sitosterol contains a 
C 1 0 H 2 0  c h a i n ,  while stigmasterol has a 
C10H18 chain, due to the presence of a double 
bond at carbon 22, and campesterol has a 
C9H19 chain. This difference is exhibited in the 
fragmentation pattern, and can be used to dis- 
tinguish these sterols from each other. The peak 
at m/e 143 (14.7%) was due to fragmentation 
of ~-sitosterol side chain with rearrangement 
and addit ion of  2 protons;  m/e 128 (100%) 
may be a t t r ibuted to fragmentation of campe- 
sterol side chain followed by rearrangement 
with addit ion of 1 proton.  The ion at m/e 139 
(17.5%) was at t r ibuted to a similar fragmenta- 
t ion of  stigmasterol, with no corresponding 
rearrangement. Similarly, peaks at m/e 275, 

255, and 255 were due to the loss of TMS and 
the side chain moiety from parent compounds 
of sitosterol, stigmasterol, and campesterol,  
respectively, all with a loss of 1 proton.  The 
base peak at m/e 83 for stigmasterol is charac- 
teristic of A22 and C29 sterol as reported by 
Eneroth, et al., (4). These patterns superimpose 
exactly on authentic spectra of 3 sterols men- 
t ioned above. Therefore, the presence of/3-sito- 
sterol, stigmasterol, and campesterol are con- 
firmed in human plasma obtained from these 2 
patients with this newly described lipid storage 
disease ( 1 ). 
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Aerobic Pentane Production by Soybean Lipoxygenase Isozymes I 
ABSTRACT 

The effects of oxygen on product ion 
of pentane and compounds absorbing at 
234 nm and 285 nm by soybean l ipoxy- 

/Paper  No. 4551,  Journal  Series o f  the North 
Carolina State University Agricultural Exper iment  Sta- 
tion, Raleigh North Carolina. 

genase isozymes I and II were examined 
in a model system. Aerobic condit ions 
increased  pentane production.  Differ- 
ences in dienone formation (A285) and 
diene conjugation (A234) indicate the 
reaction sequences of the 2 isozymes are 
not the same. 
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agreement with the finding of Brooks, et al., 
(3). The peak at m/e 129 has been identif ied as 
the fragment originating from the breakdown 
of ring A along with the TMS moiety.  
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each of these 3 plant sterols is the side chain. 
The  side chain of /~-sitosterol contains a 
C 1 0 H 2 0  c h a i n ,  while stigmasterol has a 
C10H18 chain, due to the presence of a double 
bond at carbon 22, and campesterol has a 
C9H19 chain. This difference is exhibited in the 
fragmentation pattern, and can be used to dis- 
tinguish these sterols from each other. The peak 
at m/e 143 (14.7%) was due to fragmentation 
of ~-sitosterol side chain with rearrangement 
and addit ion of  2 protons;  m/e 128 (100%) 
may be a t t r ibuted to fragmentation of campe- 
sterol side chain followed by rearrangement 
with addit ion of 1 proton.  The ion at m/e 139 
(17.5%) was at t r ibuted to a similar fragmenta- 
t ion of  stigmasterol, with no corresponding 
rearrangement. Similarly, peaks at m/e 275, 

255, and 255 were due to the loss of TMS and 
the side chain moiety from parent compounds 
of sitosterol, stigmasterol, and campesterol,  
respectively, all with a loss of 1 proton.  The 
base peak at m/e 83 for stigmasterol is charac- 
teristic of A22 and C29 sterol as reported by 
Eneroth, et al., (4). These patterns superimpose 
exactly on authentic spectra of 3 sterols men- 
t ioned above. Therefore, the presence of/3-sito- 
sterol, stigmasterol, and campesterol are con- 
firmed in human plasma obtained from these 2 
patients with this newly described lipid storage 
disease ( 1 ). 
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Aerobic Pentane Production by Soybean Lipoxygenase Isozymes I 
ABSTRACT 

The effects of oxygen on product ion 
of pentane and compounds absorbing at 
234 nm and 285 nm by soybean l ipoxy- 

/Paper  No. 4551,  Journal  Series o f  the North 
Carolina State University Agricultural Exper iment  Sta- 
tion, Raleigh North Carolina. 

genase isozymes I and II were examined 
in a model system. Aerobic condit ions 
increased  pentane production.  Differ- 
ences in dienone formation (A285) and 
diene conjugation (A234) indicate the 
reaction sequences of the 2 isozymes are 
not the same. 
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I N T R O D U C T I O N  

The role of oxygen in lipoxygenase reaction 
has received recent attention (1,2). Garssen, et  
al., (2) reported that pentane and 13-oxotri- 
decadienoic acid were formed under anaerobic 
conditions in a model system containing soy- 
bean lipoxygenase, linoleic acid, and 13-hydro- 
peroxy linoleic acid. Absorption at 285 nm, 
indicative of a conjugated dienone chromo- 
phore, increased about the time the system 
became anaerobic. 

Pentane and hexanal are major volatile re- 
action products of the peanut lipoxygenase- 
linoleic acid system (3,4). Pattee, et  al., (4) 
found that oxygenation of linoleic acid sub- 
strate before enzyme addition and during the 
reaction period increased levels of both pentane 
and hexanal. Singleton, et  al., (5) confirmed 
these results using raw peanut homogenates. 
The present investigation was undertaken to 
determine if soybean lipoxygenase isozymes 
produced pentane in an aerobic model system, 
and to determine the relationship between 
production of pentane and conjugated dienone 
chromophore compounds absorbing at 285 nm 
as reported by Garssen, et  al., (2). 

M A T E R I A L S  A N D  METHODS 

Materials and purification as described by 
Johns, et al., (6) were used, except that the 
NaC1 g r a d i e n t  on  DEAE-Sephadex  was 
0.02-0.3 M. Assays were conducted in either a 
cuvette or an apparatus fitted with a Clark 
oxygen electrode and a serum stopper as de- 
scribed by Johns, et  al., (7). The reaction vessel 
contained 6.6 ~moles of linoleic acid and 0.08% 
Tween 20 in 0.1 M borate buffer, pH 7 or pH 9, 
and enzyme (0.003-0.1 ml in 0.1 M phosphate 
buffer, pH 8.5) in a total volume of 3 ml. Pen- 
tane was measured after 15 rain by the method 
of St. Angelo, et al., (3) with a Varian Aero- 
graph model 1840 gas chromatograph equipped 
with a Porapak Q stainless steel column 
(1/4 in. x 1 ft) programmed from 60-200 C at 
5 C/min. Peak areas were integrated with an 
Infotronics CRS-100 digital readout system, 
and pentane data are presented as integrator 
area units. Spectrophotometric measurements 
were made with a Coleman model 124 double 
beam spectrophotometer by using appropriate 
blanks. Measurements were made alternately at 
234 nm and 285 nm throughout the course of 
the 15 min reaction period. Oxygen was intro- 
duced into some samples by vigorously bub- 
bling oxygen into vessels for the times indi- 
cated. Both oxygenated and nonoxygenated 
assays were conducted in reaction vessels open 
to the atmosphere. 
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FIG. 1. Absorbance at 234 nm (e--e) and 285 nm 
(e---e) in (A) oxygenated, (B) nonoxygenated, and (C) 
delayed oxygenated (oxygen added after 6 min) 
linoleic acid-soybean lipoxygenase isozyme I model 
systems. The reaction vessel contained 6.6 umoles 
linoleic acid and 0.8% Tween 20 in 0.01 M borate 
buffer, pH 9, and 2.4/~g protein in a total volume of 
3ml. 
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FIG. 2. Absorbance at 234 nm (e--Q) and 285 nm 
(~-.e) in (A) oxygenated and (B) nonoxygenated 
linoleic acid-soybean lipoxygenase isozyme II model 
systems. The reaction vessel contained 6.6 umoles 
linoleic acid and 0.08% Tween 20 in 0.0l M borate 
buffer, pH 7, and 37 /ag protein in a total volume of 
3 ml. 

RESULTS A N D  DISCUSSION 

Pattee, et  al., (4) demonstrated that peanut 
lipoxygenase produces more pentane from 
linoleic acid under oxygenated than nonoxy- 
genated conditions. In our study, soybean 
lipoxygenase I (.004 mg per assay, pH 9) pro- 
duced 92 x 103 and 288 x 103 pentane area 
units, and isozyme II (.053 mg per assay, pH 7) 
produced 31 x 103 and 74 x 103 pentane area 
units under nonoxygenated and oxygenated 
conditions, respectively. These results extend 
the results of Garssen, et  al., (2), and indicate 
that soybean lipoxygenase can produce pentane 
under aerobic conditions. Garssen, et  al., (2) 
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indicated that under anaerobic conditions, for- 
mation of carbonyl compounds and pentane 
from linoleic acid hydroperoxides is dependent 
on the presence of both native lipoxygenase 
and fatty acids that are normal substrates of the 
enzyme. They assumed that init iation of the 
reaction was due to formation of radicals from 
the fatty acids, which also occur as interme- 
diates in the aerobic reaction. They further 
indicated that in the absence of oxygen, fatty 
acid radicals abstract a hydrogen radical from 
the hydroperoxide, yielding a peroxy radical, 
which is then subject to rearrangements. This 
abstraction may also occur in the presence of 
oxygen. However, Huyser (8) indicated that 
oxygen can react with fatty acid radicals to 
yield a peroxy radical which is subject to rear- 
rangements. This, of course, is one step in 
autoxidation, but, in the presence of lipoxy- 
genase, it should proceed rapidly because fatty 
acid radical concentration should not  be limit- 
ing. Pentane production may increase in the 
aerobic system as a result of increased peroxy 
radical concentration. Oxygen does, in fact, 
shift the reaction mechanism toward increased 
pentane production, and causes a change in 
formation, structure, or reaction of carbonyl 
compounds in the reaction. 

Added oxygen affected dienone formation 
(A28 s) and not diene conjugation ( A 2 3 4 ) i n  
the linoleic acid-soybean lipoxygenase isozyme 
I system (Fig. 1). Diene conjugation was rapid 
in both oxygenated and nonoxygenated sys- 
tems, whereas, dienone formation was less in 
the oxygenated system than the nonoxygen- 
ated. Continuous oxygen addition 6 min after 
initiation of the reaction stopped the rapid in- 
crease in A285 (Fig. 1). Addition of oxygen not 
only decreased carbonyl production, but also 
increased pentane production. This situation 
poses a paradox because the 5-carbon pentane 
leaves a 13-C carbonyl molecule which should 
absorb at 285 nm. The 13-C molecule may be 
removed by a secondary reaction, thus, the end 
of the rapid increase in A 285. 

In contrast to the isozyme I system, oxygen 

addition did not inhibit A285 in the isozyme II 
system (Fig. 2). The fact that oxygen did not 
affect A285 may be related to the lag period 
described by several workers (2,9,10). For 
equal activity, i.e., the amount  of isozyme I and 
isozyme II giving equal oxygen uptake, isozyme 
I had a longer lag period than II. Isozymes I and 
II appeared to have different reaction mecha- 
nisms, or at least to produce slightly different 
compounds in the presence of oxygen. This is 
shown in the initial 3-4 rnin of the reaction by 
comparing A~85 of nonoxygenated isozyme I 
and II systems. With isozyme I, A28 s decreased 
below the null point for 3-4 rain, while with 
isozyme II, it did not. This indicates that inter- 
mediates between linoleic acid and linoleic acid 
hydroperoxide are different, and may imply 
that compounds absorbing at 285 nm react dif- 
ferently with the isozymes. 
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Bile Acid Metabolism in Mammals: IX. Conversion of 
Chenodeoxycholic Acid to Cholic Acid by Isolated 
Perfused Rat Liver 

571 

ABSTRACT 

Current dogma of bile acid synthesis in 
mammals insists that hydroxylat ion of 
the ring structure at C-12 precedes side 
chain oxidation, and that chenodeoxy- 
cholic acid is not converted to chotic acid 
under normal conditions. This report 
concerns the conversion of chenodeoxy- 
cholic acid to cholic acid by isolated, 
perfused rat liver. Results indicate that 
isolated perfused rat liver has a definite, 
but limited, capacity for synthesis of 
cholic acid from chenodeoxycholic acid. 

I N T R O D U C T I O N  

Current concepts of bile acid formation in 
mammals suggest that hydroxylation at C-12 
precedes side-chain oxidation (1) and that 
chenodeoxycholic acid (CDCA) is not  hydrox- 
ylated to cholic acid (CA) in viva (2). However, 
this is not the case in nonmammalian species, 
and the python (3), eel (4), chicken (5) and 
trout (6) have been found to form CA from 
CDCA. Recently, Samuels and Palmer reported 
the conversion of  CDCA to CA in humans with 
o b s t r u c t i v e  jaundice; they suggested that 
12a-hydroxylation of CDCA can be induced in 
man during biliary stasis (7). In studies on the 
metabolism of CDCA by the isolated perfused 
rat liver, we detected appreciable amounts of 
/~-murichohc acid in the bile produced after the 
addition of CDCA to the perfusion medium (8). 
Although we did not detect a-muricholic acid 
in this bile, we did detect a small amount of 
another t r ihydroxy bile acid which had the 
same specific activity as added CDCA, and 
which appeared to be CA on the basis of thin 
layer chromatography (TLC) and gas liquid 
chromatography (GLC). We have now con- 
firmed by mass spectroscopy (MS) and radio 
gas chromatography that this latter t r ihydroxy 
bile acid synthesized from CDCA by the iso- 
lated perfused rat liver is CA. 

M A T E R I A L S  A N D  METHODS 

Eighteen experiments involving perfusion of 
isolated rat liver were performed by methods 
reported previously (9-11). Wistar strain rats of 
both sexes, weighing 250-300 g, were main- 
tained on Purina Rat Chow diet. After 2 hr of 
base line perfusion during which the bile acid 

pool of the system apparently was depleted (8), 
e x o g e n o u s  CDCA (Ikapharm, Ramat-Gan, 
Israel) was added to 100 ml perfusion medium. 
No contaminants were seen by GLC when large 
amounts of CDCA were analyzed. CDCA la- 
beled with C la  in the C-24 position (Tracer 
Labs, Waltham, Massachusetts; specific activity, 
35.8 mCi/mmole) contained a maximum im- 
purity of 3%, which was a monohydroxy bile 
acid. In 12 experiments on 6 animals of each 
sex, a mixture of 1 /~mole CDCA and 5/aCi 
radiolabeled CDCA was purified by TLC before 
addition to the perfusion medium. The other 6 
experiments involved male rats and the addition 
of 10, 20, or 30/2moles of CDCA to the per- 
fusion medium. Each perfusion was continued 
for 3 hr following the addition of CDCA to the 
perfusion medium. Bile was collected in hourly 
aliquots and its bile acid composition analyzed 

FIG. 1. Radio gas chromatography of bile acids 
secreted in 1 ~tmole chenodeoxycholic acid -C-24-14C 
perfusion. Upper tracing, radioactivity; lower tracing, 
mass. Peaks 1, 2, and 3 represent 13-muricholic, cholic, 
and chenodeoxycholic acids, respectively. IS =internal 
standard, 5-~-cholanic acid: Instrument: Packard 
Model 1894 proportional radioactivity monitor and a 
copper oxide furnace. Column 120 cm x 2 mm inside 
diameter glass tube packed with 19:1 (w/w) mixture 
of 3% HI-EFF-8BP and 3% OV 210 on 100-120 mesh 
Gas Chrom Q, respectively. Carrier gas, helium 
55 ml/min. Temperatures: Column, 225 C; injector, 
255 C; detector, 240 C. Proportional Counter Condi- 
tions: Range, 3000 CPM; time constant, 10see; high 
voltage, 1650 v; quench gas, propane 5 ml/min. Com- 
bustion furnace, 750 C. Flame, ionization mass de- 
lector with 10:1 stream splitter. Sample 2 M of 1% 
solution of bile acid methyl ester trimethylsilylether in 
silylation mixture. Total radioactivity: 12,000 dpm. 
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TABLE I 

Biliary Bile Acid Secretion After Addition of 
Chenodeoxycholic Acid to Perfusion Medium 

Rat liver : Female a Male a 

Chenodeoxycholic acid 
added (/~mole) 1 1 10 

Male b 

20 30 

Liver wt (g) 7.5 -+ 0.9 8.3 + 1,3 

Added bile acid secreted into 
bile (%) 89 + 1.1 91 + 2.3 

9.9 
8.4 

90 
91 

10.2 
10.8 

89 
91 

90 
89 

9.8 
9,2 

Bile acid secretion 
(nmole/g liver) 
Total 119 _+ 17 109 -+ 8 960 1769 2750 

1080 1679 2880 
Chenodeoxycholic acid 71 -+ 12 c 34 _+ 6 c 700 1222 2090 

750 1152 2202 
~3-Muricholic acid 12 -+ 5 d 41 -+ 7 d 220 480 605 

284 469 619 
Cholic acid 35 + 9 34 _+ 4 40 47 55 

46 58 59 

aAverage of 6 perfusions (mean +_ standard error). 
bTwo perfusions. 
CSignificantly (P < 0.05) different. 
dSignificantly (P < 0.001) different. 

as descr ibed  previous ly  (12) .  A p p r o p r i a t e  ali- 
quo t s  of  the  bile acid m e t h y l  esters of  t he  var- 
ious  per fus ions  were pooled ,  c o n v e r t e d  to tri- 
me thy l s i ly l  e thers  (13)  and  ana lyzed  by  a 
c o m b i n e d  GLC-MS sys t em and  b y  radiogas  
c h r o m a t o g r a p h y  (6). 

RESULTS AND DISCUSSION 

In  con t ro l  expe r imen t s  in  which  no  exoge- 
nous  bi le  acid was added  to  the  pe r fus ion  
m e d i u m ,  bi l iary  sec re t ion  of  bi le  acids in  3 hr.  
was negligible (8).  In  t hose  e x p e r i m e n t s  in  
wh ich  1 p m o l e  CDCA was added  to  the  per- 
fus ion  m e d i u m ,  91% of  the  bi le  acid was 
secre ted  in the  bi le  p r o d u c e d  b y  t he  livers of  
male  ra ts  and  89% in those  of  female  rats. /3- 
Muf ichol ic  acid a c c o u n t e d  for  10% of  t he  
bi l iary  bile acids in  females,  38% in males  (P 
0 .001)  (Tab le  I). CDCA a c c o u n t e d  for  60% of  
bi l iary bile acids in  females,  and  31% in males  
(P ~ 0 .001)  (Tab le  I). In  b o t h  male  and  female  
rats, t r i h y d r o x y  bi le  acid previous ly  iden t i f i ed  
as CA oil t he  basis of  TLC and  GLC a c c o u n t e d  
for  ca. 30% of  t he  bi l iary bi le  acids secreted.  
There  was no  s igni f icant  d i f fe rence  in specif ic  
ac t iv i ty  of  these  3 bile acids as measu red  b y  
direct  coun t ,  GLC q u a n t i t a t i o n  of  var ious TLC 
bands  of  m e t h y l  esters o b t a i n e d  by  the  sys t em 
of  Subb iah ,  et  al., (14) ,  or by  radio  gas ch roma-  
t o g r a p h y  (6) (Fig. 1). 

When  stanclards of  a - m u f i c h o l i c  acid,  
mur i cho l i c  acid, and  CA were sub j ec t ed  to 

GLC-MS as t he  t r imethy l s i ly l  e the r  of  t he i r  
m e t h y l  ester,  a -mur i cho l i c  acid gave a base peak  
at m /e  458 ,  /3-muricholic acid at  m /e  285 ,  and 

CA at m /e  253.  T r i h y d r o x y  bile acid in  t he  
above  expe r imen t s ,  i den t i f i ed  t en t a t i ve ly  as CA, 

gave a base peak  at m /e  253,  and  its mass spec- 
t r u m  was iden t ica l  to  t h a t  of  s t a n d a r d  CA ob-  
t a i n e d  in our  l a b o r a t o r y  and  b y  o t h e r  investi-  
ga tors  (15) .  

CDCA in grea ter  c o n c e n t r a t i o n s  is tox ic  to  
i so la ted  female  ra t  liver, bu t  n o t  to  i so la ted  
male  rat  liver (8).  In  s tudies  us ing the  livers of  
male  ra ts  and  1 0 - 3 0 p m o l e s  CDCA, it was 

f o u n d  t ha t  the  a m o u n t  of  f l -muricholic  acid 
secre ted  in the  bi le  increased  progressively as 
the  a m o u n t  of  CDCA added  to  the  pe r fns ion  
m e d i u m  was inc reased  (Table  I). This  was no t  
t he  case for  CA; b i l ia ry  sec re t ion  of  CA in- 
creased very l i t t le  wi th  t he  add i t i on  of  larger  

a m o u n t s  of  CDCA to  the  pe r fu s ion  m e d i u m  
(Table  I). 

These  e x p e r i m e n t s  have d e m o n s t r a t e d  t h a t  
m a m m a l i a n  liver can  1 2 a - h y d r o x y l a t e  the  r ing 

s t r u c t u r e  of  bile acids a f te r  o x i d a t i o n  of  the i r  
side chain.  These  e x p e r i m e n t s  also have d e m o n -  

s t r a t ed  tha t ,  at  low pe r fus ion  m e d i u m  concen-  
t r a t i ons  (0.01 m m o l a r )  CDCA,  ca. 30% CDCA 

can  be c o n v e r t e d  to  CA. It appears  t h a t  the  
capac i ty  of  i so la ted  pe r fu sed  l iver of  the  male  
ra t  to  conver t  CDCA to  CA is l imi ted .  
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Specificity of Digestive Lipases in Hydrolysis of Wax 
Triglycerides Studied in Anchovy and Other Selected 
J.S, PATTON, J.C. NEVENZEL1, and A.A. BENSON, Scripps Institution 
of Oceanography, University of California, San Diego, La Jolla, California 92037 

Esters and 
Fish 

ABSTRACT 

The physiological specificity of fat di- 
gestion in several species of marine fish was 
studied by incubating a variety of synthet- 
ic and natural lipid substrates in fish intes- 
tinal fluid. Wax ester and triglyceride 
hydrolyses were studied in vivo and in 
vitro. In vivo feeding studies showed tri- 
glyceride hydrolysis and reesterification in 
the gut occurred 4 times faster than wax 
ester metabolism. In vitro comparisons of 
w a x  and triglyceride lipolysis always 
showed triglycerides to be hydrolyzed fast- 
er than wax esters; however, wide variation 
in the ratio occurred among different 
batches of intestinal juice. Ca. 50% of the 
2-monoglycerides formed in the l ipolytic 
sequence were hydrolyzed.  Esters of lipase 
resistant fa t ty  acids (20:4 and 20:5) were 
cleaved faster than normal fat ty acid esters 
(18:2 and 18:3). Two of the species stud- 
ied, the northern anchovy, Engraulis mor- 
dax and the jack mackerel, Trachurus 
sy,'nmetricus, empty  lipase(s) into their 
gall bladders and produce phospholipid- 
free bile. 

INTRODUCTION 

Energy metabolism in marine organisms gen- 
erally is focused on production and utilization of 
lipids. Work in the past decade has shown that 
wax esters are quantitatively one of the most 
abundant  lipid classes in the marine environment 
(1-3). Many of the oceans most successful life 
forms, e.g. reef corals, copepods, and midwater 
fishes, have wax esters as their major reserve fuel. 
However, our knowledge of the biochemical 
machinery involved in wax metabolism in the 
food chain is scant. Among fishes, hydrolysis of 
wax occurs in the intestinal tract, and the re- 
leased alcohol is oxidized to fat ty acid (4,5). The 
enzyme responsible for the hydrolysis has not 
been characterized, and it is to this end that the 
present work was instigated. 

The northern anchovy, Engraulis mordax, was 
chosen because 30-50% of its diet is calanoid 
copepods, which can be 70% wax ester on a dry 

1present address: Laboratory of Nuclear Medicine 
and Radiation Biology, University of California, Los 
Angeles, California 90024. 

wt basis (6,1). Morphologically unique with its 
many pyloric caeca and diffuse pancreas, the 
teleost digestive system has not  lent itself easily 
to studies of fat digestion (7-9). Leger (10,11) 
partially purified a lipase from the trout,  Salmo 
gairdneri, and concluded that the enzyme was 
Specific for primary esters, but also appeared to 
show a preference for oleic acid esters regardless 
of position. Brockerhoff (7) analyzed the lipids 
of the intestinal contents of cod and concluded 
that lipolysis in fish corresponded in its action to 
the pancreatic llpase of mammals. Certain com- 
mon marine lipids, however, such as the wax 
esters and esters of  polyunsaturated fat ty acids 
were very poor substrates for pancreatic llpase 
(12,13). Thus the purpose of this study was to 
compare the specificity of mammalian pancreat- 
ic lipase with the physiological specificity of 
lipolysis in some species of marine fish. 

MATERIALS AND METHODS 

Source of Materials 

All chemicals used in this study were ACS 
Reagent Grade. The polyunsaturated methyl es- 
ters and oleyl alcohol (99% pure) were purchased 
from Nu Chek Prep (Elysian, MN). Crude hog 
pancreatic lipase was obtained from Pierce 
Chemical Company (Rockford,  IL). Triole- 
in(l-14C),  173 mc/mM, methyl(1-14C)oleate, 
59 me/raM, and (9,10-3H)oleic acid, 93 me/raM 
were obtained from Dhom Products, Ltd. (North 
Hollywood, CA). Olive oil (Pompeii) was pur- 
chased locally. Anchovy triglyceride and cope- 
pod wax ester were extracted from their natural 
sources and purified according to Nevenzel, et 
al., (14). Thin layer chromatography (TLC) of 
the above lipids showed them to be at least 99% 
pure in terms of lipid class composit ion and 
radiopuri ty,  and in the case of the labeled lipids, 
gas liquid chromatography (GLC) indicated > 
99% purity for fat ty  acid composition. 

Preparation of Substrates 

The synthetic triglycerides were prepared by 
the method of Quinn, et al., (15) and checked by 
TLC and GLC for purity and composition. 

Oleyl(9,10 -3 H)oleate was prepared according 
to the following scheme. In a 10-ml screw cap 
test tube with a teflon liner were placed 
0.18 mMoles oleic acid (purified from a commer- 
cial product  by fractional distillation of the 
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methyl esters; 95% pure by GLC) containing ca. 
50#Ci  (9,10-3H)oleic acid (Dhom Products, 
Ltd., North Hollywood, CA).; 93mc/mM),  
0.349 mMoles of oleyl oleate, 0.029 mMoles 
p-toluene sulfonic acid monohydrate,  and 1.0 ml 
benzene. The tube was flushed with nitrogen, 
sealed, and heated in an oil bath at 85 C for 2 hr. 
A f t e r  c o o l i n g ,  9.0 ml p e t r o l e u m  ether 
(bp 60-70 C, redistilled) was added, and the de- 
sired wax ester was isolated by chromatography 
on a 1.5 c m x  20.0 cm column of Florisil, eluting 
oleyl(9,10-3H)oleate with 2 column volumes 
(53 rrd) of 3% diethyl ether in petroleum ether 
(v/v). The chemical yield was 89%. 

Fish 

The following fish species were used: north- 
ern anchovy, Engraulis mordax Girard; pink 
salmon, Oncorhynchus gorbuscha Walbaum; 
striped bass, Morone saxatilis Walbaum; jack 
mackerel, Trachurus symmetricus Ayres; and 
pacific mackerel, Scomber japonicus Houttuyn. 
The anchovies, bass, and mackerel were main- 
tained in filtered seawater (14-15 C) in 20 ft 
circular tanks at the NMFS Southwest Fisheries 
Center in La loUa, CA. Pink salmon were ob- 
tained live from commercial fisherman and main- 
tained aboard ship in 8 ft circular tanks of fresh 
circulating seawater (Alert Bay, British Colum- 
bia, Canada, Alpha Helix British Columbia Ex- 
pedition, 1974). Anchovies, the primary species 
studied, were obtained from the Mission Bay Bait 
Barge (San Diego, CA) in 500-t000 fish lots and 
trucked to the Southwest Fisheries Center. These 
fish were 1-2 days removed from the wild state. 
In captivity they were fed a commercially pre- 
pared fish chow (Oregon moist-formula 2, Bio- 
products, Inc., Warrenton, OR) which contained 
14% lipid on a wet wt basis and no wax ester. 

Collection of Intestinal Fluid 

The intestinal contents, including the con- 
tents of the pyloric caeca, were extruded with 
forceps into a beaker over ice. Recently fed fish 
were avoided because of their high concentration 
of intestinal solids and lipids. After a fish's stom- 
ach had emptied, the intestine and pyloric caeca 
became swollen with a clear green fluid posses- 
sing strong lipolytic activity. A post absorptive 
a n c h o v y ,  wt ,  15 gms, p r o v i d e d  f r o m  
0.25-0.50 ml of this fluid. For a typical experi- 
ment, the intestinal juice from 20-30 individual 
fish was collected and pooled. The pooled con- 
tents were centrifuged at 4 C for 20 rain at 
27,000 X g. The supernatant solution was with- 
drawn with care to avoid the surface lipid and 
used unaltered as the digestion medium. Among 
the fish used, the pH of the intestinal juice ranged 
from 7.6-9.2, with a mean pH value of ca. 7.8. 

The bile salt concentration was not determined. 

In Vivo Feeding Experiments 

Only anchovies were used for in vivo studies. 
Two feeding experiments were conducted a week 
apart on randomly selected animals from the 
same batch of tank held fish. The fish were 
starved for 48 hr prior to each feeding study. In 
pre l iminary experiments, halves of gelatin cap- 
sules were used to administer the tracer, but 
regurgitation often occurred. For the work de- 
scribed here, the lipid was injected directly into 
the stomach using a 25 pl Hamilton syringe fitted 
with a 5.25 cm piece of tygon tubing. Fish fed 
tracer were removed from the main holding tank 
to a smaller 10 ft fiberglass tank, where they 
were scooped out at the appropriate time inter- 
vals. 

The wax ester feeding experiment consisted 
fo feeding 14 anchovies of ca. the same size, 15 
each of polyunsaturated Calanus plumchrus wax 
ester containing ca. 300,000c.p.m. of ole- 
yl(9,10-3H)oleate. The fish were sacrificed in 
pairs at 0.5, 2.4, 8.5, 15.5, 25, and 32.5 hr. The 
entire alimentary tract from the esophagus to 
anus, including the contents was removed and 
extracted by the method of Folch, et al., (16). 
The remainder of the fish was extracted accord- 
ing to the method of Bligh and Dyer (17). Both 
lipid extracts were taken to dryness under vac- 
uum and redissolved in chloroform. Duplicate 
aliquots of the chloroform phases were assayed 
for total activity. Solvent was removed by evacu- 
ation over a heated water bath, and the resulting 
lipid was dissolved in 10 ml scintillation fluid and 
counted. To determine distribution of label 
among specific lipid classes, a single TLC system 
was employed (petroleum ether: ethyl ether:ace- 
tic acid, 70: 30:1). This system resolved wax es- 
ters with methyl esters, triglycerides, free fatty 
acids, and phospholipids. Spots were visualized 
by brief exposure to iodine vapor and, following 
sublimation of the iodine, were scraped directly 
into scintillation vials and counted. 

The triglycefide feeding experiment was con- 
ducted as above with force feeding of 15 #1 of 
p u r i f i e d  anchovy triglyceride labled with 
240,000 cpm methyl(I-14C)oleate ' 59 me/raM. 
Eighteen fish were fed and sacrificed in pairs 
at 0.5, 1, 2, 4, 6, 8, 14.5, 25, and 31 hr. 

In Vitro Assays 

Small aliquots (2-3 ml) of olive oil or oleyl 
oleate stock solutions were labeled with either 
t r i o l e i n ( 1 - 1 4 C )  or  o l e y l ( 9 , 1 0  -3H)oleate 
(40,000 cpm/0.1 ml stock solution) prior to use. 
Stock solutions of substrate were made to a 
concentration of 12.5 mg/ml in acetone. Sub- 
strate (0.1 ml) was added to 2.5 ml vials, and the 

LIPIDS, VOL. 10, NO. 10 



FAT DIGESTION IN FISH 577 

I 0 0  ~ Anchovy \ Salmon 

\ 
\ *-DG 

o-TG J 

I- \ / : IX  

O 115 $O 75 

Portent Hydrolysis 

Hog 

o o/~ 

O 2~ lIO 75 

FIG. 1. Three successive steps of triglyceride lipolysis in vitro by anchovy and pink almona intestinal fluid 
and hog pancreatic lipase. MG = monoglyceride; DG = diglycerides; TG = triglycerides. The ordinates indicate the 
number of moles of each compound for 100 moles of incubated triglycerides. 

solvent was removed by a stream of nitrogen. 
Unless indicated, all assays were conducted at 
room temperature on 1.25 mg substrate. Follow- 
ing addition of substrate and removal of solvent, 
0.5 ml of intestinal juice was added, and the vial 
was capped with a foil lined cap. Agitation was 
provided by a Rockwell Orbital sander model 
505, 30 cycles/sec. The reaction was stopped by 
adding 3 drops of 3N HCL to pH 2 or less, fol- 
lowed by vigorous shaking. In the nonradioactive 
assays, an internal standard fatty acid, hepta- 
decanoic acid (17.0), was added in 0.2 ml meth- 
anol, and the vials were shaken again. Extraction 
was accomplished by adding ca. 1.0 ml ethyl 
ether, shaking on the sander, and then removing 
the solvent with nitrogen. This left the lipid on 
top of the aqueous phase. Addition of several 
drops of ethyl ether redissolved the lipid, which 
then was spotted directly on precoated silica gel 
plates (EM Laboratories, Inc., Elmsford, NY) 
with a Pasteur pipette. 

The solvent system most often used to sepa- 
rate the products of lipolysis was ethyl ether: am- 
monium hydroxide (100: 1). This system sepa- 
rated triglycerides, diglycerides, monoglyceddes, 
and fatty acids, in order of decreasing Rf. To 
monitor any possible acyl migration, 2 other 
solvent systems were used. Ethyl ether:petro- 
leum ether (40: 60) was used to separate triglyc- 
eride, fatty acid, aa-diglyceride, and a/~-diglycer- 
ide, in order of decreasing Rf values (7). The 
mixture acetone:chloroform (15:85)separated 
trglyceride, fatty acid plus diglyceride, fl-mono- 
glyceride, and a-monoglyceride in this order 
(18). Bands corresponding to the desired classes 
of lipids were visualized by iodine w~pors and, 
following sublimation of the iodine, were 
scraped into either a 10 ml counting vial or a 
2.0 nfl glass via!, fitted with a foil lined cap. 

Radioactive samples were counted on a Beck- 

man Model LS-100C Liquid Scintillation Sys- 
tem. The cocktail used was diphenyloxazole 
( P P O ) : T r i t o n  X - 1 0 0 : t o l u e n e  
(16.6 gin: 1000 mh2000 ml). The counting effi- 
ciencies for carbon-14 and tritium were 94% and 
38%, respectively, and did not vary signflcantly 
as long as traces of iodine and chloroform were 
removed. 

The comparisons of wax and triglyceride 
hydrolysis were carried out with labeled sub- 
strate as were the sequence studies. The percent- 
age of each reaction product formed was calcu- 
lated from the sum of the radioactivities of the 4 
possible products. 

For determinations of fatty acid and posi- 
tional specificity, the fatty acids isolated on TLC 
were scraped into a vial, esterifled, and analyzed 
directly by gas liquid chromatography (GLC). 
The fatty acids were esterified in 1.0 ml of 5% 
H2SO 4 (conc.), 5% benzene in absolute metha- 
nol. The vials were flushed with nitrogen, sealed, 
and heated in a boiling water bath for 5 rain. The 
methyl esters were isolated by adding 1.5 ml 
water and extracting with petroleum ether. 

GLC analyses were performed on a Varian 
Aerograph, Series 1800 Gas Liquid Chromato- 
graph equipped with a flame ionization detector. 
Fatty acid methyl esters were analyzed on a 
2.1 m 10% SP-222-PS on Supelcoport 100/200 
mesh column and a 0.8 m 3% JXR on Gas Chrom 
Q-100/120 mesh column. Both columns were 
3.2 mm outside diameter and 2.2 mm inside 
diameter stainless steel and operated with nitro- 
gen carrier gas at 40 psi and a flow rate of 
40 rrd/min. The SP-222 column was temperature 
programmed between 180-200 C and the JXR 
column was used isothermally at 175 C. Quanti- 
fication was done with an internal standard fatty 
acid according to Patton and Quinn (19). 

The commercial pancreatic lipase was dis- 
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TABLE I 

Hydrolysis of Synthetic Triglycerides by Fish Intestinal Fluid and Pancreatic Lipase a 

Fatty acids released 
(% by w~ • S.D. 

Substrate b Lipase(s) source 16:0 18 : 1 18:0 

Intact rac-POS 
Intact rac-PSO 
Intact sn-OOP 

rac-POS 

rac-PSO 

sn-OOP 

33.7 30.8 35.5 
32.7 36.2 30.6 
33.8 66.2 

Anchovy (wild) c 40.0 + 1.7 29.1 + 0.8 30.9 + 0.9 
Anchovy (aquarium) 42.3 _+ 2.7 29.6 + 4.2 28.0 _+ 1.7 
Striped bass 41.1 -+ 0.2 28.9 + 0.8 30.0 + 1.0 
Pink salmon 52.1 +- 0.8 15.2 + 1.7 32.8 • 2.5 
Hog pancreas 48.0 _+ 0.8 trace 52.0 _+ 0.8 

Anchovy (wild) 37.0 + 0.4 52.4 + 4.2 10.6 • 4.6 
Pink salmon 41.7 • 7.8 51.2 • 6.7 7.1 • 1.2 
Hog pancreas 44.9 • 1.2 55.6 • 1.2 trace 

Anchovy (wild) 41.6 :t 1.5 58.4 + 1.5 
Hog pancreas 52.6 + 0.9 47.4 + 0.9 

aDigests at room temperature on 1.25 mg substrate for 1S minutes. 
brac-POS = racemic-glycerol-l-palmitate-2-oleate-3-stearate; rac.PSO = racemic-glycerol-  

1-palmitate-2.stearate-3-oleate ; sn-OOP = (sn-glycerol-1,2-dioleate-3-palmitate. 
cWild fish were 1-2 days from open ocean capture, aquarium fish were fed commercial 

fish chow for at least 4 weeks. 

solved in buffer  (ca. 1 ml/assay) 0.05M Tris, 
0.1N NaC1, 0.02M CaC12 made to pH 8. A vol- 
ume  of 0.5 ml was used per  assay. 

RESULTS 
Olive Oil Lipolysls 

Figure 1 presents the  in vi tro sequence of 
lipolysis of  tr iolein in olive oil by anchovy  and 
salmon intestinal  fluid and hog pancreat ic  lipase. 
TLC analyses of  the diglycerides and monoglyc-  
erides fo rmed  in reactions with hog pancreat ic  
lipase revealed only traces of 1,3-diglyceride and 
1 and 3-monoglycerides even after 90 rain. Re- 
gardless of  the t ime course, the pancreat ic  lipase 
sequence essentially s topped at ca. 66% hydroly-  
sis with over  75% of  the monoglycer ide  still 
in tact .Hydrolysis  of  total  ester bonds of  olive oil 
by fish intest inal  juice cont inued  beyond  66%, 
but  also s topped at ca. 80%. Longer incubat ions  
failed to release addit ional  fa t ty  acid. The most  

d i s t inc t ive  difference be tween  salmon and pan- 
creatic lipase is the hydrolysis  of  monoglycer ide  
by the salmon. The anchovy also exhibi ted  
monoglycer ide  hydrolysis  as well as a reduced 
accumula t ion  of  diglyceride. At  50% hydrolysis,  
bo th  the  sa lmon and pancreat ic  lipase assays 
conta ined ca. 40% diglyceride while the anchovy 
digest showed only 25%. The hydrolysis  of  
monog lycedde  by the fish intest inal  juice ap- 
peared to stop when tr ig/ycefide and ddglyceride 
were depleted. 

Synthetic Triglycerides 

The nomenc la tu re  used here for tr iglycerides 

is based on the r ecommenda t ions  of the IUPAC- 
IUB Commission on Biochemical  Nomencla ture  
(I 957). Three synthet ic  triglycerides were sub- 
jected to lipolysis by fish intest inal  juice and 
pancreat ic  lipase to fur ther  investigate the overall 
posi t ional  specifici ty of  fish fat digestion. Hy- 

drolysis in a11 cases was kept  be tween  10-30%. 
Results with rac-POS (racemic-glycerol- l -palmi-  
tate-2-oleate-3-stearate)  in Table I show a strik- 
ing difference be tween  the fa t ty  acid products  of 
pancreat ic  lipase and fish intest inal  juice. Release 
of  the 2 posi t ion oleic acid occurred in the fish 
assays, but  not  with pancreat ic  lipase. Addi t ion  
of  pancreat ic  lipase to boi led fish intestinal  fluid 
released only the l and 3 posi t ion acids. The bass 

and anchovy bo th  demons t ra ted  significant 
hydrolysis  of  the 2-posit ion acid with the sa lmon 

showing a lower  value. The specificity of  lipolysis 
by wild and captive anchovies was not  signifi- 
cantly different.  

Lipolysis of  rac-PSO ( racemic-glycerol- l -  
palmitate-2-stearate-3-oleate)  by fish showed a 
smaller amount  o f  2 posi t ion acid released than 
with rac-POS. With this substrate the 2-mono- 
glyceride was the saturated monostear in ,  where- 
as rac-POS yielded the unsatura ted  monoole in .  

The enant iomeric  substrate sn-OOP 
(sn-glycerol- l ,2-dioleate-3-palmitate)  was em- 
p loyed to determine  if  a fish lipase has a prefer- 
ence for one end or  the o ther  of  the glycerol  
por t ion  of  a t r iglyceride molecule .  The results at 
the b o t t o m  of  Table 1 show that  anchovy li- 
pase(s), l ike pancreat ic  lipase, is nonstereospecif-  
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TABLE II 

Hydrolysis of Mixture of Four Polyunsaturated Methyl Esters by 
Fish Intestinal Fluid and Pancreatic Lipase a 

579 

Fatty acids released (% by ~rt + S.D.) 
Enzyme source 18:2 18:3 20:4 20:5 

Intact mixture 42 .0  23 .7  20.51 13.8 
A n c h o v y  (wild) 29 .9  + 2.1 11 .7  + 2.7 28 .4  + 1.2 29 .9  + 3.1 
Striped bass 30.9  -+ 1.7 13.1 + 0.5 27.5  • 0.7 28 .5  +- 3.5 
Pink salmon 42 .3  + 4.2 22 .6  + 1.0 19.7 + 3.2 15.4  • 2.1 
Hog pancreatic lipase 55.6  -+ 1.4 34.7  • 1.1 5.3 -+ 0.1 4 .2  • 0.1 

aDigested at room temperature in 0.5 ml intestinal juice on 1.0 mg substrate for 15 rain. 

ic. Again the apparent release of 2 posit ion acid 
was not as dramatic as with rac-POS. 

Polyunsaturated Methyl Esters 

To determine if  fish demonstrated ineffi- 
ciency in hydrolyzing specific polyunsaturated 
fat ty acid esters, a liquid mixture of 4 methyl  
e s t e r s  was used as a substrate. This resistance 
phenomenon was characteristic of pancreatic 
lipase. The advantage of studying fatfy acid 
s p e c i f i c i t y  via analyses of methyl ester hydrolysis 
was that  it  eliminated the problem of the p o s i -  
t i o r t i n g  of the fat ty  acid on a triglyceride mole- 
cule and the problem of acyl migration. The 
e s t e r s  and their wt percentages in the intact mix- 
ture are presented at the top of Table II, along 
with the experimental results. In marked con- 
trast to the results with pancreatic lipase, fish 
intestinal juice hydrolyzed the resistant arachi- 
donic acid (20:4) and eicosapentaenoic acid 
(20: 5) more rapidly than linoleic acid (18: 2) and 
linolenic acid (18: 3). Hydrolysis by anchovy, 
bass, and pancreatic lipase was between 20-30%. 
The salmon lipase reaction went almost to com- 
pletion (90% hydrolysis). 

Wax vs Triglyeeride Hydrolysis, In Vitro 

Separate digestions of oleyl-oleate and olive 
oil by fish intestinal juice are shown in Table III. 
The ratio in the right hand column is based on the 
assumption that both fat ty  acids and monoglyc- 
erides represent end products of lipolysis. An- 
chovies, both wild and captive fish, were assayed 
at random times, and the differences in triglycer- 
ide hydrolysis from one test group to another 
reflect the variability in the specific activities of 
the particular batch of juice collected. The re- 
suits show that the ratio of triglyceride hydroly-  
sis to wax hydrolysis was variable, but always 
greater than 1 and in most cases greater than 4.0. 
The majority of f{sh lipases assayed also showed a 
greater abili ty than pancreatic lipase to hydro- 
lyze wax ester. While there was variability in the 
triglyceride (TG)-wax ester (WE) ratio, position- 
al specificity, and fatty acid specificity were 

always as described above. 

wax vs Triglyceride Hydrolysis, In Vivo 

Figure 2 shows the digestion of  triglyceride as 
seen by the disappearance of labeled methyl  ole- 
ate and the appearance of activity in intestinal 
tissue glycerides. Not shown is the recovery of 
label in phospholipids, which averaged 12.4% in 
the last 8 fish sacrificed. Complete hydrolysis of 
the initial methyl  oleate and reesterifieation to 
tissue triglycerides occurred in ca. 8 hr. There- 
after, activity began to appear slowly in the body 
of  the fish. In the 2 fish sacrificed at 30.5 hr, ca.  
60% of the total  label was recovered in the gut 
and the rest in the body.  

The results of the wax ester feeding experi- 
ment are shown in Figure 3. These fish were 
taken from the same group of fish used above, 
and also starved for 48 hr prior to admini- 
stration of tracer. In contrast to the results of the 
triglyceride feeding experiment,  hydrolysis and 
reesterification of  wax ester proceeded at a much 
slower rate and required over 32 hr for comple- 
tion. After  32 hr, the majori ty of the recovered 
dose (ca. 88%) was still in the gut tissue in both 
fish. Thus, in fish with identical histories, hy- 
drolysis and reesterification of triglyceride in the 
gut proceeded 4 times faster than with wax es- 
ters. 

DISCUSSION 

A recent s tudy of bacterial flora in the diges- 
tive tracts of marine fish suggests that  some spe- 
cific species of Vibrio are indigenous to the diges- 
tive tracts of marine fish which have a highly 
developed digestive system, but  fish which have 
an undeveloped stomach system have no indige- 
nous bacterial flora in their digestive tracts (20). 

Several nonempirical findings resulted from 
this study. Like Brockerhoff and coworkers (7), 
we were unsuccessful in our at tempts to find a 
digestive lipase in the pyloric caeca or diffuse 
pancreas of various fish. Employing our tech- 
niques, homogenates and acetone powders of 
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teleost pancreatic tissue, which can, with some 
difficulty, be isolated, did not possess detectable 
l ipolytic activity. Acetone powders of fish intes- 
t inal juice also were inactive. Only intact intes- 
tinal fluid, fresh or lyophillzed, possessed llpoly- 
tic activity, and this usually was very marked. 
The inactivation of intestinal juice lipase activity 
by acetone extraction suggests a possible role of 
phospholipid in enzyme activity. In certain 
species, l ipolytic activity also was found in the 
gall bladder bile. Chelsey (21) first noticed this in 
the jack mackerel, but suggested that  his values 
may have been in error. Analyses of anchovy bile 
lipase showed i t  to have the same specificity as 
the intestinal juice. In conjunction with the pres- 
ence of  digestive enzymes in fish bile is the ab- 
sence of biliary phospholipid.  Not all species 
examined possessed bile lipase. Bass, salmon, and 
pacific mackerel did not, and the anchovy and 
jack mackerel did. In the species without  biliary 
lipase, only traces of phospholipid were found in 
the bile. 

Pancreatic lipase has been shown to have a 
high specificity for the outer or primary ester 
bonds of the triglyceride substrate (22-24). As a 
consequence, 2-monoglyceride is hydrolyzed at 
a very low rate, if  at all. However, hydrolysis of 
the monoglyceride can take place easily after 
isomerization to the 1-monogiyceride. This re- 
action does not seem to have any biological 
significance (25) and could not  be detected in 
the in vitro assays reported here. The hydrolysis 
of the 2 position fat ty acid observed earlier 
(11) and in this report  is probably the result of 
the enzyme called carboxylic ester hydrolase by 
Borgstr~Sm and coworkers (25,26) and nonspe- 
c i f i c  l i p a s e  b y  Mattson and Volpenhein 
(22,27-29). The exact specificity and bile re- 
quirements of this enzyme are as yet  unclear, 
and it remains to be isolated in pure form. 
Hyun, et al., (30) in their purification of cho- 
lesterol ester hydrolase, reported the loss of 
nonspecific lipase activity in the final step. 
Because of  its quantitatively minor role in the 
physiological specificity of triglyceride lipolysis 
in mammals (22,27), nonspecific lipase has long 
lain in the shadow of lipase (glycerol ester 
hydrolase, EC 3.1.1.3), serving mainly to fuel 
the controversey over the absolute specificity 
of lipase (EC 3.1.1.3). The results of this study 
suggest that fish have a lipase that can attack all 
3 positions of a triglyceride molecule. 

A double bond near the carboxyl terminus 
on carbons 2 through 6 in a straight chain fat ty 
acid esterified to glycerol at a primary hydroxyl  
has been found to inhibit the activity of lipase 
(EC 3.1.1.3) (13,31-33). Certain of these resist- 
ant acids, e.g., docosahexaenoate (22:6) and 
eicosapentaenoic (20:5) acids, are ubiquitous 

0 f, bt~v~ |*1., (In l a l ~ t o r ~  

H o u r s  

FIG. 2. In vivo digestion of triglyceride in the gut 
of the anchovy. Eighteen fish were force fed 15 mg 
purified anchovy triglycerides (TG) (+ 240,000 cpm 
methyl 1-C14 oleate [59 mc/mM]) and sacrificed in 
pairs at the times specified. The rapid loss of activity 
in the methyl ester marked triglyceride was followed 
by labeling of the intestinal triglycerides. Recovery of 
the administered dose averaged 81%. 

�9 r,f01,�9 

Hours 

FIG. 3. In vivo digestion of wax ester in the gut of 
the anchovy. Fourteen fish were force fed 15 mg 
copepod wax ester (+ 300,000 cpm oleyl-oleate) and 
sacrificed at times specified. As activity disappeared 
from the wax, the intestinal tissue triglycerides be- 
came radioactive. Recovery of the administered label 
averaged 89% for the 16 fish. 

components  of marine lipids. Patton and Quinn 
( 1 9 ) ,  using a mixture of polyunsaturated 
methyl esters, showed that the digestive lipase of 
a mollusc and the pancreatic lipase of  a skate 
were both unable to hydrolyze resistant acids. 
Th i s  in te res t ing  specificity of lipase (EC 
3.1.1.3) may be a universal quality of 1,3 spe- 
cific lipases regardless of animal origin. Bacteri- 
al and tissue lipases have yet  to be analyzed for 
it. The results of this study with the polyunsat-  
urated methyl esters indicate that the resistant 
acid phenomenon is not  a prominent  character- 
istic of  the overall profile of  lipolysis by fish 
intestinal juice. An enzyme such as nonspecific 
lipase may not show resistant acid specificity~ 
and. could thus account for the observed results. 

F rom a marine lipid chemist 's  point  of view, 
there is an incompat ibi l i ty  between the classic 
specificity of pancreatic lipase (EC 3.1 .1 .3)and 
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the diets of  marine animals. Pancreatic lipase, as 
described in swine, acts 20-50 t imes slower on 
wax esters than on triglycerides (12). Large 
quant i t ies  of  wax esters are s tored by marine 
species (1,3,34) which represent  the most  abun- 
d a n t  groups of  marine animals, Annelids,  
Ar thropods ,  Chaetognaths,  Chordata,  Coelen- 
terata,  and Mollusca. There are a few reports  on 
absorpt ion,  metabol ism,  and excre t ion  of  wax 
esters in mammals  (35,36),  and only one r epo r t  
in fish (4). Using the f reshwater  gourami,  
Trichgoaster cosby, and dual labeled wax ester, 
Rahn and coworkers  (4) found extensive in- 
test inal  hydrolysis  of  wax esters "~;ith part of  
the alcohol  being reesterified,  but  most  of  it 
undergoing oxida t ion  to acid which then be- 
haved as dietary acid. A comparat ive  s tudy 
using a wide variety of  marine fish indicated 
that  fish possess a general facil i ty for hydrolysis  
of  wax esters fo l lowed by ox ida t ion  of  the  re- 
leased a lcohol  and subsequent  incorpora t ion  of  
the result ing fa t ty  acid in to  acyl lipids (5). 
None  of  the above studies have offered any 
evidence for the presence of  a specific wax ester 
lipase separate f rom lipase (EC 3.1.1.3). 

The results o f  this invest igat ion offer  2 in- 
sights in to  what  is still a l i t t le unders tood  area. 
First, it does appear that  in fish, even in species 
that  consume large quant i t ies  of  wax (6), tri- 
glycerides are hydro lyzed  faster than wax esters 
during digestion. Both  in vi t ro  and in vivo as- 
says bear this out,  but  more interest ing than 
this is the variabili ty within the anchovy data. 
The differing ratios cannot  be explained by the 
previous histories of  the fish, because fish f rom 
ident ical  habitats  showed wide variability. The 
variabili ty of  different  batches of  intest inal  
juice could be due to different  concent ra t ions  
of  mucous,  fa t ty  acids, monoglycer ides ,  or  bile 
sal ts .  N o n e n z y m i c  physico-chemical  factors 
may make emulsions of  wax esters more  or less 
susceptible to  hydrolysis  by lipase or nonspe- 
cific lipase. Thus, intestinal  juice rich in mono-  
glycerides and fat ty  acids may be a more  surf- 
able med ium for  the hydrolysis  of  wax esters 
than juice deple ted  in these components .  The 
cause of  this variabil i ty is current ly  under  in- 
vestigation. 

In conclusion,  the physiological  specifici ty 
of  lipolysis by fish intestinal  juice is markedly  
different  f rom the classified specifici ty of  pan- 
creatic lipase (EC 3.1.1.3). Differences in posi- 
t ional ,  fa t ty  acid, and substrate specifici ty were 
observed. Whereas, lipase (glycerol ester hydro-  
lase, EC 3.1.1.3) seems to play the dominan t  
role in fat digestion in mammals ,  the results of  
this invest igation suggest the presence o f  anoth-  
er enzyme that  may compe te  effect ively wi th  
lipase as a major  fat digesting enzyme in fish. 

We are current ly  working towards separating 
different  digestive lipase activities of fish by 
convent ional  prote in  separat ion techniques.  
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Effect of the Nature and Amount of Dietary Energy on Lipid 
Composition of Rat Bone Marrow 
S.K. DAS l ,  M.T. SCOTT, and P.K. ADHIKARY, Department 
of Biochemistry and Nutrition, Meharry Medical Collage, 
Nashville, Tennessee 37208 

ABSTRACT 

The effect of the nature and amount 
of dietary calories on the lipid composi- 
tion of bone marrow of rats was studied. 
Male weanling rats were fed 3 isocaloric 
d ie t s ,  con ta in ing  high carbohydrate, 
normal protein, and high protein, and a 
fourth high fat diet for 49 days. Feeding 
of the high carbohydrate, high protein, 
and high fat diets caused a significant in- 
crease in the level of total lipids com- 
pared to the normal protein diet. This 
increase of total lipids was due primarily 
to the increase in the level of triglyc- 
erides. There was no significant difference 
in fatty acid composition of either non- 
polar or polar lipids of bone marrow 
among rats fed high carbohydrate diet 
and those fed normal protein diet. A 
comparison of fatty acid compositions 
between bone marrow lipids of rats fed 
high protein diet and the other 2 isoca- 
loric diets revealed that the proportion of 
palmitic acid was higher and the propor- 
tion of oleic acid was lower in animals fed 
high protein diet than in animals fed the 
other 2 diets. Compared to the 3 isoca- 
loriclow fat diets, dietary feeding of high 
fat diet caused a decrease in the propor- 
tion of palmitic and palmitoleic acids and 
an increase in the proportion of oleic and 
linoleic acids in total fatty acids of both 
nonpolar and polar lipids. 

INTRODUCTION 

Bone marrow possesses a high amount of 
lipids (1,2) and acts as a storage depot (3). In 
time of need, it contributes some of its lipids, 
namely linoleic and linolenic acids, to blood 
cells (3,4). Even though it has been suggested 
(5) that an active transport system exists for 
the preferential removal of these polyunsatura- 
ted fatty acids from marrow, their eventual fate 
still has not been determined. Composition of 
marrow iipids has been shown to be influenced 
by variations in age (1), species (2), hemato- 
poietic cellularity (2,5-7) and location of the 
tissue (1,2). Marrow fat cells have been re- 

1To whom inquiries should be directed. 

ported to be similar to cells of adipose tissue in 
terms of lipid composition (3,6,7). Fatty acid 
composition of marrow phospholipids also has 
been shown to be identical to that of erythro- 
cytes (8). It is known that the fatty acid pat- 
tern of erythrocytes is influenced by dietary 
lipids (9,10). It also is well established that the 
amount and composition of adipose tissue fat is 
influenced by dietary energy containing macro- 
n u t r i e n t s ,  fat, carbohydrate, and protein 
(11-18). Thus, it is reasonable to assume that 
fatty acid composition and amount of marrow 
fat will be affected by dietary manipulations in 
a manner similar to that observed with both 
erythrocytes and adipose tissue. In fact, several 
studies (8,16,19-21 ) have been reported to sup- 
port this view. For example, it has been shown 
clearly that: a) dietary safflower oil and dietary 
coconut oil readily influence fatty acid compo- 
sition of triglycerides in marrow (16); b) die- 
tary linoleic acid and dietary myristic acid in- 
fluence fatty acid composition of both triglyc- 
erides and phospholipids fractions of marrow 
(8); and c) dietary cholesterol causes accumula- 
tion of cholesterol in marrow (19-21). How- 
ever, the relationship of the amount and source 
of dietary calories with bone marrow lipid 
composition is not known. Understanding the 
effect of dietary calories on the lipid composi- 
tion of marrow is not only important from the 
standpoint of bone marrow biochemistry, but 
also from the viewpoint of the involvement of 
lipids in hemopoieses (22,23). The purpose of 
the present study was to determine the effect 
of the quantity and the source of dietary calo- 
ries, as fat, carbohydrate, and protein, upon the 
lipid composition of bone marrow. 

METHODS AND MATERIALS 

Animals and Diets 

Rats were used as experimental animals 
because their bone marrow fatty acid compo- 
sition (7) resembles that of man (6). Male 
21-day old weanling rats of the Sprague-Dawley 
strain were assigned to 4 dietary treatments of 
30 rats each on the basis of body wt and litter 
mates. All animals, housed singly and randomly 
in raised screen wire cages in air conditioned 
animal quarters, had free access to water and 
were fed ad libitum the appropriate diets (Table 
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Composition of Experimental Diets 
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Composition (%) 

Ingredients a Diet 1 Diet 2 Diet 3 Diet 4 

Casein (vitamin-free) 18.0 29.0 59.0 29.0 
Sucrose 20.0 20.0 20.0 20.0 
Cornstarch 48.0 37.0 7.0 10.0 
Brewers yeast 2.0 2.0 2.0 2.0 
Cottonseed oil b 8.0 8.0 8.0 35.0 
Salt mixture c 4.0 4.0 4.0 4.0 
Vitamin mixture d 
Calories as Protein (%) 17.0 28.0 57.0 21.0 
Calories as CHO (sucrose) (%) 19.0 19.0 19.0 15.0 
Calories as CHO (cornstarch) (%) 47.0 36.0 7.0 7.0 
Calories as Fat (%) 17.0 17.0 17.0 57.0 
Caloric value (Kcal/100 g) 416 416 416 551 
Calories as fat (Kcal) 
Calories as C H O ~  0.26 0.31 0.65 2.6 

aNutritional Biochemicals Corp., Cleveland, OH. 
bFatty acid composition: myristie, 2.5; palmitic, 25.6; stearic, 5.1; oleic, 25.2; tinoleic, 

41.2; linolenic, 0.4. 
cU.S.P. XIII salt mixture no. 2. 
dVitamin fortification mix, 0.336 rag/100 g of diet, containing in mg/g of mixture: 

vitamin A concentrate (crystalline vitamin A acetate, 200,000U/g), 4.5; vitamin D concen- 
trate (crystalline calciferol, D 2 400,000 U/g), 0.25; a-tocopherol, 5.0; ascorbin acid, 45.0 g 
inositol, S.O; choline chloride, 75.0; menadione, 2.25; p-aminobenzoic acid, 5.0; niacin, 4,5; 
riboflavin, 1.0; pyridoxine Hcl, 1.0; thiamine Hcl, 1.0; calcium pentothenate, 3,0; and, in 
ug/g of mixture):biotin, 20.0; folic acid, 90.0; vitamin B12 , 1.35. 

I) for  a t o t a l  of  49 days. Three  of  the  4 diets,  
diets  1,2, and  3, were:  a) isocaloric;  b) iden t ica l  
in  the  level and  source  of fa t ;  and  c) d i f fe rent  in  
the  ra t io  of  p ro t e in  to  c a r b o h y d r a t e  calories. 
The  o t h e r  diet ,  diet  4, was iden t ica l  w i th  one  of  
t he  first  3 diets,  diet  2, in its p r o t e i n  c o n t e n t ,  
bu t  had  a h igher  fat  to  c a r b o h y d r a t e  ra t io ;  
hence ,  h igher  caloric value. All diets  c o n t a i n e d  

the  same a m o u n t s  of  b rewers  yeast ,  v i tamins ,  
and  minerals .  A r eco rd  was kept  for  f ood  con-  
s u m p t i o n  and  b o d y  wt  gain of  each  an imal  dur- 
ing the  e x p e r i m e n t a l  per iod.  

Tissues 

F e m u r s  were used as t he  source  of m a r r o w  
because:  a) l ipids are d i s t r ibu ted  more  uni-  

fo rmly  i n p r o x i m a l ,  center ,  and  distal  par ts  of  
the  femurs  t h a n  in t hose  of o t h e r  sources  of  

m a r r o w  (1); and  b)  m a r r o w  of ra t  f emurs  is very 
act ive h e m a t o p o i e t i c a l l y  (7). A t  the  end  of  the  
expe r imen t ,  an imals  were sacr i f iced b y  decapi-  

t a t ion .  F e m u r s  were r emoved ,  and  the  b o n e  was 
f reed of  muscle  and  connec t ive  tissue. The  ends  
of  the  f e m u r  were cut  of f  w i th  a p o s t m o r t e n  

saw, and  the  cyl indr ical  shaf t  was incised d o w n  
its en t i re  length .  Mar row was r e m o v e d  w i t h  a 

small,  s t ra ight  spa tu la  and  col lec ted  in a small  

t a red  con ta ine r ,  weighed,  and  s to red  at  -20 C 
pr io r  to  l ipid ex t rac t ion .  

Lipid Extraction 

Marrow, ca. 80-100  mg of  m a r r o w  per  ra t ,  
was poo led  f r o m  3-5 rats  to  yield 6 spec imens  
for  each diet  group.  The  wet  t issue was ex- 
t r a c t ed  twice  w i th  c h l o r o f o r m : m e t h a n o l  (1 :2 ,  
v/v)  by  t he  m e t h o d  of  Bligh and  Dyer  (24).  The  
t o t a l  l ipid ex t rac t  was f reed f r o m  non l ip id  con-  
t a m i n a n t s  b y  s e p h a d e x  c o l u m n  ch roma tog -  
r a p h y  (25).  A k n o w n  a l iquot  of  e luate  f rom the  
sephadex  c o l u m n  was evapora ted  to dryness  in  
a t a red  flask and  the  wt of  l ipid residue deter-  
mined .  All solvents  for  l ipid e x t r a c t i o n  and  
c h r o m a t o g r a p h y  were of the  ana ly t ica l  reagent  
grade. 

Separation of Polar and Nonpolar 
Lipids on Silicic Acid Microcolumns 

Silicic acid s lurry  was made  as suggested by  
Rouser ,  et  al., (26)  and  p o u r e d  i n to  a 10 x 150 
m m  c h r o m a t o g r a p h y  co lumn.  Genera l ly ,  20-30 
mg l ipid mix ture ,  in 1 ml ch lo ro fo rm,  was ap- 
plied to  the  co lumn.  Lipids were separa ted  i n to  
n o n p o l a r  and  po la r  f rac t ions  by  successive use 
of c h l o r o f o r m  and  m e t h a n o l  accord ing  to  the  
p rocedu re  used  by  S n y d e r  and  Cress (7). 

Analytical Methods 

Q u a n t i t y  of n o n p o l a r  and  po la r  l ipids was 
d e t e r m i n e d  by  measur ing  t he  wt of  t he  res idue 
a f te r  evapora t i on  of  an a l iquot  of  t he  chloro-  
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form and methanol solutions in tared con- 
tainers. Evaporation was done in vacuum by 
means of a rotary evaporator at 40-50 C, and 
the residue was dried over phosphoric anhy- 
dride in a vacuum desiccator. 

Thin Layer Chromatography 

Thin layer chromatography (TLC), with 
Silica Gel G as the adsorbent, was used to evalu- 
ate the qualitative and quantitative changes in 
the lipids of marrow. A solvent system, petro- 
leum ether (bp, 60-70 C):diethyl ether:acetic 
acid (90:10: 1, v/v) (27) was used for the sepa- 
ration of nonpolar lipids into individual compo- 
nents for quantitation by the charring trans- 
mission densitometric procedure of Rouser, et 
al., (28). Concentrated surfuric acid was used to 
visualize separated compounds, and a Model 
520A Photovolt Densitometer was used for the 
measurement of lipids. Qualitative changes in 
polar lipids were evaluated by 2-dimensional 
TLC using a pair of solvent systems, chloro- 
form:methanol:cone, ammonia (65:35:5, v/v) 
and chloroform:methanol:acetone:acetic acid: 
wa te r  ( 5 : 1 : 2 : 1 : 0 . 5 ,  v/v) (29). Phospho- 
molydbate sprays (30) and a-naphthol reagent 
(31) were used as the visualizing agents for the 
d e t e c t i o n  of separated phospholipids and 
glycolipids, respectively. Quantitative changes 
in phosphatidyl choline were evaluated by 1- 
dimensional TLC of polar lipids in a solvent 
system, chloroform; methanol; acetic acid; 
water (200:120:25:15, v/v) (32 )and  measure- 
ment by charring-transmission densitometry 
(28). 

Preparation of Methyl Esters 
of Fatty Acids of Lipids 

Total nonpolar and total polar lipids in all 
cases were saponified, and the isolated fatty 
acids converted to methyl esters by heating for 
5 min at 75 C with 14% boron trifluoride in 
methanol according to the method of Metcalf 
and Schmitz (33). 

Gas Liquid Chromatography 

The methyl esters of fatty acids were sepa- 
rated on a 6 ft x 1/4 in. column of 10% dieth- 
ylene glycol succinate on Chromosorb W AW 
(80-100 mesh) in a Packard Model 7400 gas 
chromatograph equipped with flame ionization 
detector. Other conditions were as follows: 
column temperature programmed from 120 to 
200 C at 10 degree increases/min; nitrogen flow 
rate, 40 cc/min; inlet temperature set point, 
250 C; and detector temperature set point, 
240 C. Assignments for each peak were ob- 
tained from a semilogarithmic plot of relative 
retention time versus chain length and degree of 

unsaturation of standard mixtures of fatty acid 
methyl esters. Peak areas were determined by 
multiplying the ht by the width at half hr. The 
relative percent of each fatty acid methyl ester 
was determined by dividing the area under 
individual peaks by the total peak area. 

Statistical Analysis 

Data were treated statistically using the 
Student's t test (34). The variability of the data 
is presented as mean + SE. Differences at 
P<0.05 were considered significant. 

RESULTS 

The data on the effect of diet on growth, 
mortality rate, final marrow wt, feed effi- 
ciency, and calorigenic efficiency of rats is 
shown in Table II. When the 3 isocaloric diets, 
diets 1, 2, and 3), were fed, the body wt gain 
for diet 1 was less than that for diet 2, but 
almost equal to that for diet 3. The body wt 
gain of animals on the high fat diet, diet 4, was 
greater than that of the animals on diets 1 and 
3, but less than that of animals on diet 2. There 
was no significant difference in feed efficiency 
between the 4 groups of animals; however, the 
calorigenic efficiency of diet 4 was greater than 
that of the other 3 diets, those 3 having about 
the same calorigenic efficiency. A high mor- 
tality rate was observed only among rats fed the 
high protein diet, diet 3. A sampling of blood 
chemistries of this group showed a high blood 
urea value, e.g., BUN=40-45 mg%. All deaths in 
this group occurred within 2 weeks of the start 
of the experiment, and it was not known 
whether the deaths were related to diet. 

There was no significant difference in the 
final marrow wt between the 4 groups of ani- 
mals. 

Data on the effect of diet on the nature and 
amount of marrow lipids is shown in Table III. 
Triglycerides were the predominant marrow 
lipids in all groups. Other naturally occurring 
lipids, such as cholesteryl esters, free fatty 
acids, free cholesterol, monoglycerides, diglyc- 
erides, and various polar lipids also were present 
in significant amounts. Phosphatidyl choline 
was the predominant polar lipid in the marrow 
of all groups. The bone marrow of animals fed 
diets 1, 3, and 4 contained equal quantities of 
total lipids. These values were higher than the 
total bone marrow lipid of animals receiving the 
second diet, diet 2. This observed difference 
was due to the larger quantities of triglycerides 
in the lipids of marrow taken from animals 
which were fed diets 1, 3, and 4. Data on the 
effect of diet on fatty acid composition of total 
nonpolar and total polar lipids of bone marrow 
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T A B L E  II I  

Ef fec t  o f  Diet on the  N a t u r e  and A m o u n t  o f  Rat M a r r o w  Lipids 

Pa rame te r s  Diet 1 Diet  2 Diet  3 Diet  4 

Tota l  Lipids 9.6 +- 0.5 a 6.8 -+ 0.3 c 10.1 + 0.5 d 10.1 + 0.5 d 
Tota l  n o n p o t a r  lipids 8.7 + 0.4 5.8 +- 0.3 c 9.2 + 0.5 d 8.8 + 0.06 d 
Choles tero l  esters 0.8 + 0 .04  0.8 -+ 0 .04  0.4 +- 0.3 0.7 +- 0 .03  
Tr ig lycer ides  6.0 +- 0.3 3.7 +- 0.2 c 5.9 + 0.3 d 5.9 +- 0.3 a 
Free f a t t y  acids 0.8 -+ 0 .04  0.5 + 0.02 c 1.4_+ 0.5 1.0 +- 0.05 d 
Free choles te ro l  1.1 -+ 0.05 0.8 + 0 .04  c 1.3,+ 0 .06  d 1.2 +- 0 .06 d 
Mono-  & diglycer ides  Trace  Trace  0.2 ,+ 0.1 Trace  
Tota l  polar  lipids b 0.9 + 0 .04  1.05 -+ 0.15 0.9+- 0 .04  1.3 + 0.4 
Phospha t idy l  chol ine  0.7 ,+ 0 .03  0.8 -+ 0 .04  0.7+- 0 .03  1.0 +- 0.3 

aEach  value  is the  m e a n  (g /100  g we t  t issue) +- SE o f  6 observat ions .  

b p h o s p h a t i d y l  chol ine,  p h o s p h a t i d y l  e t ha no l a mine ,  p h o s p h a t i d y l  serine,  p h o s p h a t i d y l  inositol ,  
sph ingomye l in ,  and glycolipids were  the  polar  lipids de tec ted .  

CStatistically ( P < 0 . 0 5 )  d i f fe ren t  f r o m  diet  1. 

dSta t is t ica l ly  ( P < 0 . 0 5 )  d i f ferent  f r o m  diet 2. 

T A B L E  IV 

Effec t  of  Diet  on F a t t y  Acid  Co mp o s i t i o n  
o f  Tota l  N o n p o l a r  Lipids o f  Rat  Mar row 

F a t t y  acid Diet  1 Diet 2 Diet  3 Diet  4 

14:0 0.8 +- 0.5 a 3.8 +- 2.2 2.9 -+ 1.4 2 .0  +-0.6 
16:0 35.8 +- 2.6 44 .0  _+ 2.9 57.4 + 4.2 b 28 .4  -+ 1.2 b ,c ,d  
16:1 5.7 +- 0.8 5.6 + 0.8 9.0 -+ 2.2 1.9 -+ 0.8 b ,c ,d  
18:0  11.7 + 4.1 5.6 -+ 0.6 10.7 -+ 1.1 c 9.1 +- 1.1 c 
18:1 44.1 +- 3.2 38.0 -+ 5.7 15.9 -+ 4.2 b,c 49.4+- 3.6 d 
18:2 1.7 +- 0.3 3.0 + 0.4 2.1 +- 0.6 6.0 + 0.2 b ,c ,d  
18:3  0.2 Trace  Trace  2.0 + 1.1 
20 :0  Trace  Trace  2.0 +- 0.8 Trace  
2 0 : 4  Trace  Trace  Trace  1.2 -+ 0.6 

aEach  value is the  m e a n  % o f  to ta l  f a t ty  acids -+ SE o f  6 observat ions .  
bSta t is t ica l ly  (P<O.05)  d i f fe ren t  f r o m  diet 1. 

CStatistically (P<O.05)  d i f fe ren t  f r o m  diet 2. 

dStat is t ical ly  (P<O.05 )  d i f fe ren t  f r o m  diet 3. 

is shown in Table IV and V, respectively. Pal- 
mitic, stearic, and oleic acids were the pre- 
dominant fatty acids of both nonpolar and 
polar lipids in all groups. There was no signifi- 
cant difference in fatty acid composition of 
either nonpolar or polar lipids between rats fed 
diet 1 and those fed diet 2. However, when the 
third isocaloric diet, diet 3, was fed, fatty acid 
composition of both nonpolar and polar lipids 
from this group of animals was different from 
that of rats fed either diet 1 or diet 2. For 
example, when the percent fatty acid was deter- 
mined for any given quanti ty of total fatty 
acids in marrow lipids, it was found that pal- 
mitic acid was higher and oleic acid was lower 
for animals fed diet 3 in comparison to values 
obtained for animals fed the other 2 isocaloric 
diets. Further, in comparison to the other 3 
diets, the high fat diet, diet 4, influenced fatty 
acid composition of both nonpolar and polar 
lipids markedly. The percent palmitic and pal- 

mitoleic acids of total fatty acids was lower, 
while the percent oleic and linoleic acids of 
total fatty acids was higher in both nonpolar 
and polar lipids of the high fat group. There 
were no other significant alterations in marrow 
fatty acid composition as influenced by the 
dietary regime. 

DISCUSSION 

Trigiycerides were the major lipid class in 
the marrow of all groups of rats. This finding 
supports the observation of others (6,7,35) that 
triglycerides are, in general, the major class of 
lipids in marrow of animals including human. 
Moreover, it shows a similarity with adipose tis- 
sue, because triglycerides are also the major 
lipid class in adipose tissue of animals (16,36). 

Palmitic, stearic, and oleic acids are the 
major marrow fatty acids, and this observation 
is similar to those of other investigators 
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Fatty acid Diet 1 Diet 2 Diet 3 Diet 4 

14:0 1.3 -+ 0.2 a 1.3 + 0.2 1.6 +0.1 0.7 +0.2 d 
16:0 34.2 + 6.2 56.4 -+ 5.4 53:6 -+ 4.9 25.7 + 4.1 c,d 
16:1 6.2 + 0.2 7.6 + 0.4 b 7.2 -+ 0.5 2.3 + 0.1b,c,d 
18:0 17.5 +- 6.2 6.3 + 3.2 11.6 + 2.1 9.8 + 1.1 
18:1 38.6 + 6.1 26.3 + 6.5 24.0 + 6.8 50.4 + 9.8 
18:2 2.2 -+ 0.2 2.1 -+ 0.1 2.0 -+ 0.1 6.6 • 0.1b,c, d 
18:3 Trace Trace Trace 1.0 
20:0 Trace Trace Trace 2.1 
20:4 Trace Trace Trace 1.4 

aEach value is the mean (as percent of total fatty acids) +- SE of 6 observations. 
bStatistically (P<0.05) different from diet 1. 
CStatistically (P<0.05) different from diet 2. 
dStatistically (P<0.05) different from diet 3. 

(6 ,7 ,16) .  The low level of  l inoleic  acid in b o t h  
n o n p o l a r  and  polar  lipids, as obse rved  in the  
p resen t  s tudy ,  co r robo ra t e s  the  resul ts  of  Lund ,  
et  al., (6)  and  Snyde r  and  Cress (7). Bol l inger  
(16) ,  however ,  has r e p o r t e d  a h igher  level of  
l inoleic  acid in t o t a l  f a t t y  acids of  b o n e  m a r r o w  
tr iglycerides.  The  exact  cause of  th is  disagree- 
m e n t  in  l inoleic  acid c o n t e n t  is n o t  k n o w n .  
However ,  i t  is k n o w n  tha t :  a) m a r r o w  has a 
r e m a r k a b l e  abi l i ty  to  mobi l i ze  l inoleic  acid and  
l ino len ic  acid i n to  b l o o d  p lasma in t ime  of 
needs  (3,4);  b)  p r o p o r t i o n  of  l inoleic  acid in 
t o t a l  f a t ty  acids of  m a r r o w  t r ig iycer ides  de- 
creases wi th  age (6);  and  c) d ie ta ry  fat  inf lu-  
ences  the  f a t t y  acid c o m p o s i t i o n  of  m a r r o w  
lipids (8 ,16 ,19-21 ). 

Feed ing  of  h igh  c a r b o h y d r a t e  diet ,  d ie t  1, 
t he  h igh  p ro t e in  diet ,  diet  3, and  h igh  fat  diet ,  
diet  4, caused  accumula t i on ,  of  more  fat  t h a n  
diet  2. I t  is di f f icul t  to  d e t e r m i n e  w h y  diet  2 
y ie lded  values t h a t  were marked ly  d i f f e ren t  
f r o m  the  o t h e r  three ,  because  its p r o t e i n  con-  
t e n t  was i n t e r m e d i a t e  to  t h a t  of  diets  1 and  3, 
and  similar  to  t h a t  of  diet  4. I f  an  e x p l a n a t i o n  
is sought ,  it c a n n o t  be  s imply  in t e r m s  of  pro- 
t e in  c o n t e n t  alone,  b u t  mus t  involve some o t h e r  
comp l i ca t ed  i n t e r ac t i o n  b e t w e e n  p r o t e i n  con-  
t en t ,  c a r b o h y d r a t e  c o n t e n t ,  fa t  c o n t e n t ,  and  
caloric densi ty .  I t  shou ld  be  n o t e d  t h a t  a 
p rev ious  r epo r t  (16)  has ind ica ted  t h a t  d ie ta ry  
feeding of  a h igh saff lower  oil d ie t  p roduces  a 
f a t t y  marrow.  It  also is k n o w n  t h a t  feeding of  a 
h igh  c a r b o h y d r a t e  diet  causes an  a c c u m u l a t i o n  
of  fat  in  the  adipose  t issue (1 1,16). 

In  the  present  s t u d y  it was observed  t h a t  the  
d ie ta ry  feeding of  t he  h igh  c o t t o n s e e d  o i l  d ie t  
caused  a 2- to  3-fold increase  in the  p r o p o r t i o n  
of  l inoleic acid in to t a l  f a t t y  acids of  b o t h  the  
n o n p o l a r  and  polar  l ipids of  mar row.  This  

obse rva t ion  co r robo ra t e s  t h a t  of  Bol l inger  (16)  
w h o  has  shown  t h a t  d ie ta ry  saf f lower  oil inf lu-  
ences  the  f a t t y  acid c o m p o s i t i o n  of  t he  accum- 
u la ted  t r iglycer ides  in  b o t h  m a r r o w  and  ad ipose  
tissue by  readi ly  supply ing  l inoleic  acid to t he  
site of  increased  t r iglycer ides  synthes is .  Thus,  
this  obse rva t ion  fu r t he r  suppor t s  t he  n o t i o n  
t h a t  fat  cells of  b o n e  m a r r o w  are responsive  to  
the  diet  and  are in  d y n a m i c  equ i l ib r ium wi th  
some of  t he  c o m p o n e n t s .  

Even t h o u g h  l inoleic  acid was increased  in 
m a r r o w  lipids due  to  feeding of  the  h igh  
c o t t o n s e e d  oil diet ,  th is  increase was no t  as 
r e m a r k a b l e  as an t ic ipa ted .  I t  has  b e e n  r e p o r t e d  
by  Hirsch (36)  t h a t  h u m a n s  receiving 40% of  
calories as co rn  oil do no t  change  the i r  adipose  
t issue f a t t y  acid c o m p o s i t i o n  in 10 weeks of  
feeding;  bu t  t ha t  by  20  weeks the re  appears  the  
beg inn ing  of  a s ignif icant  rise and  a f inal  up-  
sweep of l inoleic acid. Thus,  i t  r emains  to  be 
seen w h e t h e r  the  rise of l inoleic  acid in m a r r o w  
lipids, as observed  in the  p resen t  s tudy ,  is jus t  a 
beginning,  and  t ha t  a f inal  upsweep  was fo r th -  
coming  were the  e x p e r i m e n t  c o n t i n u e d  b e y o n d  
7 weeks of  feeding.  However ,  i t  shou ld  b e  
n o t e d  here  t h a t  the  fact  t h a t  this  e x p e r i m e n t  
y ie lded resul ts  s imilar  to  t hose  observed  in 
h u m a n s  does n o t  necessar i ly  s u p p o r t  the  data  
o b t a i n e d  in h u m a n s  because  of  species differ- 
ences. 

The  data  p r e sen t ed  here  re la t ing  to  the  
ef fec t  of  diets on  the  qua l i ty  and  q u a n t i t y  of  
l ipids and  f a t t y  acids mus t  be  s u p p l e m e n t e d  
wi th  f u r t h e r  data,  inc lud ing  o t h e r  species, be- 
fore  f i rm conc lus ions  may  be  drawn.  
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ABSTRACT 

L i p i d  soluble fluorescent pigments 
from human testis were fractionated by 
silicic acid column chromatography and 
sil ica gel thin layer chromatography. 
Fluorescence analyses revealed a family 
of at least 3 compounds with similar fluo- 
r e s c e n c e  properties, including excitat ion 
and emission maxima, reversible fluores- 
cence quenching by alkaline pH, and flu- 
orescence quenching by heavy metal chel- 
ation. These fluorescence characteristics 
strongly indicated the presence of the 
c o n j u g a t e d  S c h i f f  base fluorophore 
-N=C-C=C-N-. The chromatographic sepa- 
rations employed enabled a more defini- 
tive fluorescence characterization of the 
lipid soluble pigments known to accumu- 
late in tissues with age and as a result of 
lipid peroxidation.  Total  lipids and fat ty 
acid composition of the total  lipids were 
determined. Polyenoic acids const i tuted 
about 40% of the total  fa t ty  acids. Histo- 
logical examination of the tissues revealed 
some degeneration and edema, but signifi- 
cant spermatogenesis and normal comple- 
ment of Leydig ceils. 

INTRODUCTION 

Lipofuscin pigments accumulate with age in 
several mammalian tissues including the testis 
(1). These pigments contain breakdown pro- 
ducts of nonenzymatic lipid peroxidat ion (2). 
The autofluorescent properties of lipofuscins 
are well known, and much of the fluorescence 
is extractible with lipid solvents (3). Fluores- 
cence spectra of chloroform-methanol extracts 
of age pigments show excitation maxima in the 
340-375 nm region, with emission maxima in 
the 420-490 nm region. Fluorescence maxima 
in these regions are also characteristic of pro- 
ducts of in vitro lipid peroxidat ion systems 
(4,5). The amount of lipid soluble fluorescence 
extracted from tissues is directly proport ional  
to  dietary levels of  polyunsaturated fats and in- 
versely proport ional  to dietary levels of the 
antioxidant,  vitamin E (6). 

It is probable that fluorescence of lipid per- 
oxidation products is due primarily to the 
c o n j u g a t e d  S c h i f f  ba se  f l u o r o p h o r e ,  
-N=C-C=C-N-, produced as a result of cross- 
linking of 2 primary amines with malonalde- 
hyde, an important  product  of lipid peroxida- 
tion (7). Lipid soluble fluorescent pigments are 
produced in the crosslinking of amino phosplio- 
lipids, e.g., phosphat idyl  ethanolamine and 
phosphatidyl  serine (8). 

Characterization of the fluorescence of the 
conjugated Schiff base chromophore includes 
the reversible quenching of fluorescence by al- 
kaline pH in either aqueous or chloroform- 
methanol solutions, and quenching due to 
heavy metal chelation with the chromophoric 
nitrogens (9). The presence of an addit ional ex- 
citation maximum at 260-280 nm has been con- 
firmed (10). 

Testicular tissue of adult humans contains a 
significant amount of lipid, and from 30 to 40% 
of the fat ty  acids of the lipid are polyunsatura- 
ted fat ty acids (11). The major lipid is phos- 
phatide, but triglycerides and free and esterified 
cholesterol, as well as glycolipids, also are 
present. The chief phosphatide is phosphat idyl  
choline, but significant quantities of phos- 
phat idyl  ethanolamine, phosphat idyl  inositol, 
phosphatidyl  serine, and sphingomyelin also are 
present. 

This paper reports fractionation of the com- 
ponents of  lipid soluble fluorescent pigments of 
human testis and evaluation of their  spectral 
characteristics, including their full fluorescence 
spectra and the quenching effects of elevated 
pH and of heavy metal coordination.  In addi- 
tion, the amount of extractible fluorescence is 
compared with tissue levels of various polyun- 
saturated fat ty  acids and with the histological 
state of the tissue. 

EXPERIMENTAL PROCEDURE 

Materials 

Quinine sulfate was obtained from Mal- 
l inckrodt  Chemical Works, (St. Louis, MO). The 
conjugated Schiff base fluorescence standard, 
N , N -  d i g l y c y l -  1 - a m i n o - 3 - i m i n o p r o p e n e  
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TABLE I 

Fluorescence Yield of Human Testis Extracts and Recovery 
of Fluorescence from Silicic Acid Column Chromatography 

Age Column 
Sample of Fluorescence recovery 
number donor Peroxidizability a yield b (%)c 

I 7 0  1 .39  10 .5  84 
II 51 1.29 7.7 87 

IIl 81 1.30 11.3 75 
IV 66 1.34 6.6 69 
V 64 1.27 8.6 77 

aRelative peroxidizability of testicular lipids calculated by the method of Witting (16). 
bNanoequivalents of GIY2MA per gram of tissue. 
CSilicic acid column. 

(Gly2MA) was prepared by Chlo and Tappel 
(12). Europium (Tric[2,2,6,6-tetramethyl-3,5- 
hep taned iona te ] ) ,  hereafter referred to as 
Eu(thd)3, was obtained from Varian Instru- 
ment Corp. (Palo Alto, CA). Silicic "acid for 
column chromatography was obtained from 
Bio-Rad Laboratories (Richmond, CA). Molyb- 
denum blue reagent for the detection of phos- 
pholipids on thin layer chromatography (TLC) 
was prepared as described by Dittmer and 
Lester (13). Precoated Silica Gel G TLC plates 
were obtained from Quantum Industries (Fair- 
field, NJ). All solvents used were of spectral 
grade. 

Testes were obtained from the operating 
room at Vanderbilt Hospital, Nashville, TN. 
The samples were obtained at orchidectomy for 
prostatic cancer, but the testes were not in- 
volved. The organs were placed directly on ice 
by the surgeon and were taken to the lipid labo- 
ratory. A portion was immediately frozen in 
liquid nitrogen, packed in dry ice, and shipped 
by air to the laboratory in California. A small 
section of tissue was fixed in Bouin's solution 
for histological study and the remaining ma- 
t e r i a l  was h o m o g e n i z e d  in chloroform- 
methanol. One sample (II) was from an autopsy 
case at Vanderbilt Hospital. It has been shown 
that the lipid and fatty acid composition of tes- 
tes removed at autopsy is similar to that of 
testes removed at orchldectomy from humans 
of the same age group (14). 

Preparation and Fractionation of Tissue Extracts 

A glass and Teflon homogenizer was used for 
separate extractions of pigments from 5 individ- 
ual testis samples. Each sample was finely 
minced, combined with chloroform:methanol  
(2: 1, v/v) in a volume to tissue wt ratio of 20: 1, 
and homogenized for 2 rain at high speed in a 
45 C water bath. An equal volume of water was 
added, the combination was mixed thoroughly 
in a vortex mixer, and the emulsion was centrio 

fuged for 10 min at 1700 X g to aid in separa- 
tion of solvent layers. The chloroform rich 
layer was removed and assayed fluorometri- 
cally. The extract of each testis sample was 
dried in vacuo. 

Each dried extract was resuspended in chlo- 
roform and fractionated on a silicic acid 
column (1 X 8 cm) using chloroform combined 
with increasing concentrations of methanol. 
Fractions composing fluorescence peaks were 
pooled and dried in vacuo, then redissolved in 
chloroform:methanol (2:1, v:v) for fluores- 
cence analysis. 

The contents of each peak recovered from 
silicic acid chromatography were fractionated 
further on Silica Gel G TLC. Solvents used for 
development were: solvent A,, cyclohexane: 
chloroform:methanol (70:30: 3); and solvent B, 
c h l o r o f o r m : m e t h a n o l : a c e t i c  a c i d : w a t e r  
(80:20:1:1).  

Testicular samples for lipid analyses were 
homogenized in Folch mixture and aliquots 
were used either for total lipid analysis or for 
gas liquid chromatographic (GLC) analysis of 
the total fatty acids. 

Analytical Methods 

Excitation and emission spectra were mea- 
sured with an Aminco-Bowman spectrophoto- 
f luorometer  linked to a ratio photometer  
(American Instrument Co., Silver Spring, MD) 
and were recorded on an X-Y recorder (Model 
2000, Houston Instrument Co., Bellaire, TX). A 
slit arrangement of 3, 1, and 3 mm was used for 
the 3, 4, and 6 slit positions, respectively. 
Quinine sulfate at 1 pg/ml (1.28 X 10-dM) in 
0.1 N H2SO 4 was used as a fluorescence stan- 
dard. The standard solution had a fluorescence 
intensity of 50 with the sensitivity multiplier 
set at 10 and the sensitivity vernier set at 40. 

The effects of pH and metal chelation on the 
fluorescence of fractions recovered from sillcic 
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FIG. 1. Elution pattern of chloroform-methanol 
extracts of human testis fractionated on a silicic acid 
column by chloroform solutions with increasing con- 
centrations of methanol [~]. The fluorescence inten- 
sity [e] was measured with the excitation mono- 
chrometer set at the fractions's 340-375 nm excitation 
maximum and the emission monochrometer set at the 
fractions's emission maximum. 

acid chromatography were measured as de- 
scribed previously (9). Absorption by the 
chelating agent Eu(thd)3 in the 250-300 nm 
region prevented the observation of the quench- 
ing of fluorescence when the fluorophores were 
excited with radiation in this region. Com- 
pounds isolated on thin layer chromatograms 
were detected first by fluorescence under UV 
light with a maximum emission at 365 nm, then 
with iodine vapor, and finally with molyb- 
denum blue phospholipid detection reagent. 
Total lipid analyses and gas chromatographic 
analyses of total fatty acids were done as 
reported previously (I 1). 

RESULTS 

Table 1 shows data on the fluorescence yield 
from the human testis sample extracts. The 
m e a n  y i e l d  was 8.9 nanoequivalents of 
GlY2MA per gram of tissue, more than twice 
the level of fluorescence similarly extracted 
from aged mouse testes (15). Each sample ex- 
tract had fluorescence excitation maxima at 
265-270 nm and 345-350 nm, and one emission 
maximum at 485-490 nrn. 

Silicic acid column fractionation of the ex- 
tracted compounds yielded a reproducible elu- 
tion pattern of 3 peaks of fluorescence (Hg. 1), 
denoted as fractions 1, 2, and 3. The average 
percentage of the total recovered fluorescence 
contained within each fraction was 66, 23, and 
11%, respectively. 

The corrected fluorescence spectrum of frac- 
tion 1 from testis samples had 2 excitation 
maxima with a single emission maximum in the 
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FIG. 2. Thin layer chromatograms of the lipid solu- 
ble components of human testis. Silicic acid column 
fractions 1, 2, and 3 are shown along the phospholipid 
standards phosphatidyl ethanolamine (PE), phospha- 
tidyl choline (PC), and phosphatidyl serine (PS). 
Hatched spots were detected by fluorescence; solid 
circles were detected with molybdenum blue reagent; 
dashed circles were detected with iodine vapors, but 
not with molybdenum blue. Solvent A consisted of 
cyclohexane: chloroform: methanol (70:30: 3). Solvent 
B consisted of chloroform: methanol:acetic acid:water 
(80:20:1:1). 

blue region, which was characteristic of each of 
the 3 fluorescent fractions eluted during silicic 
acid column chromatography (Table II). 

Table II records the effects of alkaline pH 
and Eu(thd)3 coordination on the fluorescence 
intensity of the 3 silicic acid column fractions 
from each tissue sample. Each fraction showed 
a significant drop in fluorescence intensity at 
both  excitat ion maxima when the sample was 
adjusted to pH 10. Reneutralization raised the 
fluorescence intensity to values at or near the 
l eve l s  o r ig ina l ly  observed. The effect of 
europium chelation was consistent qualita- 
tively, if not  quantitatively. Mean reductions in 
fluorescence intensity recorded for fractions 1, 
2, and 3 were 10, 24, and 30%, respectively. 

Figure 2 shows the distribution on Silica 
Gel G TLC of compounds in the 3 fractions. 
The compounds in fraction 1 could be sepa- 
rated only with highly apolar solvent A and in- 
cluded 3 that were fluorescent, but  that  did not 
con ta in  phosphate. When chromatographed 
with the more polar solvent B, one fluorescent 
spot with an Rf of 0.95 was observed. Fractions 
2 and 3 together contained 4 fluorescent 
species, 3 of which corresponded in migration 
to the 3 standard phospholipids. Fluorescent 
spots corresponding in migration to phosphati- 
dyl ethanolamine and phosphat idyl  choline 
were consistently very faint and most concen- 
t rated in the forward port ion of the spots. The 
Rf values of phosphat idyl  ethanolamine, phos- 

phatidyl  choline, and phosphatidyl  serine were 
0.50, 0.28, and 0.06, respectively. 

In Table III are given the total  lipid and 
fat ty acid composition of the testes. Total lipid 
values varied between 24 and 32 mg/gm. Values 
for total  saturated acids, mostly 14:0, 16:0, 
and 18:0, ranged from 35 to 39% of total  fa t ty  
acids, and monoenes, 16:1 and 18:1, between 
16 and 22%. The values for individual polyenes 
are shown in the table. Total  polyenes varied 
only from ca. 39 to 45%, and there were no 
exceptional differences in individual polyenes 
between samples. 

Histological examination revealed that, in 
general, spermatogenesis was active and that 
Leydig cells appeared normal, but there was 
some edema of the interstitial tissue. Samples II 
and III had the most active spermatogenesis, 
and sample I the least. Degeneration of semini- 
ferous tubules was greatest in sample I. 

Peroxidizability factors for each sample were 
calculated, as described by Witting (16), on the 
basis of fat ty acid content (Table III). There 
were no significant correlations of fluorescence 
yield (Table I) with age of donor or with the 
product  of age and peroxidizability.  All linear 
and exponential  correlations were ca. 0.7. 
Higher linear and exponential  correlations of 
0.8-0.9 ( I~0 .1 )  were obtained for total  fluores- 
cence in silicic acid column fraction 1 (Table II 
versus age and age times peroxidizability.  

D I S C U S S I O N  

A primary goal of this investigation was the 
fractionation of the lipid extracts of human tes- 
tes into the major compounds identifiable 
through fluorescence characterization as con- 
jugated Schiff base fluorophores. In mammalian 
testicular material, age pigment accumulates in 
the interstit ial cells where the steroid hormone 
testosterone is elaborated from cholesterol 
(17). High interstit ial levels of phospholipid,  of 
which perhaps 40% is phosphatidyl  ethanola- 
m i n e  ( 1 8 ) ,  indicate the probabil i ty  that  
malonaldehyde crosslinked phosphat idyl  etha- 
nolamine is the major fluorescent product  of 
lipid peroxidation.  Other amine bearing lipids, 
such as phosphat idyl  serine and sphingosine, 
derived from sphingomyelin, are likely to be 
involved as well. 

The three major silicic acid column fractions 
had similar fluorescence characteristics, includ- 
ing excitation and emission maxima, reversible 
a l k a l i n e  q u e n c h i n g  of fluorescence, and 
Eu(thd)3 quenching of fluorescence when ex- 
cited at the higher wavelength maximum. These 
3 independent  fluorescence characteristics ob- 
served in concert offer strong evidence for the 
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presence of the conjugated Schiff base chromo- 
phore. The mean emission maximum of each 
column fraction was significantly different 
from those of the other 2 (P<0.0005), and the 
mean chelation effects on the fluorochromes in 
fractions 2 and 3 were significantly greater than 
the effect on fluorochromes in fraction 1 
(P<0.0005). This evidence indicates the pres- 
ence of different compound(s) in each fraction 
with fluorescence characteristics of the conjuga- 
ted Schiff base fluorophore. 

TLC of the lipid soluble components of the 
fluorescent pigments confirmed the presence of 
several fluorescent compounds. Contrary to 
expectations, less than one-third of the total 
lipid soluble testicular pigment was attributable 
to phosphate containing compounds, and these 
were found only in fractions 2 and 3. This ob- 
servation is not  inconsistent with the con- 
jugated Schiff base chromophore structure, be- 
cause phosphate in crosslinked phospholipids 
that accumulate in lysosomes might be re- 
covered for the cell's phosphate pool by the 
action of phospholipases, and nonphosphate 
containing Schiff base structures could arise 
from sphingosine, the hydrolytic product of 
testicular sphingomyelin. 

The coincidental migration on TLC of fluo- 
rescent compounds with the standards phospha- 
tidy1 ethanolamine and phosphatidyl choline is 
very likely the result of displacement by these 
highly concentrated phospholipids in fractions 
2 and 3. Coincidental TLC migration of per- 
oxidized microsomal fluorescent pigments with 
phosphatidyl ethanolamine has previously been 
noted (19). 

The fractionations achieved with the column 
and thin layer chromatographic techniques 
employed revealed in the lipid extracts of testes 
a complex population of compounds with simi- 
lar fluorescence characteristics. These separa- 
tions allowed more critical examination of the 
fluorescence properties of the components of 
lipid pigments. 

Exponential and linear correlations of fluo- 
rescence of testes extracts versus age of mice 
have been found (15). Chloroform-methanol 
extractible fluorescence can be used as a rough 
quantitative measure of tissue peroxidative 
damage. Lipid extractible fluorescence has been 
correlated with in vitro peroxidation damage to 
microsomes (5). Based upon similar calculations 
as used by Dfllard and Tappel (5), ca. 3.5 
#moles of lipid peroxides would have been pro- 
duced per gram of human testicular tissue to 
account for the mean level of extracted fluores- 
cence. This estimate of in vivo free radical 
damage is, at best, a rough approximation. 

The relationship of fluorescence accumula- 
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t ion  to  age and  to  free radical  ceUular damage  is 
clearly based  on  several t issue-specif ic  factors ,  
i nc lud ing  cellular levels of  p o l y u n s a t u r a t e d  fats, 
a n t i o x i d a n t  capabil i t ies ,  and  the  abi l i ty  to  elim- 
ina te  indiges t ib le  damage p roduc t s  f rom the  
cells. 

Tha t  the  test is  con ta ins  a ma jo r  p r o p o r t i o n  
of  i ts  f a t t y  acids as po lyenes  has  been  s h o w n  b y  
several inves t iga tors  and  is well i l lus t ra ted  in the  
h u m a n  cases r e p o r t e d  in this  paper .  The con-  
c e n t r a t i o n  of  po lyenes  in tes tes  of  younge r  
h u m a n s  is no t  k n o w n  as well as t ha t  in adults ,  
bu t  in  2 i n f an t s  ( au topsy  c a s e s ) t h e  po lyenes  
r e p r e s e n t e d <  20% of the  to ta l  f a t t y  acids, whi le  
in  a 4 - m o n t h  old  chi ld ( a u t o p s y  case), t he  con-  
c e n t r a t i o n  had  r isen to  ca. 40% of t o t a l  f a t ty  
acids (14).  The  t o t a l  l ipid of  the  2 i n f a n t s  also 
was h igher  t h a n  values o b t a i n e d  for  adul ts ,  bu t  
in  the  4 -mon t l i  o ld  child,  tes t icu lar  t o t a l  l ipid 
was similar  to  t h a t  of  adul ts .  In  t he  ra t  i t  has  
b e e n  s h o w n  t h a t  the  po lyenes  increase  in con- 
c e n t r a t i o n  wi th  sexual  m a t u r a t i o n ,  largely at  
t he  expense  of  s tear ic  and  oleic acids (20).  In 
these  s tudies ,  the  h ighes t  f luorescence  yields 
were o b t a i n e d  for  tes tes  t h a t  had  the  lowes t  
t o t a l  l ipid (samples  I and  III).  The to ta l  
p o l y e n e s  of  all the  samples  were similar,  
39-40% of  to ta l  f a t ty  acids, so t h a t  i t  is d i f f icul t  
t o  make  de ta i led  co r re la t ion  of  f luorescence  
yie ld  wi th  indiv idual  samples.  However ,  i t  is 
a p p a r e n t  t h a t  a b u n d a n t  reac tants ,  in  the  fo rm 
of  po lyeno ic  acids, exist  in  the  organs.  

A l t h o u g h  p h o s p h a t i d e  analyses  were no t  
done  in these  par t icu lar  samples,  i t  has b e e n  
s h o w n  in similar  samples  (11 ,14)  t h a t  50-60% 
of  the  to ta l  l ipid is p h o s p h a t i d e  and of  th is  ca. 
50% is p h o s p h a t i d y l  chol ine ,  ca. 20% is phos-  
p h a t i d y l  e thano l amine ,  and  t h e r e  is 8 to  9% each  
of  p h o s p h a t i d y l  sefine, p h o s p h a t i d y l  inosi to l ,  
and  sph ingomye l in ,  as well as small  a m o u n t s  of  
o t h e r  c o m p o n e n t s .  I t  is also of  i n t e r e s t  t h a t  t he  
sum of  the  l ipid classes ana lyzed ,  i.e., t o t a l  
phospho l ip ids ,  t o t a l  g lyceddes ,  free f a t t y  acids, 
and  free a n d  es ter i f ied  choles te ro l ,  a c c o u n t  
on ly  for  a b o u t  80% of  the  t o t a l  l ipid, as 
d e t e r m i n e d  gravimetr ical ly .  Thus,  the  t o t a l  l ipid 
ex t r ac t s  con t a in  l ipid so luble  c o m p o u n d s  n o t  
i n c l u d e d  in the  usual  analyses.  Par t  of  this  has  

been  s h o w n  to be  glycol ipids (21) ,  b u t  at  least  a 
p o r t i o n  of  the  ba lance  m ay  be  the  f luo rescen t  
p r o d u c t s  u n d e r  discussion.  

His tological  e x a m i n a t i o n  of  the  t issues was 
done  to  es t imate  the  a m o u n t  of  d e g e n e r a t i o n  
due to  age. A l t h o u g h  some degene r a t i on  had  
occur red  and  there  was some e d e m a  of  in ters t i -  
t ial  t issue,  t he re  was active spe rmatogenes i s  in 

all testes  samples .  Lipid drople t s  were p resen t  
and  Leydig cells appea red  to  be n o r m a l  in quan-  

t i ty .  Thus ,  the  samples  appea red  sa t i s fac tory  
for  s tudy .  
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Biosynthesis of Fatty Acids from Acetate in Soybean 
Suspension Cultures 
E.M. STEARNS, JR. and W.T. MORTON, The Hormel Institute, University 
of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Suspension cultures of finely divided 
soybean cells established from callus were 
incubated with sodium [1-14C] acetate 
for periods up to 86 hr. Lipids and fat ty  
acids were analyzed for radioactivity in 
samples harvested at logarithmic time 
periods. Incorporat ion of acetate into cell 
lipid was directly proport ional  to the 
logarithm of time up to 32 hr, after an 
initial lag of  4-6 hr. Most of the lipid 
radioactivity was found in the phospho- 
lipid fraction, and all common soybean 
fat ty acids became labeled within 6 hr. 
The order of labeling and distribution of 
radioactivity with time were essentially 
the same as in tissues from intact growing 
plants. These results support  the concept 
of sequential desaturation of oleic acid in 
the cells. It was concluded that valid 
studies of the biosynthesis of common 
lipids in the soybean can be carried out 
for extended periods of t ime by use of 
undifferentiated cells in suspension cul- 
tures. 

ment with various mixtures of plant hormones 
in the growth medium (3). 

Callus cells derived from higher plants are 
easily generated and may be propagated on agar 
or in suspension cultures on defined media. 
Cells in suspension culture are living and divid- 
ing, appear homogeneous, present a large sur- 
face area, and can be cloned (4). Protoplasts of 
callus cells undergo fusion or transfer of  genetic 
information (5-8), and differentiation to plants 
is now possible for a number of species (9,10). 

Mutation of cloned cells or ceil selection for 
desired characteristics after chemical or hor- 
monal t reatment  should vastly increase the 
possibilities for genetic improvement in higher 
plants, Furthermore,  the characteristics of the 
homogeneous cells and protoplasts render them 
ideal candidates for s tudy of synthetic reactions 
or assay of synthetic capabilities after treat- 
ment. Confirmation that  callus cells in cultures 
exhibit the same sequences of formation and 
transformation of common fat ty acids as plant 
tissues was considered basic to use of such cells 
as models for plants or for development of 
assay procedures. 

INTRODUCTION 

Studies in our laboratory of the synthesis of 
fa t ty  acids and complex lipids in the soybean 
have involved use of seed tissue obtained 40 
days after flowering, a period of rapid growth 
and lipid synthesis. Incorporat ion of  labeled 
acetate into lipid of seed slices is rapid and 
directly proport ional  to the logarithm of time 
for at least 2 hr. Pulse experiments have al- 
lowed observation of lipid synthesis for periods 
up to 48 hr. Soybean seed lipid is primarily 
neutral; however, in early stages of incubation, 
incorporat ion of acetate into fat ty acids and 
further transformation of the acids is observed 
only in the phospholipid fraction (1). 

Callus, undifferentiated soybean cells, 
grown in suspension culture contain relatively 
tittle l ipid and it is primarily phospholipid (2). 
While the gross fat ty  acid composit ion of the 
cultured cells differs widely from that of the 
soybean lipid, it  is similar to the composit ion of 
the seed phospholipid fraction. We have recent- 
ly reported that the proport ions of fat ty  acids 
in cell cultures are altered subsequent to treat- 

MATERIALS AND METHODS 

A callus culture of soybean (Glycine max L., 
strain PI-153-245) was grown to relatively large 
volume in a 1 liter Erlenmeyer flask on B5 
medium (11) containing 0.1 ppm 2,4-dichloro- 
phenoxyacet ic  acid (2,4-D) and 10 g/liter of 
Bactoagar (Difco Laboratories, Detroit,  MI). 
The callus was transferred to a 500-ml Erlen- 
meyer  f/ask containing the same medium, but  
without agar on a reciprocal shaker (5 cm travel 
each direction, 66 cycles/min) at 21-22 C and 
with 8 hr /day of overhead incandescent lighting 
(216 Ix). Finely divided suspension was sepa- 
rated and transferred to fresh medium at 4- 
week intervals until  5 transfers had been made. 
The resulting thick homogenous stock suspen- 
sion was used for experiments 4 weeks after the 
fifth transfer. 

For  determination of growth curves, 5-mI 
atiquots of the stock suspension were trans- 
ferred to 125-ml Erlenmeyer flasks, each con- 
taining 20 rrd fresh medium held on a gyrotory 
shaker (100 rpm) at 21-22 C under fluorescent 
lighting 8 hr/day (430 Ix). Five replicates were 
harvested at 5-7 day intervals up to 45 days. 
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FIG. 1. Growth of soybean cells in suspension cul- 
ture after transfer to fresh B5 medium. Growth meas- 
ured as t~g/ml of protein in cell hydrolysate. 

TABLE I 

Fatty Acid Compositions of Soybean Seeds and 
Soybean Callus Cells in Suspension Culture a 

Seed Seed Suspension 
lipid phospholipid culture lipid 

Fatty acidsb (%) (%) (%) 

16:0 10 33 37 
16:1 1 <1 1 
18:0 4 8 8 
18:1 23 8 7 
18:2 51 44 4 
18:3 10 7 44 

aSeeds harvested 40 days after flowering; cultures 
harvested 21 days after transfer to fresh media. 

bFatty acids analyzed by gas liquid chromatog- 
raphy as methyl esters. 

Each replicate was centrifuged at 2000 x g for 
15 min, and the pellet blotted to measure 
packed cell volume and wet wt. After drying at 
60 C for 12 hr, dry cell wt was determined, and 
the cells were hydrolyzed in 5 ml 1N NaOH at 
85 C for 100 min. The hydrolysate was filtered 
through Whatman No. 1 filter paper, and 1-ml 
aliquots were used for determination of protein 
by the Lowry procedure (12) using bovine 
serum albumin as the standard. Readings were 
made on a Coleman Model 14 spectrophotom- 
eter at 560 m/~. 

Incorporation of acetate into lipids of cells 
in culture was studied using stock suspension 
21 days after transfer to fresh medium. Ali- 
quots (15 ml) of a single suspension culture 
were aseptically transferred to 50-ml Erlen- 
meyer flasks which were closed with foam plugs 
and placed on a reciprocating water bath shaker 
under conditions identical to those under which 
cotyledon slices were incubated, (25 C, mod- 
erate shaking rate, illumination by a single 
100-watt incandescent bulb placed 25 cm above 

the center of the shaker). Aliquots of a sterile 
aqueous solution of sodium [1-14C] acetate 
w e r e  i n j e c t e d  t h r o u g h  the foam plugs, 
10/aCi/flask. Duplicate flasks were harvested at 
ca. logarithmic time periods from 5 rain to 86 
hr. On removal, flasks were held in a beaker of 
boiling water for 15 rain to destroy enzymatic 
activity. Cells were recovered by centrifugation 
at 1000 x g for 15 rain, were resuspended in 
fresh medium and recentrifuged prior to ex- 
traction. Slices of 40-day-old soybean seeds 
were incubated with sodium [1-14C] acetate in 
the presence of air as described previously (13). 

E x t r a c t i o n  and fractionation of lipids, 
methanolysis, and fractionation of esters by 
thin layer chromatography (TLC) and gas liquid 
chromatography (GLC), and determination of 
radioactivity in samples and fractions were per- 
formed as described previously (13). Gravi- 
metric determinations were performed on ali- 
quots using a Cahn Gram electrobalance (Cahn 
Division of Ventron Instrument Corporation, 
Paramount, CA). 

RESULTS AND DISCUSSION 

Packed cell volume, wet wt, and dry wt of 
replicates of growing cell suspension cultures 
were erratic and irreproducible. However, pro- 
tein determination after alkaline hydrolysis was 
reproducible and allowed construction of a 
growth curve (Fig. 1). A lag in growth for the 
first 5 days and an eventual plateau at about 33 
days are characteristic of suspension cultures. 
Growth during the period between days 12 and 
33 appeared linear with time, and the approx- 
imate midpoint, day 21 after transfer, was 
selected for use in subsequent studies. 

Fresh tissue of soybean seeds 40 days after 
flowering contain 70% water and 15% lipid. Of 
this lipid, about 15% is phospholipid; therefore, 
phospholipid content on a dry wt basis is cal- 
culated to be ca. 7-8%. Cells centrifuged from 
suspension cultures contain 98% water and only 
0.2% lipid. The lipid is almost entirely phospho- 
lipid, (98%), and on a dry basis the phospho- 
lipid content is 10%, or about the same as in 
seeds. Compositional data on fatty acids in seed 
and callus lipids are presented in Table I. While 
total seed lipid composition showed little re- 
semblance to that of the callus cells, seed phos- 
pholipid composition was quite similar to that 
of  the callus lipid. It is of interest that a reversal 
of  the relative proportions of linoleic and lino- 
lenic acids was observed in the phospholipids of 
the 2 different kinds of cells. 

Short term incorporation of sodium [ 1-14 C ] 
acetate into the lipids of  40-day bean slices and 
21-day suspension cells is compared in Table II. 
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As previously reported (1), incorporation of 
acetate into fatty acids of  bean slices is rapid 
and is first observed in the phospholipid frac- 
tion during early stages of incubation. By 
comparison, incorporation into callus lipid 
appeared to be much slower, perhaps as a result 
of the high degree of hydration of these cells. 

While the pattern of incorporation in slices was 
apparent at 3 hr, callus cells were incubated for 
an additional 3 hr to allow uptake of sufficient 
radioactivity to discern a definite pattern. 

Because the suspension cells contain primar- 
ily phospholipid, it is not surprising that the 
radioactive fatty acids occur larely in this form, 
as in the seed slices. In both preparations, 
pliosphatidic acid and the combined phospha- 
tidyl serine and phosphatidyl inositol fraction 
contain the highest proportion of label, with lit- 
tle occurring in phosphatidyl ethanolamine. 
The phospholipid designated x, previously re- 
ported by us to be associated with the appear- 
ance of labeled monoenoic acid in soybeans 
(13), contains an appreciable portion of  the 
radioactivity in both types of cells. The notable 
difference between phospholipids of the seeds 
and the suspension cells is the relatively higher 
proportion of 14C_labele d phosphatidyl choline 
(PC) in the former. The distribution of  radio- 
activity in fatty acids by unsaturation indicates 
a higher proportion existing in polyenes of the 
callus cells than in seeds. This is surprising in 
light of our previous finding in bean slices that 
appearance of polyenoic acids is associated with 
PC and a lower relative proportion of labeled 
PC in the callus cells than in slices. Although 
incorporation of acetate into the cells appears 
to occur at a low rate, its incorporation into 
polyenoic acids apparently is not delayed. 

Incorporation of acetate into lipids and fatty 
acids of plant preparations for extended per- 
iods, either with constant exposure or as pulse 
experiments, has been used to circumvent the 
difficulty of administration and desaturation of 
long chain preformed fatty acids in plant prep- 
arations maintained at low pH values. The se- 
quence of  incorporation into fatty acids or 
precursor-product curves resulting from such 
experiments lend support to the concept of 
sequential desaturation of oleic acid in higher 
plants. Callus cells in suspension culture incu- 
bated with sodium [1-14C] acetate (Fig. 2) 
exhibit a lag in the incorporation of isotope 
into the total lipid, and incorporation does not  
approach linearity with the log of the time until 
ca. 4-6 hr. Treatment of developing bean slices, 
on the other hand, produces this relationship 
from the outset. Bean slices in our experiments 
have been unable to maintain the initial rate of 
acetate incorporation beyond 8-10 hr, while it 

TABLE II 

Incorporation of Sodium [1-14C] Acetate into 
Lipids and Fatty Acids of Soybean Seed 
Slices and Soybean Callus Suspensions a 

Seed Suspension 
slices b ceUs b 

Fraction (%) (%) 

Total lipid 10.'7 0.3 
Total phospholipid 60 88 

Phospholipid distribution c 
PA 32 30 
X 16 19 
PC 20 5 
PE 4 8 
PS + PI 24 27 

Phospholipid fatty acids d 
Saturated 64 51 
Monoenoic 30 29 
Dienoic 4 16 
Trienoic 2 4 

aSeeds 40 days after flowering; callus cells 2i 
days after transfer to fresh medium; conditions of in- 
cubation and analysis in text. 

bSlices incubated 3 hr; callus cells incubated 6 hr. 
cpA = phosphatidic acid; X = unidentified minor 

phospholipid; PC = phosphtidyl choline; PE = phos- 
phatidyl ethanolamine; PS = phosphatidyl serine; and 
PI = phosphatidyl inositol. 

dFatty acids analyzed by argentation thin layer 
chromatography of mixed methyl esters. 
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FIG. 2. Incorporation of radioactivity into total 
lipid of soybean suspension cultures incubated in the 
presence of sodium [1-14C] acetate. 

is evident that cultured cells continue incor- 
porating acetate into lipid for at least 32 hr, 
and perhaps longer. Because these cells are in a 
state of active growth and metabolism, it is not 
surprising that experiments for extended periods 
of time are possible. 

Analysis of the radioactivity in fatty acids 
according to unsaturation (Fig. 3) show that 
saturated and monoenoic acids do not become 
significantly labeled until after the first half hr, 
while dienoic acid required > 1 hr, and trienoic 
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FIG. 3. Incorporation of radioactivity into fatty 
acids of soybean suspension cultures incubated in the 
presence of sodium [1-14C] acetate. Fatty acids sep- 
arated as methyl esters by argentation chromatog- 
raphy; �9 = saturated; o = monoene; �9 = diene; ~ = 
triene. 
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FIG. 4. Distribution of radioactivity in fatty acids 
of soybean suspension cultures incubated in the pres- 
ence of sodium [1-14C] acetate. Fatty acids separated 
as methyl esters by argentation chromatography; �9 = 
saturated; o = monoene; ,, = diene; t~ = triene, 

acid > 4 hr of incubation. The saturated activ- 
ity increases through the first 32 hr, but the 
radioactivity of monoenoic acid appears to pla- 
teau as the activity in the dienoic acid increases, 
the latter eventually exceeding the former. 
During the period from 32 to 86 hr, radioac- 
tivity of the fatty acids decreases, except that 
of the trienoic fraction, which continues to rise. 
Soybean seed slices and homogenates previous- 
ly had not been viable for a sufficient length of 
time to permit us to observe this extensive an 
increase in linolenic acid. 

In terms of proportions of total activity 
(Fig. 4), curves are quite typical of those ob- 
tained using plant preparations in pulse labeling 
studies. The portion of the total activity in 
saturated acids is relatively constant throughout; 
however, the relationships between monoenoic 
and dienoic acids and between dienoic and 
trienoic acids are suggestive of sequential de- 
saturation of oleic acid, as has been observed in 
pulse studies using preparations of developing 
soybeans (1) and other plants (14). Observation 

AND W.T. MORTON 

of these changes in cells remaining in the pres- 
ence of acetate is interpreted to mean that 
turnover of fatty acids is probably occurring at 
a rate greater than that of acetate absorption. 

Undifferentiated soybean cells in suspension 
culture are capable of synthesizing common 
saturated and unsaturated fatty acids and 
phospholipids from labeled acetate admini- 
stered during a period of rapid growth. The 
same order of labeling with time and apparent 
conversion of radioactivity to progressively 
more highly unsaturated fatty acids observed in 
tissues from developing plants occurs in these 
cells as well. Although incorporation of acetate 
apparently takes place at a low rate in the cells 
and is subject to an initial lag, the same synthet- 
ic interrelationships reported for tissues of 
developing plants are observed in the callus ceils 
and experiments may be carried out for longer 
periods of time. Treatment of cells in suspen- 
sion culture with plant hormones, other chem- 
icals, or forms of radiation and cloning of 
treated cells could give rise to cell lines posses- 
sing lipid characteristics not found in presently 
available soybean strains. Valid assay for altera- 
tion in synthetic capability in selected or 
modified cells by incubation with labeled ace- 
tate should be possible. 
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Positional Specificity of 7-Ketol Formation from Linoleic Acid 
Hydroperoxides by a Corn Germ Enzyme 1 

H,W. GARDNER, R. KLEIMAN, D.D. CHRISTIANSON and D. WEISLEDER, 
Northern Regional Research Laboratory, ARS, USDA, Peoria, Illinois 61604 

ABSTRACT 

We have shown unequivocally that the 
positional specificity of "),-ketol formation 
by a corn germ enzyme was different 
from that observed previously by others 
with an alfalfa seedling enzyme. When the 
pure positional isomers of linoleic acid 
hydroperoxide served as substrates, the 
corn germ enzyme formed one of two 
7 - k e t o l s :  12-oxo-9-hydroxy-trans-lO- 
octadecenoic acid from 13-hydroperoxy- 
cis-9,trans-11-octadecadienoic acid (99+% 
pure) and lO-oxo-13-hydroxy-trans-11- 
octadecenoic acid from 9-hydroperoxy- 
trans-10,cis-12-octadecadienoic acid (96% 
pure). Also isolated from these reactions 
was one of two a-ketols commonly found 
as a result of catalysis by linoleic acid 
h y d r o p e r o x i d e  isomerase: 12-oxo-13- 
hydroxy-cis-9-octadecenoic acid from the 
13-hydroperoxide and 10-oxo-9-hydrox- 
y-cis-12-octadecenoic acid from the 
9-hydroperoxide. Evidence is offered that 
7-ketol formation is catalyzed by linoleic 
acid hydroperoxide isomerase, the same 
enzyme responsible for a-ketol produc- 
tion. 

INTRODUCTION 

In 1974, Esselman and Clagett (1) investi- 
gated a lipoperoxidase enzyme in alfalfa seed- 
ling extracts that catalyzed the formation of 2 
3,-ketols, 12-oxo-9-hydroxy-trans-10-octadece- 
noic acid (9,12-ketol)and 10-oxo-13-hydroxy- 
trans-11-octa decenoic acid (10,13-ketol), from 
9 -hydrope roxyoc tadeca -10 ,12 -d i eno ic  acid 
(9-LOOH) and t3-hydroperoxyoctadeca-9,11- 
dienoic acid (13-LOOH), respectively. This 
specificity of 7-ketol formation implied that 
possibly previous conclusions in 1970 by Gard- 
ner (2) could be erroneous. Using corn germ 
extracts and various substrates, none of which 
were pure isomeric hydroperoxides, Gardner 
(2) deduced that 9,12-ketol and 10,13-ketol 
originated from 13-LOOH and 9-LOOH, 
respectively, which was an entirely differ- 
ent specificity compared with the alfalfa en- 
zyme. Also he (2) concluded that the 7-ketol 

1presented at the AOCS Spring Meeting, Dallas, 
Texas, April, 1975. 

resulted from catalysis by linoleic acid hydro- 
peroxide isomerase, which was the enzyme re- 
sponsible for the formation of a-ketols (3). 

Because results of the 7-ketol studies (1,2) 
conflicted, we reexamined 7-ketol formation by 
corn germ extracts in greater detail. Using pure 
positional isomers of the substrates, 9-LOOH 
and 13-LOOH, we produced unequivocal evi- 
dence that the previous conclusion about 7- 
ketol formation in corn germ was correct. Fur- 
ther evidence is described that indicates 7-ketol 
formation probably occurred by action of lino- 
leic acid hydroperoxide isomerase in a manner 
analogous to a-ketol formation. 

METHODS 

Substrate Hydroperoxides 

13-LOOH (99+%) and 9-LOOH (96%) were 
isolated as described previously (4). In certain 
experiments, when the enzyme reacted with the 
substrate in the presence of methanol or oleic 
acid, the substrate was ca. 79% 13-LOOH and 
21% 9-LOOH prepared as described by Gard- 
ner, et al., (5). The isomeric mixture was used 
in these reactions because larger quantities of 
substrate could be prepared more easily for the 
relatively large scale up required to isolate suf- 
ficient quantities of products that were minor 
components. 

Enzyme Reaction 

The enzyme was extracted from cold hexane 
d e f a t t e d  co rn  germ flour (corn variety 
[ B 3 7 T M S X H 8 4 ]  [Oh43RFXA6191)  with 
0.1 M p h o s p h a t e  b u f f e r  (pH 6.9 ,  1 g 
germ/10 ml). The homogenate was centrifuged 
at 9000 g for 20 rain to remove cellular debris 
and then purified further by recentrifugation of 
the supernatant at 105,000 g for 1 hr to collect 
the particulate matter containing the enzyme. 

Concentrations present in the reactions were 
3.7 mM of either 13-LOOH or 9-LOOH, 0.12% 
Tween 20, and 0.1 M phosphate (pH 7.0). The 
enzyme concentration was equivalent to 32 mg 
corn germ flour (originally used) per ml and 
was determined to be 0.24 mg protein/ml by 
the Folin-Wu procedure (6). Reaction condi- 
tions were 26 C for 30 rain. Products were ex- 
tracted with CHCI3:CH3OH (2: 1) after adjust- 
ing the pH of the reaction mixture to 4. 
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The enzyme reactions that  occurred  in the 
presence of  ei ther  methanol  or oleic acid were 
described by Christ ianson and Gardner  (7). 

Chromatography 

a- and 7-Ketols. a- and 7-Ketols  were sep- 
arated by co lumn chromatography  (2), except  
the elut ion sequence was modi f ied  as follows: 
300 ml 30% ether,  300 ml 40% ether,  600 ml 
50% ether,  and 300 ml 70% ether  in hexane.  
The sample was applied to the co lumn as a hex- 
ane slurry wi th  2 g silicic acid (100 mesh, Mal- 
l inckrodt  Chemical  Co., St. Louis, MO, analyt- 
ical reagent).  Fract ions  f rom the co lumn were 
mon i to red  by applying 40 ktl samples to thin 
layer ch romatography  (TLC) plates (250/1,  
Silica Gel G) fo l lowed by developing the plates 
with isooctane:  ether:  acetic acid (50: 50: 1). 

Af te r  isolat ion of  a- and 7-ketols by co lumn 
chromatography,  these compounds  were hydro-  
genated,  me thy l  esterified, and then  applied to  
TLC for final clean up. The TLC plates were 
2 5 0 / l  thick for sample sizes 6-9 mg and 0.5 m m  
thick for samples 20-36 mg. The a-ketol ,  satu- 
rated, methy l  ester, was isolated after  double  
development  with hexane:  e ther  85:25 (Rf  = ca. 
0.3). The similar derivative of  the 3,-ketol was 
isolated after  deve lopment  with hexane :e the r  
1 : 1 (Rf  = 0.26). Water was sprayed on the  TLC 
plate to  detect  the product ;  one major  band 
was readily de tec ted  for each product .  A small 
por t ion  of  the  plate was sprayed with  0.4% 
2,4-dini t rophenylhydrazine  in 2 N HC1 to visu- 
alize ketones.  The only significant react ion to 
the  reagent corresponded with the water  detect-  
able band. Charring af ter  the  band of  interest  
had been scraped off  revealed the  presence of 
many  minor  components .  These trace compo-  
nents  were not  investigated. 

Substitution Products. Those products  f rom 
subst i tu t ion react ions with ei ther oleic acid or 
methanol  were isolated by silicic acid co lumn 
chromatography  by the methods  of  Christian- 
son and Gardner  (7). The subst i tu t ion products  
described here were minor  products  compared  
to those described previously (7). The product ,  
1 2- o x o- 1 3- m e thoxy-9-hy dro xy-trans- 10-octa- 
decenoic  acid (13-metho,  xy-9,12-ketol) ,  needed 
no fur ther  purif icat ion;  however ,  the oleoyl  es- 
ter  of  the T-ketol  requi red  addi t ional  TLC isola- 
t ion.  The o leoyl  ester, 9 -o leoyloxy-12-oxo-  
trans-lO-octadecenoic acid, was me thy l  esteri- 
fled and isolated af ter  double deve lopment  wi th  
hexane :e the r  85:15.  The band (Rf  = 0.38) 
absorbing short  wave ul traviolet  (UV) light was 
scraped off. 

Structu re Characterizations 

Methods for spectral character izat ion by in- 

TABLE I 

Components Separated by Column Chromatography 
After Enzymic Action on Two Isomers of 

Linoleic Acid Hydroperoxides 

Fractions Identity of 
Substrate a pooted b component c Wt (mg) 

13-LOOH 8-19 Unknowns 7.8 
20-36 Mostly LOOH d 21.2 
37-41 Unknowns 4.1 
42-60 12,13-Ket ol 72.6 
61-91 Unknowns 15.8 
92-116 9,12-Ketol 17.3 

117-139 Unknowns 7.2 

Total 146.0 

9-LOOH 9-29 Unknowns 5.9 
30-40 LOOH 18.9 
41-46 Unknowns 2.7 
47-68 9,10-Ketol 40.0 
69-78 Unknowns 3.0 
79-110 10,13-Ketol 13.3 

111-142 Unknowns 5 .5  

Total 89.3 

aAmounts of sample applied to the column were 
products from reaction of 13-hydroperoxyoctadeca- 
9,11-dienoic acid (13-LOOH) (167 rag) and 9-hydro- 
p e r o x y o c t a d e c a - 1 0 , 1 2 - d i e n o i c  acid (9-LOOH) 
(124 rag) as substrate. 

bFraction volume was ca. 10 ml. 
CLinoleic acid hydroperoxide (LOOH); 12-oxo-13- 

hydroxy-cis-9-octadecenoic acid (12,13-ketol); 12- 
oxo-9-hydroxy-trans-lO-octadecenoic acid (9,12-ke- 
to l ) ;  10-oxo-9-hydroxy-cis-12-octadecenoic acid 
(9,10-keto1); and 10-oxo-13-hydroxy-trans-11-octa- 
decenoic acid (10,13-ketol). 

dFractions 20-36 were a mixture of approximately 
80% LOOH and 20% oxooctadecadienoic acid by anal- 
ysis of absorptivity at 232 and 269 nrn. 

f lared (IR) and nuclear  magnetic resonance 
(NMR) and for making derivatives were as out- 
l ined before  (5). Tr imethyls i ly loxy  derivatives 
were analyzed by mass spect roscopy (MS) in tan- 
dem with gas l iquid chromatography  (GLC) as 
described by Kleiman and Spencer (8). The 
GLC co lumn (6 ft X 1/4 in., glass) was packed 
with Gaschrom Q coated  with  3% Silar 5CP 
(Supelco,  Bellefonte,  PA). The t empera tu re  was 
p rogrammed f rom 175-230 C at 4 C/min.  

M e t h y l  9-oleoyloxy-12-oxo-trans-lO-octa- 
decenoate  was in t roduced  into  the mass spec- 
t r ome te r  th rough a direct insert ion probe.  The 
spec t rum was taken at a probe t empera tu re  of  
340 C. 

RESULTS 

13-LOOH Substrate 

When in te rac ted  wi th  corn germ enzyme,  
13-LOOH (99+% pure)  was conver ted  into  a- 
and ~/-ketols, which,  along with a few o ther  
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FIG. 1. Mass spectra showing specificity of -r-ketol 
(A) and a-ketol (B) formation from 13-hydroperoxy- 
cis-9,trans-ll-octadecadeinoic acid by a corn germ en- 
zyme. The ketols were hydrogenated, esterified, and 
treated with bis(tfimethylsilyl)-trifluoroacetamide in 
acetonitri le before analysis. OTMS= trimethyl- 
sflyloxy. 

components, were separated by column chro- 
matography (Table I). The 7-ketot was identi- 
fied as only one isomer, 9,12-ketol, while the 
a-ketol was found to be 12,13-ketol, exclusive- 
ly. Unreacted 13-LOOH was the only other 
component identified, and it appeared to be 
mixed with a small amount of oxooctadeca- 
dienoic acid (Table I). The unreacted compo- 
nent was identified by TLC with authentic 
13-LOOH, by its absorption at 232 nm, and by 
its reactivity to a ferrous thiocyanate spray. 
The small amount of oxooctadecadienoic acid 
was indicated by a smaller absorbance at 
269 nm compared with that at 232 nm. 

1 2 -  O x  o- 9 -h  y dr  o x y -  t rans- i  O-octadecenoic 
acid (9,12-ketol) .  7-Ketol was identified tenta- 
tively by its properties on TLC, i.e., Rf value, 
absorption of short UV light, and reactivity to 
2,4-dinitrophenylhydrazine spray (2). An NMR 
spectrum confirmed its identity as the 7-ketol 
on the basis of comparison with a previous 
spectrum (2). An IR spectrum of the 7-ketol 
methyl ester had the following absorptions: 
3400 cm -1 , hydroxyl; 1740 cm -1 , ester carbon- 
yl; 1635 cm -], olefin a,/3 to a carbonyl; and 
980 cm -1, t rans -monoene .  

The position of functional groups was estab- 
lished by MS after 3,-ketol was converted to the 
methyl oxohydroxyoctadecanoate derivative, 
then isolated from TLC, and finally, reacted 
with Regisil (bis-[trimethylsilyl]-trifluoroaceta- 
mide in acetonitrile; Regis Chemical Co., Chica- 
go, IL). As this 7-ketol derivative was being 
eluted by GLC, the entke peak was sampled 
and a mass spectrum made at 9 regular inter- 
vals. All 9 spectra were similar in all features, 
and a representative spectrum is reproduced in 
Figure 1A. MS yielded conclusive evidence that 
this 7-ketol was the 9,12-ketol isomer. Frag- 
ment ions were all characteristic of its struc- 
ture. The 272 m/e ion was a rearrangement ion 
produced by cleavage between C-10 and C-11, 
followed by H migration from C-9 to the car- 
bonyl oxygen and charge migration as outlined 
by McLafferty (9). Two spectra taken at the 
end of the GLC elution peak contained only 
one ion, 173 m/e, which was characteristic of 
the other isomer, 10,13-ketol. Because the rela- 
tive intensity of the 173 m/e ion in these 2 
spectra was only 1% and 3%, this ion was con- 
sidered inconsequential. 

During GLC work, it was found that methyl 
1 2 - o x o - 9 - h y d r o x y o c t a d e c a n o a t e  reacted slowly 
with Regisil to yield the trimethylsilyloxy deriva- 
tive. Standing overnight or longer at room 
temperature was required to effect nearly com- 
plete conversion. GLC-MS evidence indicated 
that the methyl oxohydroxyoctadecanoate was 
simply reacting slowly with the Regisfl. Un. 
doubtedly the slow reaction rate resulted from 
intramolecular hydrogen bonding between keto 
and hydroxyl groups. 

12-Oxo-13 -hydroxy -c i s -9 -oc tadeeeno ie  acid 
(12,13-ketol ) .  The 12,13-ketol isolated from 
column chromatography had a TLC Rf value 
similar to that described before (2). Reactivity 
to 2,4-dinitrophenylhydrazine spray was ob- 
served. 

Although the NMR spectrum of the a-ketol 
has been reported (2,10), we can describe it 
more completely: methylene c~ to olefin, 
2.00; C-11 methylene, broad doublet at 6 3.22 
(J10,11 = 5 Hz, J9.11 = <1 Hz); C-13 carbinol 
methine, multiplet at 6 4.23; cis olefinic pro- 
tons, centered at /5 5.54 (J9Ao = 11). Assign- 
ments were verified by decoupling experiments. 
The IR spectrum of the 12,13-ketol methyl es- 
ter was essentially identical to the one reported 
by Zimmerman and Vick (10). 

For MS, 12,13-ketol was converted to meth- 
yl 12-oxo-13-hydroxyoctadecanoate, isolated 
from TLC and treated with Regisil. As this de- 
rivative was eluted by GLC, a mass spectrum 
was taken at 12 regular intervals over the entire 
peak. All spectra were nearly identical in fea- 
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tures, and the fragment ions were indicative of 
its proposed structure. A representative mass 
spectrum is reproduced in Figure lB. Rear- 
rangement ions similar to the 272 ion in Figure 
1 have been observed by Kleiman and Spencer 
(8). None of the spectra had an 259 m/e ion, 
the one most characteristic of the derivative 
from 9,10-ketol. 

9-LOOH Substrata 

Products resulting from enzyme action on 
9-LOOH (96% pure) were separated by column 
chromatography (Table I). Two products were 
identified as 9,10-ketol and 10,13-ketol; no 
other ketol isomer was found. Among the many 
other minor components, unreacted 9-LOOH 
was the only one identified (Table I). 

1 O- Ox o- 1 3- hy droxy-trans-11-octadecenoic 
acid (10,13-ketol}. IR and NMR spectra and 
TLC properties of the 10,13-ketol were identi- 
cal to those described for the 9,12-ketol. How- 
ever, an NMR decoupling experiment allowed a 
more complete description of the olefinic ab- 
sorptions than reported previously (2). De- 
coupling the C-13 carbinol methine at 5 4.28 
collapsed the C-12 olefinic doublet of doublets 
at 5 6.78 to a doublet. The apparent coupling 
constants were: J12,13 = 5 Hz and J l1 ,12 = 16 
Hz. 

GLC-MS of a derivative of 10,13-ketol was 
done as described for 9,]2-ketol. Eight mass 
spectra were sampled at regular intervals over 
the GLC peak, one of which is shown in Figure 
2A. Fragment ions were characteristic of its 
structure. The 186 m/e ion was due to cleavage 
between C-11 and C-12, followed by rearrange- 
ment with charge migration analogous to a 
similar ion described for the 9,12-ketol isomer. 
In addition, rearrangement with charge reten- 
tion occurred on the other fragment forming 
the 244 m/e ion by a mechanism described by 
McLafferty (9). Several mass spectra had ions 
characteristic of 9,12-ketol, but all had minor 
intensity. Four of the 8 had an 259 m/e ion less 
than 1% normalized intensity, and 5 had an 
243 m/e ion of 1% normalized intensity or less, 
while the remaining spectra had no evidence of 
these ions. Therefore, it was concluded that the 
9,12-ketol was largely absent. 

10-Oxo-9-hydroxy-cis-12-octadecenoic acid 
(9,10-ketol). NMR and IR spectra and TLC 
properties of 9,10-ketol were essentially iden- 
tical to those determined for 12,13-ketol, ex- 
cept that TLC mobility of 9,10-ketol was slight- 
ly less than 12,13-ketol. 

A derivative of 9,10-ketol was analyzed by 
GLC-MS as described for 12,13-ketol. Eight 
mass spectra were scanned at regular intervals 
over the GLC peak, and a representative spec- 
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FIG. 2. Mass spectra showing specificity of ~,-ketol 
(A) and a-ketol (B) formation from 9-hydroperoxy- 
trans-lO,cis-12-octadecadienoic acid by a corn germ 
enzyme. Derivatives were formed as in Figure 1. 
OTMS = trimethylsilyloxy. 

trum is shown in Figure 2B. Because the frag- 
ment ion most characteristic of the 12,13-ketol, 
173 m/e, was absent from all spectra, this sam- 
ple was the 9,10-ketol isomer. 

Substitution Reaction with Oleic Acid 

The corn germ enzyme was reacted with a 
mixture of hydroperoxide isomers (79% 13- 
LOOH and 21% 9-LOOH) in the presence of 
0.034 M oleic acid. In addition to the usual 
products, a- and "y-ketols, substitution com- 
pounds resulted. One of these was the oleoyl 
ester of the c~-ketol, which was a reaction 
product described by Christianson and Gardner 
(7). In our study, another substitution com- 
pound was identified as the oleoyl ester of 3'- 
ketol. Because the substrate was an isomeric 
mixture, the compound was also a mixture; 
however, one isomer predominated because the 
substrate was mostly 13-LOOH. The oleoyl es- 
t e r  of 7-ketol, mostly 9-oleoyloxy-12-oxo- 
trans-lO-octadecenoic acid, was obtained from 
fractions 67-75 after silicic acid chromatog- 
raphy, and it amounted to 6% by wt of sub- 
strate used. With a 13-LOOH substrate, the 
analogous reaction of the c~-ketol substitutes 
the oleoyl group at C-13 instead of at C-9 with 
the 7-ketol (7). The proposed mechanism of 
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FIG. 3. Nuclear magnetic resonance spectrum of 
9-oleoyloxy-12-oxo-trans-lO-octadecenoic acid. Let- 
ters refer to the protons as indicated by the structures 
shown. TLC = thin layer chromatography. 

Structure I. Fragment ions expected in the mass 
spectrum of methyl 9-oleoyloxy-12-oxo-trans-10-octa- 
decenoate. 
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Structure II. Fragment ions observed in the mass 
spectrum of methyl 12-oxo-13-methoxy-9-trimethyl- 
silyloxy-trans-lO-octadecenoate. OTMS= trimethyl- 
silyloxy. 

these reactions is discussed later. 
9- O l e o y l o x y -12-oxo-trans-10-octadecenoic 

acid. This oleoyl ester of 3,-ketol eluted from a 
silicic acid column immediately after the oleoyl 
ester of a-ketol; the latter compound was re- 
ported by Christianson and Gardner (7). Ab- 
sorption at 220 nm ~max ether indicated an 
~ - u n s a t u r a t e d  carbonyl. 

An NMR spectrum of "y-ketol oleoyl ester 
indicated the structure proposed (Fig. 3). This 
spectrum had 2 spurious absorptions at 6 3.18 
and 6 2.87 due to impurities, and because of 

these impurities, the pertinent absorptions in- 
tegrated somwhat lower than expected. After 
methyl esterification and isolation from TLC, 
the absorptions at 6 3.18 and 6 2.87 were elim- 
inated, and the others integrated closely to the 
values expected. Olefinic absorptions were simi- 
lar to those reported for "y-ketol (2). 

A probe MS (Structure I) yielded the fol- 
lowing significant ions ~100 m/e: 113 m/e, 
16% relative intensity (RI); 149 m/e, 57% RI 
(possibly due to a phthalate plasticizer impuri- 
ty); 265 re~e, 2% RI; 277 m/e (309-32), 6.5% 
RI; 309 m/e, 33% RI; 326 m/e (325 + 1), 3% 
RI; 559 m/e (M- 31), 0.27% RI; and 590 m/e 

(M), 0.36% RI. The m/e 199 ion, indicative of 
the other isomer, methyl 13-oleoyloxy-10-oxo- 
trans-11-octadecenoate, was not intense (1.5% 
RI) and was undoubtedly due to the product 
from the minor quantity of 9-LOOH in the sub- 
strate. 

Subst i tut ion React ion wi th  Methanol  

In the presence of 20% methanol, corn germ 
enzyme catalyzed the conversion of a mixture 
of hydroperoxide isomers, mostly 13-LOOH, to 
a variety of products; some of these were de- 
scribed by Christianson and Gardner (7). The 
one described here eluted from the silicic acid 
column in fractions 130-136 between elution of 
a-ketol and 7-ketol. This product, 12-oxo-13- 
methoxy-9-hydroxy- trans-10-octadecenoic  acid, 
was 4% by wt based on the wt of substrate 
used. 

12-  Ox  0-13-methoxy-9-hydroxy-trans-10-oc-  
tadecenoic acid (13-methoxy-9,12-ketol) .  The 
IR spectrum of 13-methoxy-9,12-ketol methyl 
ester had the following absorptions: 3350 cm -1, 
h y d r o x y l ;  1735 cm -1, e s t e r  c a r b o n y l ;  
1630 cm -1, olefin a,/3 to a carbonyl; 1100 cm -1, 
methoxy C-O; and 980 cm -1, trans-monoene.  
An NMR spectrum had the following features: 
carbinol methine proton at C-9, ~ 4.51 (m, 1H); 
ether methine proton at C-13, 6 3.70 (t, 1H); 
methoxyl methyl, 6 3.30 (s, 3H); C-11 olefinic 
proton a to a carbonyl centered at 6 6.61 (d, 
J10,11 = 16 Hz, 1H); methylene a to fatty acid 
carbonyl at 6 2.32 (t, 2H); and C-10 olefinic 
proton centered at 6.93 6 (dd, J10,11 = 16 Hz 
and J9,10 = 6 Hz, 1H). The C-10 olefinic coup- 
ling constants were verified by experiments that 
d e c o u p l e d  t he  C-9 c a r b i n o l  m e t h i n e .  

Major features observed in the mass 
spectrum (Structure II) indicated the proposed 
structure: 115 m/e, 100% RI; 115-32 m/e, 43% 
RI; 259 m/e, 11% RI; 285 m/e ,  4% RI; 
313 m/e,  13% RI; 365 m/e (M-31-32), 2% RI; 
M-15, 0.4% RI; and M (428), 0.4% RI. How- 
ever, 2 fragment ions were observed that are 
characteristic of another isomer, 10-oxo-9- 
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m e t h o x y -  1 3-hydroxy-trans-11-octadecenoic 
acid  (9 -methoxy-10-13-ke to l )  as follows: 
173 m/e, 6% R/; and 201 m/e, 4% RI. These 
ions were not so intense as the corresponding 
ions from 13-methoxy-9,12-ketol; therefore, 
9-methoxy-10,13-ketol was considered to be a 
minor product, having its origin from the small 
amount  of 9-LOOH in the substrate. 

A somewhat anomalous behavior was noted 
during the MS-GLC of the 13-methoxy-9,12- 
ketol. Another major GLC peak, other than the 
one used to obtain the MS data reported above, 
was observed at later elution times. MS frag- 
ment ions and the molecular ion from this peak 
indicated this compound was possibly derived 
from the 13-methoxy-9,12-ketol by desatura- 
tion between C-9 and C-8. It is impossible now 
to explain how this reaction could have oc- 
curred. Because no evidence for this structure 
was observed in either the NMR or the IR spec- 
tra, apparently the postulated unsaturated com- 
pound formed at some stage after NMR and IR 
analyses. 

R e d u c t i o n  of 13-methoxy-9,12-ketol in 
methanol with H2-Pd resulted in formation of 
the saturated compound which appeared to 
have cyclized into the corresponding methoxy- 
hemiacetal, as determined by MS. The follow- 
ing MS ions were observed in Structure III. The 
most intense ions were m/e 115, 157, 270 
(301-31), and 340 (M-32). No molecular ion 
was observed. 

DISCUSSION 

By using pure isomers of 9-LOOH and 
13-LOOH, the positional specificity of enzymic 
formation of 3"-ketols in corn germ was estab- 
lished. From 9-LOOH the 10,13-ketol was 
produced and from 13-LOOH, the 9,12-ketol. 
Although the positional specificity of a-ketol 
production has been established adequately by 
many workers (2,10,11), before our study 
a-ketol formation had not been investigated 
with pure isomeric substrates. The 12,13-ketol 
was derived from 13-LOOH and the 9,10-ketol 
from 9-LOOH as expected. 

Although the positional specificity of a- 
ketol formation is agreed upon by all workers 
to date, conflicting data on ~'-ketol formation 
was the stimulus that initiated our latest work. 
Esselman and Clagett (1) concluded that alfalfa 
seedling enzyme yielded the 9,12-ketol from 
9-LOOH and 10,13-ketol from 13-LOOH. This 
specificity of enzyme action contradicted a 
previous conclusion by Gardner (2) with a corn 
germ enzyme. The research reported here using 
pure isomeric substrates confirmed the previous 
conclusion about 3"-ketol formation by corn 

r,.~ 3Ol 

Structure III. Fragment ions expected in the mass 
spectrum of a hydrogenation product (CH3OH sol- 
vent) of methyl 12-oxo-13-methoxy-9-hydroxy-trans- 
10-octadecenoate. 

germ. In view of these conflicting conclusions 
and because Esselman and Clagett (1) used a 
mixture of isomers as a substrate, we believe 
further experimentation with the alfalfa seed- 
ling enzyme may be appropriate. It is possible, 
however, that the mechanism of 7-ketol forma- 
tion in corn, a cereal, is entirely different in al- 
falfa, a legume. A comparison of the two sys- 
tems indicates they are different. 

Esselman and Clagett (1) noted that the 
products from alfalfa seedling extracts did not 
contain a-ketols, a condition which inferred the 
absence of linoleic acid hydroperoxide isomer- 
ase (LOOH-isomerase). Seemingly, alfalfa seed- 
lings and corn germ differed in their content of 
LOOH-isomerase. 

Using 1 sO-labeled linoleic acid hydroperox- 
ide, Veldink, et al., (12) showed on the one hand, 
that only one oxygen of the hydroperoxy 
group was transferred t o  the keto group of 
a-ketol during catalysis by flaxseed LOOH- 
isomerase. Presumably, the hydroxyl group 
came from the water solvent. On the other 
hand, Esselman and Clagett (1) showed that both 
o x y g e n s  of the hydroperoxy group were 
transferred to the keto and hydroxyl groups of 
7-ketol. It seemed unlikely that LOOH-isomer- 
ase was responsible for 3,-ketol formation in 
alfalfa seedling extracts; whereas, in corn germ 
it was likely that LOOH-isomerase was respon- 
sible on the basis of our evidence. 

Common to both a- and 7-ketol formation 
by the corn germ enzyme was the production 
of a keto group at the carbon a to the carbon 
originally bearing the hydroperoxy group. Also 
common to both ketols was the formation of a 
methylene a to the keto group. Because the 
keto group arose from an olefinic carbon, pos- 
sibly the olefinic hydrogen could have been 
transferred to either carbon a to it, depending 
on which ketol was synthesized. 

As catalyzed by the corn germ enzyme, the 
origin of the hydroxyl group in both a- and 
7-ketols may have been from the water solvent. 
Christianson and Gardner (7) demonstrated 
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FIG. 4. Pathway of a-and ,r-ketol formation by 

corn germ linoleic acid hydroperoxide isomerase. 

that  various reagents (HX) in the presence of  
the corn germ enzyme could subst i tute  the 
group (X) at the  carbon originally bearing the 
hyd rope roxy  group. The result  was an a-keto l  
with an X group in place of  the hydroxy l  (Fig. 
4). For  example,  in the presence of  oleic acid, 
13-LOOH was conver ted  to 13-oleoytoxy-12- 
oxo-cis-9-octadecenoic acid. We showed that  in 
the presence of  oleic acid an analogous react ion 
also occurred with 7-ketol.  However ,  the ole- 
oy loxy  group subst i tuted not  at the carbon 
originally bearing the hyd rope roxy  group as in 
the a-ketol  subst i tut ion,  but  8 to it. F r o m  
13-LOOH, 9-oleoyloxy-12-oxo-trans-I  0-octadec- 
enoic acid was formed.  This react ion with 
oleic acid provided evidence that b o t h  c~- and 
7-ketol  fo rmat ion  may have proceeded  by a 
subst i tut ion mechanism and so may have been 
catalyzed by a c o m m o n  enzyme,  LOOH-iso- 
merase (Fig. 4). 

The  involvement  of  LOOH-isomerase in 
w k e t o l  fo rmat ion  addit ional ly was suggested 
by format ion  in the presence of  methanol  of  a 
product  that  possessed structural  characteristics 
of  both  a-  and 3,-ketols. 12-Oxo-13-methoxy-9-  
hydroxy-trans-lO-octadecenoic acid was identi- 
f ied as being formed in 20% methanol  f rom 
13-LOOtt.  Christianson and Gardner  (7) showed 
that  the m e t h o x y  derivative of  the a-keto l  was 
produced  in the  presence of  20% methanol ,  i.e., 
1 2 - o x o - 1  3-methoxy-cis-9-octadecenoic acid 
f rom 13-LOOH. Apparent ly ,  the usual substi- 
tu t ion  react ion of  the a-ketol  had occurred 
(12-oxo-13-methoxy)  as well as ? -ke to l  forma- 
t ion (12-oxo-9-hydroxy)  on the same molecule  
(Fig. 5). Possibly o ther  double subst i tu t ion 

OOH 

0c,, ~ '  ~ ,'i&~. 0, o 

~ ) " ~ '~+.! 

Idothalol sukslit~tio~ ~...- . t~  
o.Ket|l tyll/ 7 

FIG. 5. Proposed pathway of formation of 12- 
o x o- 1 3- m e t h o x y - 9 -h y dr oxy-trans -10-octadecenoic 
acid and other products by linoleic acid hydroperox- 
ide isomerase in the presence of 20% methanol. 

reactions at bo th  C-9 and C-13 could have been 
induced with LOOH-isomerase,  but  these re- 
actions may have been so minor  as to escape 
detect ion.  

Presumably such divergent families of  plants 
as corn and alfalfa would have different  en- 
zymes  to act upon fa t ty  acid hydroperoxides ,  
and different  products  may have been derived 
f rom the same hydroperox ide  isomer,  depend- 
ing upon  the enzyme  source. When 7-ketol  
fo rmat ion  by the corn germ enzyme was 
compared  with  that  r epor ted  for the enzyme 
f rom alfalfa (1), a total ly  different  mechanism 
of  enzyme  action and different  enzymes  were 
indicated for the two.  
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Phosphatidyl Choline" Donor of 18-Carbon Unsaturated Fatty 
Acids for Glycerolipid Biosynthesis 
P.G. ROUGHAN, Plant Physiology Division, D.S.I.R., 
Private Bag, Palrnerston North, New Zealand 

ABSTRACT 

Kinetics of radiocarbon incorporat ion 
into the phosphatidyl  choline of pumpkin 
leaf fed 1-14C-acetate at low light inten- 
sity were strongly suggestive of lipid 
bound fat ty  acids acting as substrates for 
desaturase enzymes. After  pulse labeling 
in direct sunlight with the same precur- 
sor, phosphatidyl  choline and phospha- 
t idyl  glycerol contained up to 90% of 
t o t a l  glycerolipid radiocarbon at the 
shortest sampling times. Subsequent loss 
of  radiocarbon from phosphat idyl  choline 
and a corresponding gain in other glycero- 
lipids is taken to indicate a net flow of 
long chain fat ty acids through phospha- 
t idyl  choline and into other lipids. It is 
proposed that  there may be 2 separate 
synthetases in leaf tissue, one producing 
oleic and the other palmitic acids as their 
end products. Oleic acid is transferred 
almost exclusively to phosphat idyl  cho- 
line, where it is further desaturated to 
linoleic and linolenic acids before being 
made available for the biosynthesis of 
other lipids. Palmitic acid is transferred 
mainly to phosphat idyl  glycerol, where it 
is desaturated to trans-A3-hexadecenoic 
acid. 

INTRODUCTION 

From an earlier study ( l )  on the incorpora- 
t ion of  tA4C-acetate  into pumpkin leaf lipids 
and the subsequent metabolism of fat ty acids 
bound to various glycerolipids, it was suggested 
that the phospholipid,  phosphat idyl  choline 
(PC), played an important  role in the mecha- 
nism of  long chain fatty acid desaturation in 
leaves. It appeared possible from those results 
that PC bound fat ty  acids were, in fact, the 
substrates for the enzymes which desaturated 
oleic to linoleic and linolenic acids in leaves (2) 
in a manner analogous to the role of phospha- 
t idyl ethanotamine (PE) bound oleate in the 
synthesis of methyl stearic acid (3) and cyclo- 
propane fat ty acids (4) in bacteria. It was fur- 
ther suggested from the pumpkin leaf study 
that  the polyunsaturated fat ty  acids formed on 
PC were subsequently transferred to other 
glycerolipids, particularly monogalactosyl di- 
glyceride (MDG), within the cell (1). 

A specific role for PC in the desaturation of  
oleate to linoleate in Chlorella has been sug- 
gested (5), and recent evidence indicates a 
direct desaturation of PC bound oleate in 
fungal microsomes (6-9). Thus far, only the 
earlier work on pumpkin has indicated an 
apparent net flux of  fat ty acids through PC and 
into other glycerolipids. 

This communication reports in more detail 
on the kinetics of labeling of PC in intact 
pumpkin leaf, and on the transfer of  fat ty acids 
from PC to other glycerolipids within the leaf. 
The phenomenon has been observed in leaves of  
other species, and when using different meth- 
ods of  introducing the radioactive precursor 
into the leaves. 

METHODS 

Pumpkin plants (Cucurbiter pepo, culfivar 
'Queensland Blue') were grown in the glass- 
house between September and November, or 
were grown and used in the field between Janu- 
ary and March. Spinach (Spinacea oleracea), 
sorghum (Sorghum bicolor), and sunflower 
(Helianthus anuus) were glasshouse grown in 
Spring, and sunflower was also grown and used 
in the field in Summer. 

The radioactive precursor, 1-14C-acetate, 
was fed either by painting 1-2 ml (50-100/~c) 
of a 1-2 mM solution evenly over the surface of 
attached leaves with a camel hair brush, or via 
the cut petiole of  detached leaves. To enable 
measurement of  a t ime course of  1-14C-acetate 
incorporat ion into leaf lipids, the rate of  uptake 
of the precursor applied to the leaf surface was 
reduced by shading the leaf. Sampling of  leaf 
material, extraction, separation, and counting 
of lipids and preparat ion of glycerolipid fat ty  
acids were essentially as described previously 
( I , I0 ) .  Nonpolar glycolipid and phospholipid 
classes were prepared from larger scale extrac- 
tions by the silicic acid-acetone column chro- 
matographic technique (11). Phosphatidyl  cho- 
line was isolated from phospho/ipid fractions 
by semipreparative, thin layer chromatography 
(TLC). Fa t ty  acid moieties of PC were isolated, 
hydrogenated,  and degraded by  the method of 
Harris, et al., (12). 

Fa t ty  acid methyl  esters were analyzed for 
concentration and radioactivity using 200 x 
0.4 cm columns of 15% ethylene glycol sue- 
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TABLE I 

Time Course of 14C Incorporation from 1-14C-acetate into 
Pumpkin Leaf Phosphatidyl Choline under Low Light a 

Total fatty acid 14C 
Time after (%) 
labeling PC -14C 
(rain) (dpm x 10"3/sample) 16:0 18:0 18:1 18:2 18:3 

15 107 7 86 7 
30 217 8 61 31 
60 400 7 6 53 34 

120 900 7 6 31 47 

as0 #c of 1-14C-acetate was applied to the leaf surface in a shaded area of a glasshouse. 
The light intensity was one-tenth of direct sunlight in the glasshouse. 

TABLE II 

Transfer of Radiocarbon from Phosphatidyl Choline 
to Other Glycerolipids after Pulse Labeling of 

Pumpkin Leaf with 1-14C-Acetatea 

cpm x 10-4/g fresh leaf 

Glycerolipid b 0.5 hr 2 hr Net change 

PC 62 48 -14 
PG 11.8 12.4 + 0,6 
MGD 3.2 11.4 + 8.2 
PE 6.1 8.8 + 2.7 
PI 2.5 2.8 + 0.3 
DGD 0.3 0.8 + 0.5 
SL >0.1 >0.1 0 
Totals 86.0 84.2 

a l 0 0 # c  (2 /amole) of 1-14C-acetate in 2 ml was 
applied evenly over tile surface of a large leaf on a 
field grown plant and in full sunlight. One-half of the 
leaf was removed 0.5 hr after and the other half 2 hr 
after applying the precursor. Uniformity of the appli- 
cation is indicated by similarity in total glycerolipid 
radiocarbon from each half leaf. Nonpolar lipids 
accounted for about 12% of the total lipid radiocar- 
bon at both sampling times. 

bpc  = phosphatidyl choline; PG = phosphatidyl 
glycerol; MGD= monogalactosyl diglyceride; PE= 
phosphatidyl ethanolamine; PI = phosphatidyl inosi- 
tol; DGD = digalactosyl diglyceride; SL = sulpholipid. 

c ina te  o n  C h r o m a s o r b  W in an  Ae rog raph  
Model  200  gas c h r o m a t o g r a p h  f i t t ed  w i th  a 
t h e r m a l  c o n d u c t i v i t y  de t ec to r ,  and  coup led  to  a 
Nuc lear  Chicago Biospan rad ioac t iv i ty  de tec to r .  
In la ter  expe r imen t s ,  s imilar  c o l u m n s  were 
e m p l o y e d  in a Y a n a c o  G-80 gas c h r o m a t o g r a p h  
f i t t ed  w i th  f lame i o n i z a t i o n  de t ec to r s  and  efflu- 
en t  s t r eam spli t ters .  Methy l  esters  were col- 
lec ted  in 75 x 0.4 cm glass t ubes  m o i s t e n e d  
w i t h  xylene ,  and  were f lushed  i n to  vials for  
sc in t i l la t ion  count ing .  

RESULTS 

Shaded  p u m p k i n  leaf  ( l ight  i n t ens i t y  one-  
t e n t h  of  direct  sunl ight  in  the  glasshouse)  incor-  
po ra t ed  50 /~mole of  1-14C-acetate  i n to  PC at 

a l inear  ra te  for  2 h r  (Table  I). On rad ioau to-  
graphs  of  to ta l  l ipids separa ted  by  TLC, PC was 
t he  first  spo t  to  appear ,  and  was,  by  far, t h e  
s t ronges t  spo t  at  all t imes.  P h o s p h a t i d y l  glycer- 
ol and  n o n p o l a r  lipids, i.e., t h e  ch roma to -  
graphic  f ron t ,  were the  nex t  m o s t  s t rongly  
labeled  lipids, bu t ,  by  2 hr  PE, p h o s p h a t i d y l  

inos i to l  (PI) and  MGD also c o n t a i n e d  de tec t -  
able rad ioac t iv i ty .  Dens i tome t r i c  scans of  radio- 
au tographs  s h o w e d  t h a t  at  15 min,  80% of  the  
r a d i o c a r b o n  i n c o r p o r a t e d  in to  t he  t o t a l  l ipid 
was in PC, and  20% was in t he  n o n p o l a r  lipid. 
By 2 hr ,  th is  had  changed  to  60% in PC, 15% in 
PG, 1 5% in n o n p o l a r  lipid, and  the  r ema inde r  
d i s t r ibu ted  a m o n g  MGD, PE, a n d  PI. Nei ther  
digalactosyl  diglyceride (DGD)  no r  su lphol ip id  
(SL) c o n t a i n e d  rad ioac t iv i ty  de tec tab le  b y  this  
m e t h o d .  

Oleic acid was t he  first f a t t y  acid of  PC to  
i nco rpo ra t e  label ,  and  was, in  fact,  labeled 
a lmos t  to  equ i l ib r ium by 2 hr .  Linoleic  acid 
label ing wi th in  PC ini t ia l ly  lagged b e h i n d  tha t  
o f  oleic acid, bu t  t h e n  acce le ra ted  and  exceeded  
t h a t  of  oleic acid wi th in  t he  2 hr  (Table  I). In 

graphical  fo rm,  these  da ta  p r o d u c e d  curves 
typ ica l  of  a p r ecu r so r -p roduc t  r e la t ionsh ip  for  
t he  r eac t ion  PC-oleate + PC-l inoleate ,  and  the  
sum of  t he  rad ioac t iv i ty  in  oleic  plus l inoleic  
acids increased  l inear ly  over  t he  2 hr. Incor-  
p o r a t i o n  i n to  PC b o u n d  pa lmi t i c  and  s tear ic  
acids was l inear  w i th  t ime  and  an  order  of  mag- 
n i tude  s lower  t h a n  the  in i t ia l  r a t e  for  oleate.  
S igni f icant  labe l ing  o f  the  a - l i no lena te  m o i e t y  
of  PC was no t  obse rved  un t i l  a f te r  2 hr. 

Leaves of  f ie ld g rown p u m p k i n  i n c o r p o r a t e d  
100 /ac  (2 # m o l e )  of  1-14C-aceta t  e in to  l ipids in  
< 30 min  in full  sun l igh t  (Tab le  II). When  the  2 
halves of  these  leaves were e x a m i n e d  at  0.5 and  
2 h r  a f te r  this  pulse label ing,  a clear i nd i ca t i on  
was o b t a i n e d  of  t r ans fe r  of  r a d i o c a r b o n  f rom 
PC to  o the r  lipids, especial ly MGD, even in  this  
re la t ively  shor t  pe r iod  (Tab le  II). There  was n o  
change in the  label ing of  t he  n o n p o l a r  l ipid 
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TABLE IIl 

Concentrations and Specific Radioaetivities of Oleic and 
Linoleie Acids in Nonpolar Lipids Compared with 

Phosphatidyl Choline of Pumpkin Leaf* 

Specific radioactivity 
Concentration (dpm#zg fatty acid) 

Otg/g fresh wt leaf) 0.5 hr 2.0 hr 

Nonpolar lipid 
18:1 5.4 2,800 2,540 
18:2 7.0 1,460 1,915 

Phosphatidyl choline 
18:1 25 15,000 3,900 
18:2 100 3,000 2,800 

*See Table II. 

TABLE IV 

Relative Specific Radioactivities of Fragments Prepared from Phosphatidyl 
Choline-bound Oleic and Linoleic Acids Isolated from Sunflower Leaf 

Labeled 20 min with 1-14C-acetatea 

Fatty Acids 

Degradation product 12:0 13:0 14:0 15:0 16:0 17:0 18:0 

Relative Specific Activity 
Phosphatidyl choline- 
18:1 97 86 90 88 86 106 102 
Phosphatidyl choline- 
18:2 NM b 22 20 22 33 36 41 

apC-oleate was spiked after isolation and prior tm hydrogenation and a-oxidation with 
250 #g of unlabeled methyl stearate, while PC-linoleate was taken through the whole pro- 
cedure (1 I) unfortified. The precursor was applied to the leaf surface of glasshouse grown 
plants in full sunlight. 

bNM = not measured. 

fractions which contained ca. 12% of the total 
lipid radioactivity. Specific radioactivities of 
the oleic and linoleic acids of the nonpolar 
lipids were compared with those in PC to deter- 
mine whether labeling of the nonpolar lipids 
could have preceded labeling of PC. In spite of 
5-fold and 14-fold higher concentrations of 
oleic and linoleic acids, respectively, PC fatty 
acids had 5- and 2-fold higher specific radio- 
activities, respectively, at the earliest sampling 
times (Table III). It seems unlike/y, therefore, 
that labeling of nonpolar fatty acids preceded 
labeling in PC fatty acids. 

The 18-carbon fatty acids of PC were 
formed by de novo synthesis rather than by 
elongation of existing 16-carbon chains. Degra- 
dation, by a-oxidation (12) of oleic and linoleic 
acid moieties of PC isolated from sunflower leaf 
20 man after applying 1-14C-acetate to the leaf 
surface in full sunlight, showed that oleic acid 
was uniformly labeled (Table IV), while linoleic 
acid was labeled more heavily toward the car- 
boxyl  end of the chain. This latter pattern of 
labeling might be expected in oleic acid at 

much shorter sampling times, because the first 
labeled product to emerge from the oleic acid 
s y n t h e t a s e  after 1-14C-acetate application 
would be labeled exclusively in the C-1 posi- 
tion. 

Although this apparent involvement of PC in 
polyunsaturated fatty acid metabolism was 
most marked in leaves of rapidly growing 
pumpkin plants, experiments with attached and 
detached leaves of other species confirmed 
these findings (Table V). PC was always the 
most heavily labeled glycerolipid at the earliest 
sampling times, and a very high proportion of 
the radiocarbon in PC was associated with the 
oteic and linoleic acid moieties (Table V). The 
second most strongly labeled glycerolipid was 
PG, and this was usually, though not always, 
labeled in the palmitic and trans-A3-hexa- 
decenoic acid moieties (Table V). These 2 lipids 
accounted for 70-90% of the total radioactivity 
recovered in the leaf glycerolipids. PC radio- 
activity invariably declined with time relative to 
total lipid radioactivity after pulse feeding 
1-14C-acetate, whether by surface application 
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TABLE V 

Incorporation of 1-14C-acetate into Glycerolipids and their 
Constituent Fatty Acids of Different Leaves 

Total fatty 
acid 14C (%) 

Total 
Hr after glycerolipid- 14C 16:0 18:1 

Leaf Gl',~erolipid c feec:,~g (%) + 16:1 + 18:2 

Spinach a PC 2.5 41 13 86 
PG 2.5 30 73 27 

Sorghum a PC 1 45 16 84 
PG 1 25 46 54 
MGD 1 15 41 59 

Sunflower a PC 0.75 50 3 93 
PG 0.75 26 44 53 
MGD 0.75 11 13 86 

Sunflower a PC 0.33 63 14 82 
PG 0.33 20 65 33 
MGD 0.33 5 29 69 

Pumpkin b PC 1 67 10 89 
PG 1 20 71 29 

aLeaf fed by petiole uptake of 1-14C-acetate; spinach in subdued daylight, sorghum and 
sunflower in full sun. 

bLeaf fed by surface application of the precursor in full sunlight. 
cpc = Phosphatidyl choline; PG = phosphatidyl glycerol; MGD = monogalactosyl 

diglyceride. 

TABLE VI 

Turnover of Phosphatidyi Choline (PC) Bound and 
Phosphatidyl Glycerol (PG) Bound Fatty Acids 
after Pulse-feeding 1-14C-Acetate to a Leaf of a 

Slowly Growing Pumpkin Plant a 

Hr after Total fatty acid 14C (%) 
labeling 16:0 16:1 18:0 18:1 18:2 18:3 

PC 
0.5 14 0 0 42 44 0 
1 19  0 0 32 46 4 
6 29 0 4 14 39 14 

20 37 0 3 4 27 21 
44 49 0 12 0 18 21 
92 52 0 12 0 15 21 

PG 
0.5 81 0 0 19  0 0 
1 75  5 0 2 0  0 0 
6 72 10 0 18 0 0 

20 65 18 0 17 0 0 
44 38 46 0 16 0 0 
92 23 54 0 19 0 0 

aAt 0.5 hr, PC contributed 52% and PG 34% of 
total glycerolipid radiocarbon. After 44 hr, these 
figures were 27 and 33%, respectively. At 44 hr, 
monogalactosyl diglyceride (MGD) contained 16% of 
glycerolipid radiocarbon and ct-linoleic acid 65% of 
MDG fatty acid radioactivity. The 1-14C-acetate was 
fed by application to the leaf surface in full sunlight. 

or  by pet iole  uptake .  In cont ras t ,  the  propor-  
t ion of  radioact iv i ty  in o the r  glycerolipids 
increased wi th  t ime,  t hough  to ta l  lipid radio- 
carbon remained  fairly cons tan t .  

The relative i nco rpo ra t ion  of  1-14C-acetate 

in to  PC compared  wi th  PG of p u m p k i n  leaf was 
no t  cons tan t ,  but  appeared  to  vary wi th  grow- 
ing condi t ions  of  the  plants.  Fo r  reasons out-  
l ined earlier (1), large leaves had  been  induced  
on small po t  grown plants  by repea ted ly  re- 
moving  the  growing points .  It was found,  how- 
ever, tha t  these  leaves i nco rpo ra t ed  propor -  
t iona te ly  more  1-14C-acetate i n to  PG compared  
wi th  PC than  did leaves of  field g rown plants  
used in the earlier s tudy (1). The PC/PG-14C 
ratio was found  to be 1.5-2.2 for  leaves of  po t  
g rown plants labeled at midday ,  and a ratio of  
3.3-3.7 for  the  same material  labeled at 8 am. 
The ratio was cons is ten t ly  5-6 in leaves on the  
large field grown plants  labeled b e t w een  9-11 
am. Because the  bulk of  the  r ad ioca rbon  in PG 
was in palmit ic  acid, and because leaves o f  the  
s lowly growing plants  would  be ex p ec t ed  to 
con ta in  high endogenous  levels o f  p h o t o s y n -  
tha te ,  these  results  suggest tha t  1-14C-acetate 
may be biased more  or less t oward  the  synthesis  
o f  palmit ic  acid than  oleic acid, depend ing  on 
the  nut r i t iona l  s ta tus  of  the  leaf. It was also 
apparent  tha t  when  the PC]PG-14C rat io was 
low,  the 16-carbon fa t ty  acids con ta ined  pro-  
por t ional ly  more  of  the  to ta l  fa t ty  acid radio- 
carbon wi thin  PG than  w h e n  this ra t io  was high 
(Tables V and VI). In contras t ,  however ,  there  
were no instances when  the  16-carbon fa t ty  
acids of  PC con ta ined  > 16% o f  the  to ta l  PC 
fa t ty  acid r ad ioca rbon  at the  earlier sampling 
t imes.  

A loss of  18-carbon fa t ty  acids f rom PC was 
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reflected in the steady increase in the propor- 
tional labeling of palmitic acid in PC in a pulse 
chase type of experiment (Table VI). During 
the chase, the specific radioactivities of oleic 
and linoleic fell quite rapidly, while that of 
palmitic acid remained constant. On the other 
hand, the specific radioactivity of palmitic acid 
of PG declined steadily, while that of trans-A 3- 
hexadecenoic acid within PG steadily increased 
(Table VI). There was no further metabolism of 
PG bound oleic acid. This experiment also 
serves to illustrate the relatively specific inser- 
t ion of palmitic acid into PG and oleic acid into 
PC. 

DISCUSSION 
The kinetics of 1-14C-acetate incorporation 

into oleic acid of PC, and the subsequent move- 
ment of the label from esterified oleic to lino- 
leic acids strongly suggest that PC bound oleate 
was the direct precursor of PC bound linoleate, 
i.e., oleic acid was desaturated while esterified 
to PC. The alternatives are either that oleate 
was split off the phosphatide, desaturated while 
attached to the desaturase enzyme, and reat- 
tached to the phosphatide (5), or that the 
oleate was split off the phosphatide and desat- 
urated as the Coenzyme A derivative (13)be-  
fore reattachment to the phosphatide. In either 
case, after reattachment, the linoleate again 
must have been detached either for further 
desaturation to a-linolenate or for transfer of 
the acyl group to other lipids. If, as seems like- 
ly, the desaturation of oleyl-PC proceeds as far 
as a-linolenyl-PC, then the latter mechanisms 
would require 3 separate attachings and detach- 
ings of PC-acyl groups to complete the process 
of desaturation. It probably would be more 
favorable energetically to perform the desat- 
uration on the PC bound fatty acids. Good 
evidence for such a direct desaturation of 
oleyl-PC has been obtained with yeast micro- 
somes (7). 

Recently, it has been proposed that lino- 
lenate formation in leaves proceeds by elonga- 
tion of a hexadecatrienoic acid (14,15), but 
direct desaturation of linoleate to linolenate has 
been demonstrated in plants (16-18). In Penicil- 
lium chrysogenum, although both pathways 
may operate concurrently, the route of lino- 
lenate synthesis under aerobic conditions is 
predominantly via linoleate (19). In young 
maize leaves, linolenate appears to be synthe- 
sized by direct desaturation of linoleate, rather 
than by chain elongation of a hexadecatrienoic 
acid (20). 

a-Linolenic acid is the predominant fatty 
acid of green leaves, and is the major end 

l=•--]l=,-Oley•-]l• Linoiiyt-PC ~ Linolenyl-PC 

~ PalmitoyI-PG ~ t-~3-16:1-PG 

FIG. 1. Scheme to account for proposed inter- 
relationships between long chain fatty acids and glyc- 
erolipids after feeding 1-I4C-acetate to intact leaves. 
Heavy arrows indicate major and light arrows minor 
flow paths of long chain fatty acids. 

product of 1A4C-acetate incorporation into 
leaves (1). Most of this a-linolenate is esterified 
to the chloroplast glycerolipids MGD and DGD, 
but in every pumpkin glycerolipid, with the 
exception of PG, it is the major component  (1). 
Rates of a-linolenate biosynthesis, however, are 
quite slow, relative to those of oleate and lino- 
leate, as judged by incorporation of 1-14C- 
acetate (2). While the evidence for further 
metabolism of linoleate to linolenate while 
esterified to PC is not nearly as convincing as 
that for oleate to linoleate, it is a logical exten- 
sion of the hypothesis that this should occur. 
Tile failure of a-linolenate to accumulate in PC 
could be explained by a transfer, almost 
immediately upon formation, of the labeled 
fatty acid to other lipids. It was clearly shown 
by tong term studies of glycerolipid interrela- 
tionships in attached pumpkin leaves that the 
18-carbon fatty acids were lost from PC (1), 
and has been amply confirmed in the present 
study. In every instance, the counts in PC de- 
dined with time after pulse labeling with 
1-14C-acetate, and the specific radioactivity of 
esterified palmitate remained unchanged, while 
that of oleate plus linoleate plus linolenate 
steadily declined. At the same time, the specific 
radioactivities of these fatty acids in other 
glycerolipids were increasing with time, even 
though the counts in total lipids did not  change 
and all available 1-14C-acetate had long since 
been fixed. Thus, a transfer of 18-carbon fatty 
acids from PC to other glycerolipids appears 
certain. The behavior of the fatty acid moieties 
of PG was in sharp contrast to that of the acyl 
groups of PC. At the earliest times after pulse 
labeling, only palmitate and oleate of PG were 
significantly radioactive. In some cases there 
was no further movement of label from oleate 
even after 92 hr, and the only change that took 
place was a decrease in labeling of palmitate 
accompanying an almost equivalent increase in 
labeling of trans-Zk3-hexadecenoic acid. This is 
quite consistent with the suggestion, based on 
different data (21), that this unique fatty acid 
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was syn thes ized  f rom precurso r  whi le  es ter i f ied 
to  PG. 

This a p p a r e n t  specif ic  i n se r t i on  o f  d i f f e ren t  
f a t t y  acids i n t o  the  d i f f e ren t  p h o s p h a t i d e s ,  and  
the  variable  ra t io  of  PC/PG r a d i o c a r b o n  in 
l e a v e s  growing  u n d e r  d i f fe ren t  cond i t ions ,  
p r o m p t s  the  suggest ion t h a t  the re  m a y  be 2 
separa te  f a t t y  acid syn the t a se s  in  leaf  tissue. 
One  of  these  p roduces  pa lmi t i c  acid as i ts end  
p roduc t ,  and  this  is t r ans fe r r ed  a lmos t  exclu-  
sively to PG, whi le  the  o t h e r  p roduces  o lea te  as 
its end  p r o d u c t ,  and  this  is t r ans fe r r ed  a lmos t  
exlusively to  PC (Fig. 1). D es a t u r a t i on  of  the  
b o u n d  acyl groups  t h e n  takes  place. F ina l ly ,  
t r ans fe r  of  the  acyl g roups  f rom PC to  o t h e r  
newly  syn thes i zed  lipids comple t e s  t he  pic ture .  
Di f fe ren t  ra tes  of  syn thes i s  f rom 1-14C-aceta te  
of  pa l rn i ta te  relat ive to  o lea te  ( a f f ec t ing  the  
PC/PG r a d i o c a r b o n  ra t io)  could be a resul t  of  
d i f fe ren t  s t imu la t i ons  or i nh ib i t i ons  of  e i the r  
s y n t h e t a s e  in  leaves f rom s lowly growing 
c o m p a r e d  w i th  rapid ly  growing plants .  

The  o t h e r  poss ib i l i ty  is t h a t  o lea te  is f o r m e d  
s imply  by  chain  e longa t ion  of  p a l m i t a t e  pro-  
duced by  a single syn the t a se ,  and  this  is fol- 
lowed  by  de sa tu r a t i on  of  t he  s t ea ra te  (22).  
However ,  i t  is w o r t h  cons ider ing  t h a t  in  auto-  
t r oph ica l l y  g rown Euglena gracilis, t h e r e  are at  
least  2 syn the tases  capable  of  de novo  syn thes i s  
of  long  chain  f a t t y  a d d s ,  and  t ha t  t he  p r e d o m -  
i n a n t  p r o d u c t s  of  these  s y n t h e t a s e s  are palmi-  
ra te  and  s teara te ,  respec t ive ly  (23) .  Also,  in 
deve lop ing  s o y b e a n  co ty l edons ,  i t  was con-  
c luded t h a t  oleate  was no t  f o r m e d  f r o m  palmi-  
t a t e  or  s teara te ,  bu t  was syn thes ized  in parallel  
w i th  these  sa tu ra t ed  f a t t y  acids (24) .  
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ABSTRACT 

A number of azasteroids and other 
nitrogen containing steroids with a modi- 
fied nucleus or side chain were prepared 
and tested for their inhibitory effects on 
the growth and development of several 
species of insects. Structure-activity stud- 
ies showed that compounds with a struc- 
turally related steroid nucleus and side 
chain were approximately equal in inhib- 
itory activity for a particular species. The 
replacement of the tertiary amino group 
in the side chain of the 5/3-steroid with 
other nitrogen substituents, such as nitro, 
cyano ,  acetylamino, or a quaternary 
ammonium salt, resulted in a considerable 
loss of inhibitive activity in the tobacco 
hornworm or the yellowfever mosquito. 
However, certain modifications of the 
azasteroid nucleus resulted in compounds 
that still retained high biological activity. 
As a result, a compound was synthesized 
that lacked the A and B rings of the ster- 
oid nucleus and that inhibited insect 
growth, molting, and metamorphosis and 
the A24-sterol reductase enzyme system 
of the tobacco hornworm. 

INTRODUCTION 

Previous studies of the structure-activity re- 
lationships of a number of azasteroids showed 
that certain 25-azasterols were more effective in 
inhibiting insect growth and development than 
either diazasterols or monoazasterols with a 
secondary nitrogen at the 23 or 24 position (1). 
As a result, we were able to design and synthe- 
size a number of new 25-azasteroids that were 
considerably more active inhibitors for several 
species of insects (2). These azasteroids were 
also potent inhibitors of the ,524-sterol reduc- 
tase enzyme, caused an accumulation of des- 
mosterol, and blocked the conversion of plant 
sterols to cholesterol in certain insects. Subse- 
quently, in an effort to determine whether the 
tertiary nitrogen was a prerequisite for maxi- 
mum biological activity and to determine the 
minimal structural requirement for this activity, 

1presented in part at AOCS Fall Meeting, Philadel- 
phia, September, 1974, 

2Visiting Fulbright Researcher, 1972-1973. 

we synthesized a number of new nitrogen con- 
taining steroids with modified and/or shortened 
side chains and modified steroid nuclei. In the 
present paper, we report the synthesis and com- 
pare the inhibitory activities of these new com- 
pounds with those of our previous 3 most ac- 
tive 25-azasteroids on 4 species of insects. The 
IUPAC equivalent names used throughout this 
paper are listed in Figure 1. 

EXPERIMENTAL PROCEDURES 

Biological Test Systems 

The larval test systems for the yellowfever 
mosquito, Aedes aegypti (L.), the confused 
flour beetle, Tribolium confusum Jacquelin 
duVal, and the house fly, Musca domestica L., 
were those previously used to assess the inhibi- 
tive effects of ecdysone and synthetic analogs 
on growth and metamorphosis (3). The larval 
test system for the tobacco hornworm, Man- 
duca sexta (L.), was as previously described for 
testing azasteroid inhibitors (1). 

Instrumentation 

Melting points were observed on a Kofler 
block, and infrared (IR) spectra were obtained 
with a Perkin-Elmer model 221 prism-grating 
spectrophotometer. Gas liquid chromatographic 
(GLC) analyses were made on a Barber-Colman 
model 10 chromatograph equipped with a beta 
ionization detector cell. GLC systems were 
0.75% SE-30 and 1% OV-17 coated on Gas- 
Chrom P and the columns temperatures were 
236 and 230 C, respectively. NMR spectra were 
recorded at 60 Mc with a Varian A-60A NMR 
spectrometer with deuterated chloroform as the 
solvent and trimethyl silyl (TMS) as an internal 
nuclear magnetic resonance (NMR) standard. 
The mass spectra were obtained by using an 
LKB model 9000 gas chromatograph mass spec- 
trometer (LKB Produckter AB, Stockholm, 
Sweden). Samples were introduced directly into 
the ionization chamber (ionization energy 70 
ev.) except for compound XLI which was intro- 
duced through the gas chromatography (GC) 
system. 

Materials and Chemical Synthesis 

Basic and neutral alumina (Woelm) were ob- 
tained from Waters Associates Inc. (Framing- 
ham, MA), and the required amount  of water 
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= 3~-Methoxy-ehol- 5-en-24-dimethylamine 
= 3~-Methoxy-24,23-dinorchol- 5-en-22-dimethylamine 
= 3fl-Trimethylsiloxy- chol- 5- en-24- dirnethylamin e 
= 5a-Cholan-24-dimethylamine 
= 24,23-Dinor- 5c~-cholan-22-dimethylamine 
= 5a-Cholan-24-methylethylamine 
= 5/3-Chol-2-en-24-dimethylamine and 

5~-Chol- 3-en-24-dimethylamine 
= 5/3-Chola-2,7,1 l-ttien-24-dimethylamine 
= 2, 3-Seco- 5~-cholan-24-dimethylamine 
= 3,4-Se eo-5~-cholan-24-dimethylamine 
= 2~, 3~-Dichloro- 5~-eholan-24-dimethylamine 
= 3c~-Hydroxy- 5~-cholan-24-dimethylamine 
= 3a-Trimethylsiloxy- 5#-eholan-24-dimethylamine 
= 5/~-Cholan-24- dimethylamine 
= 24-Nor- 5/3-eholan- 23- dimethylamine 
= 24,23-Dinor- 5fl-eholan-22- dimethylamine 
= 5~Cholan-24-trimethylammonium iodide 
= 24,23-Dinor-5&eholan-22.aminoethanol-22-p.toluenesulfonate 
= 5/~-Cholan-24-amine 
= 24-Nitro-5/3-eholane 
= 5/3-Cholan-24-acetamide 
= 24-Dimethylureido- 5/~-eholane 
= 24-Cyano-5j3-eholane 
= 24-Nor-23-cyano-Sfl-eholane 
= 24,23-Dinor- 5/3-eholan-22-diethylphosphat e 
= N,N,6-Ta- Tetramethyloet ahydro- 1-H-indene- 1-but anamine. 

FIG. 1. IUPAC equivalent names. 

was added to make activity Grade II alumina. 
Thin layer chromatographic (TLC) analyses 
were made on Quanta/gram precoated silica gel 
plates (Quantum Industries, Hanover, NJ). 
Cholic acid was purchased from Nutritional 
B i o c h e m i c a l s  Corp. (Cleveland, OH), and 
5~-cholanic acid was readily prepared via oxida- 
tion of cholic acid methyl ester to the trike- 
tone, dehydrocholic acid methyl ester, and its 
subsequent reduction and saponification by the 
W o l f f - K i s h n e r  r eac t ion .  Lithocholic acid 
(3a-hydroxy-5fl-cholanic acid) was prepared 
from methyl cholate by the methods of Sarel 
and Yanuka (4). 

The intermediate acid required for the prep- 
aration of compound XLI was prepared by 
ozonolysis of vitamin D 2 (5,6) and chromic 
acid oxidation of the keto-aldehyde in acetone 
with an 8N solution of chromic acid in dilute 
sulfuric acid (7). A Wolff-Kishner reduction of 
the resulting keto-acid gave the intermediate 
~ - 7 a - d i m e t h y l o c t a h y  d r o - l H - i n d e n e - l - a c e t i c  

acid. The reaction of this acid with thionyl 
chloride gave the acid chloride, which immedi- 
ately was allowed to react with diazomethane 
to give the diazoketone. An Arndt-Eistert rear- 
rangement of the diazoketone by the modified 
procedure of  Wilds and Meader (8) gave the 
benzyl ester of  an acid with its chain length 
increased by one carbon from that of the initial 
acid. An alkaline saponification of this ester 
and a repeat of  Wilds procedure gave the acid of 
the desired chain length for preparing the amine 
XLI in a 30% overall purified yield from vita- 
man D2. 

The new azasteroids were all prepared in 
60-80% yield according to the general method 
of  synthesis via reaction of the appropriate ster- 
oidal acid with thionyl chloride to give the ster- 
oidal acid chloride and its reaction with dimeth- 
ylamAne, methylethylamine, or ammonia to give 

the amide and its subsequent reduction with 
li thium aluminum hydride in tetrahydrofuran 
to the amine (9). The dichloroazasteroid XXVI 

was prepared in 50% yield via chlorination of 
5~chol-2-en-24-dimethylamine in carbon tetra- 
chloride at 5 C. 

The quaternary ammonium salt XXXII was 
prepared in 90% yield by the reaction of the 
tertiary amine XXIX and methyl  iodide in ace- 
tone:acetonitri le (3:1) in a sealed tube over- 
night  at 70C.  The ammonium tosyl salt 
XXXIII was readily prepared in 95% yield by 
heating at 75 C for 1 hr a mixture of 2-dimeth- 
ylaminoethanol and the 22-tosylate of 24,23- 
dinor-5/3-cholan-22-ol, prepared from lithium 
aluminum hydride reduction of the methyl es- 
ter of XVb (Scheme II). 

The oxidation of the primary amine XXXIV 
with m-chloroperbenzoic acid gave the nitro 
derivative XXXV in 45% purified yield. Com- 
pound XXXVI was prepared in nearly quanti- 
tative yield by the reaction of XXXIV in pyri- 
dine at room temperature overnight with acetic 
anhydride. The reaction of XXXIV with di- 
methyl carbamyl chloride in xylene containing 
6 equivalents of tfiethylamine at reflux tem- 
perature for 2 hr gave XXXVII in 77% yield. 
The reaction of the 24-tosylate of 5/3-cholan- 

LIPIDS, VOL. 10, NO. 10 



EFFECTS OF AZASTEROIDS ON INSECTS 617 

24-ol with sodium cyanide in a solution of di- 
methylsulfoxide: benzene (3: 1) at room temper- 
ature overnight gave the cyano compound 
XXXVIII in a 72% purified yield. A s~milar re- 
action of the 23-tosylate of 24-nor-5~-cholan- 
23-ol with sodium cyanide gave compound 
XXXIX. The reaction of 24-nor-5/~-cholan-23-ol 
at reflux temperature for 7 hr with diethyl 
chlorophosphite in benzene containing 2 equiv- 
alents of triethylamine gave the diethylphos- 
phate ester XL in a 65% yield. The TMS deriva- 
tives XVIII and XXVIII were prepared in nearly 
quantitative yield by the reaction of 25-aza- 
cholesterol and XXVII, respectively, in pyridine 
at 70 C overnight with N,N-bis(trimethylsilyl) 
acetamide. 

When necessary, the compounds were puri- 
fied by column chromatography. The structures 
of the intermediates and final products (Fig. 2) 
were confirmed by IR, NMR, and mass spec- 
troscopy. Purity of the final products as deter- 
mined by GLC and TLC was > 98%. 

Mass spectra of all compounds shown in 
Figure 2 gave strong M + and M-15 peaks (Table 
I) except for the quaternary ammonium salt 
XXXII and compound XXXIII. Spectra of all 
the N,N-dimethylamine compounds showed 
base peaks at m/e 58 that resulted from the 
simple fission of the carbon-carbon bond adja- 
cent to the nitrogen atom (a-cleavage). A base 
peak at m/e 72 in the spectrum of compound 
XXI indicated a similar cleavage for this com- 
pound. The base peak for the primary amine 
XXXIV occurred at m/e 84, which was the side 
chain fragment resulting from fission of the 
17-20 bond. In the spectra of compounds 
XXXV-XXXIX, the base peaks occurred at m/e 
217, which was the fragment of the steroid nu- 
cleus resulting from fission of the 13-17 and 
14-15 bonds of the D-ring. In the spectrum of 
the quaternary ammonium salt XXXII, the base 
peak occurred at m/e 142 which was the 
methyl iodide fragment; in the spectrum of 
XXXIII the base peak occurred at m/e 300, the 
24,23-dinor-5/3-cholene fragment. Additional 
physical properties of compounds of Figure 2 
are given in Table 1. 

General Procedure for the Preparation of 
Intermediates in Schemes I and I I  

Methyl 5[J-chol-2-enoate {IIa, Scheme 1) and 
methyl 5fl-ehol-3-enoate (IIIa, Scheme I). A 
mixture of 24.3 g methyl 3a-tosyl-5/3-cholano- 
ate (Ib) and 12.15 g each of lithium carbonate 
and lithium bromide was refluxed for 1 hr. The 
solution was filtered while hot, and the filtrate 
was cooled and poured into ice and water. The 
semicrystalline material was collected and then 
dried under vacuum to give 15 g of a ca. 1:1 

x~ IR~CH3; R'="Y"" '~t~ XXlV 
XXlX i R - " ~  

% y  

C xxxtv ,m. ~ ' - . . "~N~ 
xlx j ~ . ' . - f ' v " , l ~  xxv~ 

xxxv ,R.. " r ~ " ~ o z  

xx ~ R= " f f " ~ <  ~ , 1 ~  ' ' ~  XXXVb R . . t . . .v . .~occ ~ 

x)~Ai j ~,. H x , v , x ' , 'm i J~ , . " ' ~  

xx.~,~R=cc~s~ x .~x ,  ~= " r  ' ' ~  

x~, ~.-y-~o~oq~ 
x x ,  

•  

x x ~  

FIG. 2. Structures of nitrogen containing steroids. 

mixture of IIa and IIIa as indicated by GLC 
analyses. The crude mixture was dissolved in 
hexane and filtered through 100 g hexane- 
washed alumina. The first 500 ml of hexane 
eluted 5.7 g of material, and the next 250 ml of 
hexane:benzene (1:1) eluted an additional 5.7 g 
of material. Approximately 5.7 g of the materi- 
al from the hexane fraction dissolved in 30 ml 
hexane was placed on a 400-g column of Unisil 
impregnated with 20% silver nitrate in a column 
5 x 37 cm tapered to 3 x 43 cm. The column 
was developed by gradient elution with 1 liter 
of benzene added dropwise into a l-liter mixing 
flask filled with hexane, which was added di- 
rectly to the column. Once the benzene had 
been added to the mixing ~ flask, 500 ml of a 
mixture of benzene:hexane (6:1) also was 
added dropwise to the mixing flask. Approxi- 
mately 850 ml of solvent was passed through 
the column; then 80 20-ml fractions were col- 
lected. When the fractions were monitored by 
GLC on an OV-17 column, fractions 30-40 con- 
tained the A3-compound with > 98% purity, 
and fractions 55-78 contained the A2-com- 
pound with ~ 95% purity. Intermediate frac- 
tions containing varying mixtures of the 2 com- 
pounds were combined on the basis of degrees 
of pu r i t y  for rechromatography. From 3 
chromatographic fractionations, we obtained 
3.0 g of > 98% pure A3-compound (IIIa, 
Scheme I), mp 74-76 C, NMR, 6 0.67 (s, 3, 
18-methyl), 0.99 (s, 3, 19-methyl), 0.93 (d, 3, 
J =  6 Hz, 21-methyl), 3.68 (s, 3, COOCH3), 
multiplet at 5.22-5.78 (olefinic protons); and 
4 . 0 g  of ) 95% pure A2-compound (IIa, 
Scheme I), mp 70-71 C, NMR, 6 0.67 (s, 3, 
18-methyl), 0.97 (s, 3, 19-methyl), 0.91 (d, 3, 
J = 5 Hz, 21-methyl), 3.68 (s, 3, COOCH3), 

LIPIDS, VOL. 10, NO. 10 



618 

"E 

o 

e- 

.s 

0 

O9~ 

0 

.% 
= 
o 

M.J. T H O M P S O N ,  ET AL.  

O9 

. . . . . . . . . . . . . . . . .  ~ a ~  ~ . . . . . .  ~ 

o 6 6 6 6 5 6 6 6 6 ~ 6 ~ 6 ~ 6 6 6 6 6 ~ 6 6 6 6  

•215215215215215215215215215215215215 

= 

E 

& 
�9 . ~ _ s  

-- "7--..~ 

O9 ~ ~ O9 

~ ~ ' ~ o  . ~  

"~'~ o ~ ~ ' ~  , ~ = ~ . =  ~ . =  ~ 
c-~ O9 O9 

O9 

L I P I D S ,  V O L .  1 0 ,  N O .  10  



EFFECTS OF AZASTEROIDS ON INSECTS 619 

multiplet at 5.60 (olefinic protons). 
Me thyI 2,3-bisethylenedithioketal-2,3-seco- 

5~eholanoate (V, Scheme I) and methyl  3,4- 
b is e t hy le n e dithioketal-3, 4-seeo-5~-cholanoate 
(VIII, Scheme I) via the dialdehydes VI and VII 
(Scheme I), respectively. A solution of 2.0 g of 
IIa or IIIa (Scheme I) in 40 ml methylene chlo- 
ride at -70 C was treated with ozone until a 
slight excess was present (ca. 3 hr). To the cold 
solution, 2.0 g zinc dust and 10 ml acetic acid 
were added, and the stirred mixture was al- 
lowed to come to room temperature. After 
stirring for 1 hr, the solution was filtered, and 
the filtrate was concentrated to a small volume, 
diluted with water, and extracted with hexane. 
The hexane solution was washed first with 5% 
sodium bicarbonate solution and then with 
water and dried over anhydrous sodium sulfate. 
Removal of the solvent under vacuum gave 
2.1 g of the oil dialdehyde IV or VII (Scheme 
I). To 2.0 g crude dialdehyde (IV, Scheme I) in 
1 ml ether and 1 ml ethanedithiol at 5 C, 1.1 ml 
boron trifluoride etherate was added. After 10 
min of stirring the mixture with a glass rod, a 
thick paste was formed. The paste was tritu- 
rated with hexane and filtered, and the precipi- 
tate was washed with 70% aqueous methanol. 
The yield of the bisethylenedithioketal deriva- 
tive V (Scheme I) was 1.8g, mp 156-158 C, 
NMR, 6 0.64 (s, 3, 18-methyl), 1.12 (s, 3, 
19-methyl), 0.89 (d, 3, J = 4 Hz, 21-methyl), 
3.28 [m, 10, -CH(-S-CH2CH2S-)] 3.67 (s, 3, 
COOCH3). 

The crude dialdehyde VII (Scheme I), under 
similar experimental conditions, yielded 1.75 g 
of 3,4-bisethylenedithioketal derivative VIII 
(Scheme I), mp 121-123 C, NMR, 6 0.65 (s, 3, 
18-methyl), 0.98 (s, 3, 19-methyl), 0.89 (d, 3, 
J = 5 Hz, 2 1 - m e t h y l ) ,  3 .20  [m,  10, 
-CH(-SCH2CH2S-)] , 3.67 (s, 3, COOCH3). 

Methyl 2,3-seco-513-cholanoate (Via, Scheme 
I) and Methyl 3,4-seco-5~-eholanoate (IXa, 
Scheme I). A mixture of 1.7 g bisethylenedithi- 
oketal (V, Scheme I), 40 ml dry dioxane, and 
1.5 teaspoons (ca. 4.5 g) of Raney nickel cata- 
lyst (W-2) was refluxed overnight. The solution 
was mixed with a small quantity of Celite, fil- 
tered, and concentrated to dryness under 
vacuum to give 1.2 g residue. The residue was 
chromatographed over 30g  hexane-washed 
neutral alumina (activity grade II), and 100-ml 
fractions were collected, 2 of hexane, and 3 of 
hexane:benzene (1:1). On the basis of TLC 
analyses, the first 2 fractions of hexane:ben- 
zene mixture were combined to give, after 
crystallization from acetonitrile, 1.0g Via 
(Scheme I), mp 38-40 C, NMR, ~ 0.66 (s, 3, 
18-methyl), 0.92 (s, 3, 19-methyl), 0.89 (d, 3, 
J = 5 Hz, 21-methyl), 3.68 (s, 3, COOCH3). 

I~,R~AC ) ~H I l a ,  R=CH 3 I1~ i R=C~ 
Ib~ R~Ts ~ R'zCH 3 tlb, R-- H lllb, R= H 

E o~ 
d;'v"; v 

Via, R--CH a IXa i R~CH 3 ~l m VIII 
~b,R=H IXb~ RmF4 

Scheme I. Synthesis of intermediates for prepara- 
tion of compounds in Figure 2. 

H 
x l l a ,  x -  2 X I i l a  j •  2 X l V a l  x =  1 

X I I b ,  x *  'i X l l l b ~  •  1 X I V b ~ x l O  

XVaj x-1 Xla! R=CH 3 X 
XVbl x -O Xlbj  R= H 

Scheme II. Synthesis of intermediates for prepara- 
tion of compounds in Figure 2. 

The Raney nickel catalytic reduction of 
2.6 g 3,4-bisethylenedithioketal VIII (Scheme 
I) and work-up as in the reduction of V 
(Scheme  I) gave 1.6g noncrystalline IXa 
(Scheme I), NMR, 6 0.66 (s, 3, 18-methyl), 
0.89 (d, 3, J = 5 Hz, 21-methyl), 3.68 (s, 3, 
COOCH3). 

M e t h y l  5f3-chola-2,7,11-trienoate (XIa, 
Scheme II) and its carboxylic acid (XIb, 
Scheme II). A mixture of 7.0 g methyl 
3a,7a, 12a-trimethylsulfonyl-5/3-cholanoate (X, 
Scheme I), prepared from the mesylation of 
cholic acid methyl ester, and 2.5 g each of lith- 
ium carbonate and lithium bromide and 60 ml 
dimethylformamide were refiuxed for 30 rain. 
The solution was fiRered while hot; the filtrate 
was cooled and then poured into ice and water; 
and the precipitate was collected. Crude precip- 
itate of methyl chotatrienoate (XIa, Scheme I) 
was saponified with 5% potassium hydroxide in 
90% ethanol; the solution was diluted with 
water and acidified with 6N hydrochloric acid; 
and the precipitate was collected. Recrystalli- 
zation twice from acetone:methanol gave 4.1 g 
XIb (Scheme II), mp 170-172 C. A sample of 
acid was converted to the methyl ester (XIa, 
Scheme II) with diazomethane. The GLC analy- 
ses of this sample of the methyl ester on an 
SE-30 column showed only one peak. The GLC 
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analyses of the final product XXIII also showed 
only one peak, which suggested that primarily 
the  m e t h y l  5/3-chola-2,7,11-trienoate was 
formed during the demesylation. 

24-Nor-5[J-cholanie acid (XVa, Scheme 11) 
and 24,23-dinor-5fl-cholanic acid (XVb, Scheme 
11). The methyl 5/3-cholanoate (XIIa, Scheme 
II) or the methyl 24-nor-5~-cholanoate (XIIb, 
Scheme II) in benzene was added to a refluxing 
solution of 4 equivalents of phenylmagnesium 
bromide in ether. After the reaction mixture 
had refluxed for 3 hr, an additional quanti ty of 
benzene was added; the ether was distilled off; 
and the mixture then was refluxed overnight. 
The benzene solution was poured into ice and 
water, and the mixture was acidified with a 
dilute solution of hydrochloric acid. The mix- 
ture then was extracted with benzene, and the 
benzene extract was washed with water, dried 
over sodium sulfate, and concentrated to dry- 
ness under vacuum to give the cholanyldiphenyl 
carbinol (XIIIa, Scheme II) or the 24-norchol- 
anyldiphenyl carbinol (XIIIb, Scheme II). The 
diphenyl carbinol derivatives (15 g) in 150 ml 
dioxane containing 15 ml sulfuric acid, by stir- 
ring overnight at room temperature, were con- 
verted to the diphenylethylene derivatives XIVa 
(Scheme II), mp 117-118 C, and XIVb (Scheme 
II), as an oil. Ozonization of XIVa (Scheme II) 
in methylene chloride at -80 C and oxidation of 
the resultant crude aldehyde mixture with 
chromic acid solution in acetone (7) gave, in 
nearly quantitative yield, the acid XVa (Scheme 
II), mp 175-177 C (lit.(10), mp 177 C). A simi- 
lar sequence of reactions with XIVb (Scheme 
II) gave the dinoracid XVb (Scheme II), mp 
209-212 C (lit.(10), mp 214 C). 

RESULTS A N D  DISCUSSION 

The inhibitive ranges of concentrations of 
these newly prepared compounds in the yellow- 
fever mosquito and the tobacco hornworm are 
presented in Table II. Compounds XVI, XIX, 
and XXIX, which were our most active azaster- 
oids in previous tests (2), are included for com- 
parison. Because the confused flour beetle and 
the house fly were not particularly affected by 
the majority of these new compounds, the re- 
suits of the biological tests with these 2 insects 
will be summarized briefly. 

In the house fly test system, only 6 of the 
compounds listed in Table II (XVI, XVII, 
XXIV, XXV, XXXI, and XXXIV) inhibited 
growth and development of or killed 75% of 
the test insects at a dietary concentration of 
150-375 ppm. However, several of the other 
azasteroids at concentrations within this range 
did cause the characteristic effects previously 

observed for azasteroid inhibitors (2). Of t!,~e 6 
active compounds, only compound XVII has 
the steroid nucleus similar to XVI, our most 
active azasteroid in this insect, though it dif- 
fered in its side chain by having 2 less carbon 
atoms. The other 4 compounds with activity in 
this insect all have the A/B ring cis configura- 
tion; yet, they differ from each other in several 
respects including chain length, opened ring A, 
or the possession of a primary amino group. 

Of the more than 80 azasteroids tested on 
the confused flour beetle, only compounds XVI 
and XVII, which possessed a AS-bond and a 
3~methoxy group, were active at a dietary 
concentration of < 100 ppm. Except for com- 
pounds XXVI and XXXVII, that were ac- 
tive in this insect at concentrations between 
500-1000 ppm, all other compounds listed in 
Table II were inactive even at concentrations of 
1000 ppm. The results suggest that an azaster- 
oid such as XVI with a steroid nucleus without 
a functional group other than a AS-bond could 
be quite active in the confused flour beetle. 

Although the majority of the new nitrogen 
containing steroids were not  very active in 
either the confused flour beetle or the house 
fly, a number of these compounds were active 
at < 1 ppm in the yellowfever mosquito and 
the tobacco hornworm. The results of tests of 
the yellowfever mosquito with AS-steroids 
showed that compounds XVI and XVII were 
equally active, but the TMS-derivative XVIII 
was only ca. one-tenth as inhibitive as XVI. Of 
the azasteroids with the A/B ring trans config- 
uration, compound XX, with the shortened side 
chain, had a greater inhibitive effect than XIX. 
However, the substitution of an N-ethyl group 
for an N-methyl, as in compound XXI, resulted 
in no change in biological activity from that of 
XIX. 

When we compare the inhibitive effects of 
the 17 compounds with an A/B ring cis config- 
uration in the mosquito with the activity of 
compound XXIX, only compounds XXX and 
XXXI, which have a shorter side chain than 
XXIX, and compounds XXXII and X x x I V  
were more active. Interesthagly, compound 
XXXIV, a steroidal primary amine, was ca. 4 
times more active in the yellowfever mosquito 
than the steroidal tertiary amine XXIX. The 
A/B ring cis steroids XXXV-XXXIX, which are 
without a tertiary amino group, were inactive at 
a concentration of 10 ppm except for the ace- 
tyl derivative XXXVI, which was active at con- 
centrations of 5-10 ppm in this insect. The seco 
compounds XXIV and XXV and compound 
XXII, which consists of a 1 : 1 mixture of the 2- 
and 3-ene compounds, were equal in activity to 
XXIX in the yellowfever mosquito larvae. The 
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TABLE II 

Range of Concentrations of Nitrogen Containing Steroids in Larval Diet or Medium 
Required to Kill or Inhibit Development in 75% of the Test Insects 
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Yellowfever mosquito Tobacco hornworm 
Compound a (ppm) (ppm) 

A 5-Azasteroids 
XVI 0.50 - 1.00 0.25 - 0.50 
XVII 0.50 - 1.00 4.00 - 8.00 
XVIII 5.00 -10.00 33 -65 

5a-Azasteroids 
XIX 0.50 - 1.00 0.50 - 0.75 
XX 0.25 - 0.50 4.00 - 8.00 
XXI 0.50 - 1.00 0.50 - 0.75 

Mono- and triunsaturated 
53-azasteroids 
XXII 0.50 - 1.00 0.10 - 0.25 
XXIII 1.00 - 2.50 0.10 - 0.25 

Seco-Sfl-azasteroids 
XXIV 0.50 - 1.00 0.25 - 0.50 
XXV 0.50 - 1.00 0.25 - 0.50 

513-Azasteroids 
XXVI 2.50 - 5.00 0.50 - 1.00 
XXVII 2.50 - 5.00 1.00 -10.0 
XXVIII > 10 < 16 
XXlX 0.50 - 1.00 0 . I0  - 0.25 
XXX 0.25 - 0.50 0.25 - 0.50 
XXXI 0.25 - 0.50 30 
XXXII 0.25 - 0.50 >130 

5/3-Steroids with other 
nitrogen substituents 
XXXIII 2.50 - 5.00 >130 
XXXIV 0.10 - 0.25 16- 33 
XXXV >10 >65 
XXXVI 5.00 -10.0 >130 
XXXVII >10 >260 
XXXVIII >10 >130 
XXXlX >I0 >130 

5~-Steroid with phosphorus 
substituent 
XL >I0 >260 

Nonsteroidal amine 
XLI 5.0 - 10.0 130-260 

aSee Figure 1 for IUPAC equivalent names. 

d i ch lo ro  der ivat ive X X V I  was  active at concen -  
t r a t i o n s  o f  2 .5-5 .0  p p m  in th is  insec t .  

Of  the  c o m p o u n d s  l i s ted  in Tab le  II ,  o n l y  
c o m p o u n d s  X X I I  and  X X I I I ,  w h i c h  have  the  
A/B  r ing  cis c o n f i g u r a t i o n ,  as does  t he  previ-  
o u s l y  m o s t  active aza s t e ro id  X X I X  (2) ,  we re  
equa l  in  ac t iv i ty  to  X X I X  in the  t o b a c c o  h o r n -  
w o r m .  C o m p o u n d  X X X ,  w h i c h  has  o n e  c a r b o n  
less in its side cha in  t h a n  X X I X ,  e x h i b i t e d  
s l ight ly  less b io log ica l  ac t iv i ty  t h a n  X X I X ;  
c o m p o u n d  X X X I  w i t h  2 c a r b o n s  less in i ts  side 
cha in  t h a n  X X I X  s h o w e d  far  less inh ib i t ive  
act iv i ty .  The p r e s e n c e  o f  a n i t r o g e n  substituent 
o t h e r  t h a n  t h e  t e r t i a ry  a m i n o  g r o u p  in t he  side 
cha in  o f  t h e  A / B  r ing  cis s t e r o i d s  X X X I I -  
X X X I X  also r e su l t ed  in a c o n s i d e r a b l e  loss  o f  
b io logica l  ac t iv i ty  in the  t o b a c c o  h o r n w o r m .  

T h e  A S - a z a s t e r o i d  X V I I ,  w i t h  a side cha in  
c o n t a i n i n g  2 less c a r b o n  a t o m s  t h a n  XVI ,  and  
the  TMS derivat ive X V I I I  we re  far  less inhib i -  
tive t h a n  t h e  3 - m e t h o x y - A S - a z a s t e r o i d  ( X V I )  in 
the  t o b a c c o  h o r n w o r m .  A d d i t i o n a l l y ,  t he  A / B  
r ing  trans azas t e ro id  XX,  w h i c h  has  a s h o r t e r  

side cha in  t h a n  XIX,  s h o w e d  fa r  less b io log ica l  
ac t iv i ty  t h a n  X I X  in th i s  insec t .  H o w e v e r ,  t h e  
r e p l a c e m e n t  o f  an  N - m e t h y l  g r o u p  w i t h  an N-  
e t h y l  as in X X I  r e su l t ed  in n o  change  in ac t iv i ty  
in t he  t o b a c c o  h o r n w o r m .  T h e  p h o s p h a t e  e s t e r  
X L  was  w i t h o u t  inh ib i t ive  ac t iv i ty  in all t es t  
s y s t e m s  a t  the  highest d ie ta ry  concentration 
e x a m i n e d .  

I n  tiffs c o m p a r a t i v e  s t u d y ,  n o n e  o f  t h e  n e w  
n i t r o g e n  c o n t a i n i n g  s t e ro ids  was  a p p r e c i a b l y  
m o r e  inh ib i t ive  t h a n  the  m o s t  active azas t e ro ids  
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tested previously (2). However, the results in- 
dicated that a prerequisite for an azasteroid 
that will inhibit insect growth and development 
was a side chain with a primary, secondary, or 
tertiary amino group, and in most instances 
preferably a tertiary amino group. Thus, to 
determine the minimal structural requirement 
for this type of inhibition of insect growth and 
development, we synthesized compound XLI, 
which lacked the A and B rings of the steroid 
nucleus. This compound inhibited growth and 
development in both the yellowfever mosquito 
and the tobacco hornworm though it was not as 
potent as the more active azasteroids (Table II). 
Also like certain azagteroids, it blocked the 
A24-sterol reductase enzyme of the tobacco 
hornworm. At 130 ppm in the diet, it caused 
reduction of the cholesterol level to < 5% of 
the total tissue sterol as opposed to the 80-85% 
found in control insects, and increased the 
desmosterol content from the normal range of 
1.0-1.5% to ca. 50% of the total sterol present 
in the tobacco hornworm. 

Our previous results with azasteroid inhibi- 
tors (2) demonstrated the feasibility of disrupt- 
ing the hormone mediated processes of insects 
with relatively simple nonhormonal  compounds 
that apparently interfere with hormone bio- 
synthesis and metabolism. As a result of the 
present study, we now have synthesized simple 
nonsteroidal amines, some of which proved to 
be inhibitors of insect growth, molting, and 

metamorphosis (11). These nonsteroidal com- 
pounds should permit us to expand the type of 
chemicals that block the hormone regulated 
processes of growth, molting, and metamor- 
phosis in insects, and, thus, may lead to the 
development of new types of safe, selective in- 
sect control chemicals. 
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Enzymatic Conversion of 5(x-Cholesta-7,14-dien-3~-ol to 
~-Cholesta-8,14-dien-3~-ol 
H.M. HSlUNG,  T.E. SPIKE, and G.J. SCHROEPFER, JR. 1 , University of Illinois, Urbana, Illinois 61801 
and Department of Biochemistry, Rice University, Houston, Texas 77001 

ABSTRACT 

5~-Cholesta-7,14-dien-3/3-ol, previously 
shown to be efficiently converted to cho- 
lesterol upon incubation with rat liver 
homogenate preparations under aerobic 
conditions, has been studied as to its pos- 
sible conversion to 5a-cholesta-8,14-dien- 
3/3-ol. Efficient conversion was observed 
u p o n  incubation in the presence of 
washed microsomes of rat liver under an- 
aerobic conditions. This observation is of 
importance in consideration of possible 
metabolic pathways in the biosynthesis of 
cholesterol. 

I N T R O D U C T I O N  

The configuration of the hydrogen at carbon 
atoms in the various sterols mentioned in this 
paper is ~. The designation of the configuration 
as 5o~ is omitted throughout the text to con- 
serve space. 

Cholesta-8,14-dien-3/3-ol and cholesta-7,14- 
dien-3~-ol have been shown to serve as effi- 
cient precursors of cholesterol upon incubation 
with rat liver homogenate preparations incu- 
bated under aerobic conditions (1-5). In a pre- 
vious study (4), we directed our at tention to 
the possible enzymatic conversion of cholesta- 
8 ,14-dien-3/3-ol  to cholesta-7,14-dien-3/3-ol. 
Microsomal preparations from rat liver have 
been shown to catalyze the efficient conversion 
of a number of AS-sterols to the corresponding 
A7-sterols (6-8). The reaction proceeds under 
anaerobic conditions and occurs in the absence 
of added cofactors (6-8). Wilton, et al., (9) and 
Scala, et al., (10) have reported findings which 
indicate the reversibility of the conversion of 
cholest-8-en-3/3-ol to cholest-7-en-3/3-ol. The en- 
zymatic reduction of the At4-double bond of 
AS,14-sterols has been reported to be depen- 
dent on the presence of reduced nicotinamide 
adenine dinucleotide phosphate (2,9). To in- 
vestigate the possible convertibility of cholesta- 
8,14-dien-3~-ol to cholesta-7,14-dien-3/3-ol, we 
incubated the former sterol, in labeled form, 
with preparations of washed microsomes of rat 
liver under anaerobic conditions in the absence 
of added reduced nicotinamide adenine dinucle- 
otide phosphate. No significant conversion of 

�94 whom correspondence should be directed. 

the A8,14 to the A7,14_sterol could be demon- 
strated (4). 

We now wish to report that when cholesta- 
7,14-dien-3~-ol was incubated with washed 
microsomes of rat liver under anaerobic condi- 
tions, the efficient conversion of the A7,14_ 
sterol to cholesta-8,14-dien-3/~-ol was observed. 

MATERIALS A N D  METHODS 

Procedures used for the measurement of 
radioactivity (3,4), colorimetric assay of steryl 
acetates (7), gas liquid radiochromatographic 
analyses (11), and the preparation of steryl ace- 
tates (12) have been described previously. 
Chromatographic separations of steryl acetates 
on columns of alumina-Super Cel-silver nitrate 
(3,4,7,11,12) and on columns of Silica Gel- 
Super Cel-silver nitrate (3,4) were carried out as 
previously described, except that in the latter 
case Silica Gel GF was used in place of Silica 
Gel G. Samples of cholesteryl acetate (7,12), 
3/3-acetoxy-cholesta-8,14-diene (3), 3~acetoxy- 
choles ta-7 ,14-diene (4), 3~-acetoxy-cholest- 
8(14)-ene (7), 3/3-acetoxy-cholest-8-ene (7), 
3~-acetoxy-cholest-7-ene (7,12), [3a-3Hl-cho - 
lest-8-en-3~ol (7), and [3ot-3H]-cholesta-7,14- 
dien-3/3-ol (4) were prepared previously. 

The livers (44.6 g) of 8 female Sprague- 
Dawley rats were homogenized in 100 ml 0.1 M 
potassium phosphate buffer (pH 7.4), using a 
loose  f i t t i n g  Teflon-on-glass homogenizer. 
Whole ceils, nuclei, and mitochondria were re- 
moved by centrifugation at 10,000 x g for 30 
rain at 0 C. The supernatant fraction was re- 
centrifuged at 100,000 x g for 1 hr. The iso- 
lated microsomal fraction was suspended in 
buffer and recentrifuged for 1 hr at 100,000 x 
g. The washed microsomal fraction so isolated 
was suspended in 100 ml phosphate buffer, and 
25 ml portions were added to 3 flasks. 

[ 3~-3H] -Cholesta-7,14-dien-3~-ol (50/~g; 8 x 
10s cpm) in 0.1 ml of propylene glycol was in- 
cubated for 3 hr at 37 C under anaerobic condi- 
tions, as described previously (7), with 25 ml 
washed microsomal suspension. A similar incu- 
bation of the labeled [3~-3H]-cholesta-7,14 - 
dien-3~-ol was carried out as described above 
with 25 ml microsomal suspension which had 
been heated at 80 C for 30 rnin prior to incuba- 
tion. To establish that the washed microsomal 
preparation was active in the catalysis of the 
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FIG. 1. Silica Gel GF-Super Cel-silver nitrate col- 
umn (50 x 1 cm) chromatographic analysis of acetates 
of sterols recovered after incubation of [3a-3H]-cho- 
lesta-7,14-dien-33-ol with washed rat liver microsomes 
under anaerobic conditions, o--e= radioactivity; 
x--x = steryl acetate measured colofimetrically. The 
first peak was due to 3~-acetoxy-cholesta-7,14-diene 
and the second peak was due to 33-acetoxy chotesta- 
8,14-diene. The solvent (hexane:benzene, 70:30)flow 
rate was 0.20 ml/rnin. Fractions 4.0 ml in volume were 
collected. 
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FIG. 2. Silica Gel GF-Super Cel-silver nitrate col- 
umn (50 x 1 cm) chromatographic analysis of acetates 
of sterols recovered after incubation of [3a-3H]-cho- 
lesta-7,14-diene-33-ol with washed rat liver micro- 
somes under anaerobic conditions. The microsomes 
were heated at 80 C for 30 man prior to incubation. 
o--o = radioactivity; x--x = steryl acetate measured 
colorimetrically. The f'trst peak was due to 33-acetox- 
y-cholesta-7,14-diene, and the second peak was due to 
33-acetoxy-cholesta-8,14-diene. The solvent (hex- 
ane:benzene, 70:30) flow rate was 0.175rnl/min. 
Fractions 3.5 ml in volume were collected. 

conversion of cholest-8-en-3/%ol to cholest-7- 
en-33-ol, [3a-3H] -cholest-8-en-33-ol (~,34 pg; 
8.2 x 105 cpm) in 0.4 ml propylene glycol was 
incubated with 25 ml microsomal preparation 
under anaerobic conditions as described above. 
Each of the incubation mixtures were heated 
under reflux for 1 hr with 25 ml 10% ethanolic 
KOH solution and extracted 3 times with 
100 rnl portions of  petroleum ether. The com- 
bined extracts were washed with water and 
dried over anhydrous sodium sulfate. Recov- 
ered sterols were acetylated with acetic anhy- 
dride and pyridine, and aliquots of the resulting 

acetates, in the case of the incubations of the 
A7,14-sterol, were subjected to chromatog- 
raphy on 5 0 x  1 cm columns of Siiica Gel 
GF-Super Cel-silver nitrate using hexane:ben- 
zene (70:30) as the eluting solvent. Unlabeled 
33-acetoxy-cholesta-8,14-diene and 33-acetoxy- 
cholesta-7,14,diene were added as markers. 
Aliquots were taken for assay of radioactivity 
and steryl acetate content. In the case of steryl 
acetates derived from the incubation of the 
[3a-aH]-cholest-8-en-3/3-ol, an aliquot of the 
acetylated sterols was subjected to chromatog- 
raphy on a 50 x 1 cm alumina-Super Cel-silver 
nitrate column using hexane:benzene (90:10) 
as the eluting solvent. 3/3-Acetoxy-cholest- 
8(14)-ene and cholesteryl acetate were added as 
markers. Aliquots were taken for assay of  steryl 
acetate content and radioactivity. 

R E S U L T S  

Figure 1 shows the chromatogram obtained 
from the sterols recovered after incubation of 
[ 3a-3H ]-cholesta-7,14-dien-3/3-ol with washed 
microsomal preparation under anaerobic condi- 
tions. The chromatographic system used per- 
mits the separation of the acetates of monoun- 
saturated sterols, such as the acetates of the As,  
AT, and A8(14)-C27 sterols, from acetates of 
the conjugated Cz7 dienols, such as the z~7,14, 
A8,14  AS,7-sterols. Moreover, these conju- 
gated dienes were separable from one another 
on this type of column, as shown in Figure 1 
and in previous publications (4,5,13). The bulk 
of  the radioactivity was associated chromato- 
graphically with 3/~-acetoxy-cholesta-8,14-di- 
ene. A small amount of  recovered radioactivity 
(5.7%) was recovered in fractions 16 through 
33, corresponding to the mobility of the mono- 
unsaturated stery] acetates noted above. That 
the observed high conversion of the added 
AT, 14_stero 1 to the A8,14_sterol was not due to 
a nonenzymatic isomerization of the double 
bond of the added substrate during any portion 
of the experiment was indicated by the results 
obtained upon incubation of the labeled sub- 
strate with the microsomal preparation, which 
had been heated for 30 rain at 80 C prior to 
incubation. The resulting chromatogram of the 
sterols recovered from this incubation is shown 
in Figure 2, and indicates that virtually all of 
the radioactivity shows the chromatographic 
mobility of the added substrate. 

That the enzyme preparation utilized in 
these experiments was active in the catalysis of 
the conversion of cholest-8-en-3/3-ol to cholest- 
7-en-3/3-ol was indicated by the results present- 
ed below. The acetates of the sterols recovered 
after incubation of [3a-3H]-cholest-8-en-3/3-ol 
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were chromatographed on a system which per- 
mited the separation of the acetates of choles- 
tan-3fi-ol, cholest-8(14)-en-3fi-ol, cholest-8-en- 
3fi-ol, cholest-7-en-3/3-ol,  and cholesterol 
(4,5,11). In this system, the A s and A7-isomers 
eluted from the column between the As(14) 
and AS-isomers. The contents of this region of 
the chromatogram (fractions 19 through 25; 
Figure 3) were pooled and subjected to gas liq- 
uid radiochromatographic analysis. Approxi- 
mately 92% of the radioactivity was associated 
with 3fl-acet oxy-cholest-7-ene. 

D I S C U S S I O N  

The results presented herein indicate the ef- 
ficient conversion of cholesta-7,14-dien-3/~-ol to 
cholesta-8,14-dien-3/3-ol upon incubation with 
washed microsomes of rat liver, presumably 
free of significant amounts of reduced nicotina- 
mide adenine dinucleotides required for the 
reduction of the A 14-double bond of these 
sterols, under anaerobic conditions. Under the 
same conditions, little or no enzyme catalyzed 
conversion of the As,14-sterol to the A7,14_ 
sterol occurs (4,5). The combined results sug- 
gest the possibility that, under the conditions 
employed, the enzymatic conversion of choles- 
ta-7,14-dien-3/3-ol to cholesta-8,14-dien-3/3-ol 
may be a reversible process with the equilibri- 
um favoring the As,14-sterol. Such a situation 
would be in contrast to the proposed reversibil- 
ity (9,10) of the conversion of cholest-8-en-3fi- 
ol to cholest-7-en-3/3-ol, in which the equilibri- 
um favors that A7-sterol (6-10). 

The demonstration of the convertibility of 
the A7,I 4-sterol to the A 8,14_sterol constitutes 
an extension of our knowledge concerning the 
metabolism of this potential intermediate in 
sterol biosynthesis. We have shown previously 
that cholesta-7,14-dien-3~-ol, upon incubation 
with a 10,000 x g supernatant fraction of a rat 
liver homogenate, was efficiently converted to 
cholesterol under aerobic conditions (4,5). In- 
cubation of the diene under the same condi- 
tions under anaerobiosis yielded cholest-7-en- 
3~-ol as the major product (4,5). Significant 
amounts of cholest-8(14)-en-3/3-ol also were 
formed under these conditions (4,5). 

While significant information exists relative 
to the metabolism of cholesta-7,14-dien-3/~-ol, 
no information exists relative to the occurrence 
of this sterol in tissues and the mode of forma- 
t ion of this compound. It is important to note 
that Alexander, et al., (14) have recently re- 
ported the formation of radioactive material 
which co-chromatographed on thin layer chro- 
matography with authentic 4,4-dimethyl-cho- 
lesta-7,14-dien-3~-ol after incubation of labeled 
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FIG. 3. Alumina-Super Cel-silver nitrate column 
(50x 1 cm) chromatographic analysis of acetates of 
sterols recovered after incubation of [3a-3H]-cholest- 
8-en-3•-ol with washed rat/iver rnicrosomes under an- 
aerobic conditions, e - - e  = radioactivity; x--x = steryl 
acetate measured colorimetrically. The first peak was 
due to 3~3-acetoxy-cholest-8(14)-ene and the second 
peak was due to cholesteryl acetate. The solvent 
(hexane:benzene, 90:10) flow rate was 0.143 ml/min. 
Fractions 4.3 ml in volume were collected. 

lanost-7-en-32,3/3-diol with washed microsomes 
of rat liver in the presence of an NAD and 
NADPH generating system and a trap of 4,4- 
dimethyl-cholesta-7,14-dien-3/3-ol. The A7-1a- 
nosterol derivative used as a substrate /vas a 
Probable intermediate in the conversion of la- 
nosta-7,24-dien-3/3-ol to cholesterol. The occur- 
rence in skin of lanosta-7,24-dien-3/~-ol and its 
formation from labeled precursors has been re- 
ported previously (15-18). 

Further studies directed regarding the occur- 
rence, formation, and metabolism of cholesta- 
7,i4-dien-3/~-ol are in progress. 
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Studies on Tocopherol Derivatives" V. Intestinal Absorption 
of Several d,1-3,4 .3 H2-a-Tocopheryl Esters in the Rat 
T. NAKAMURA, Y. AOYAMA, T. FUJITA, and G. KATSUI, Department of Drug 
Metabolism, Section of Experimental Therapeutics Research, Eisai Co., Ltd., 
Koishikawa, Bunkyo-ku, Tokyo 112, Japan 

ABSTRACT 

Twelve d,l-3,4-3H2-a-tocopheryl es- 
t e r s  w e r e  s y n t h e s i z e d  f r o m  
d,l-3,4-3H2-a-tocopherol. They were ace- 
tate, propionate, butyrate, isobutyrate, 
caprylate, palmitate, acid succinate, ben- 
zoate, nicotinate, o-hydroxybenzoate, o- 
a c e t o x y b e n z o a t e ,  and pivalate. The 
hydrolysis of these esters with bile-pan- 
creatic juice and with 9,000 x g superna- 
rant of small intestine and liver homoge- 
hates of rats was examined. When these 
esters were incubated in small intestine or 
liver supernatants, hydrolysis occurred at 
a similar rate. In the incubation experi- 
ments, a-tocopheryl acetate, propionate, 
butyrate, isobutyrate, caprylate, palmi- 
tate, and acid succinate were classified as 
an easily hydrolyzable group, a-Tocoph- 
eryl benzoate and nicotinate were in a 
moderately hydrolyzable group, o-Hy- 
droxybenzoate and pivalate, which re- 
sisted hydrolysis, were in a scarcely 
hydrolyzable group, o-Acetoxybenzoate 
was easily hydrolyzed to the o-hydroxy- 
benzoate. Hydrolysis on straight chain 
fatty acid esters of a-tocopherol easily 
OCCltrred in bile-pancreatic juice. In in 
vivo experiments, the lymphatic absorp- 
tion rate of 6 esters, acetate, palmitate, 
acid succinate, nicotinate, o-hydroxyben- 
zoate, and pivalate, was measured on 
thoracic duct fistula rats. Easily hydrolyz- 
able esters were recovered mostly in 
lymph as a-tocopherol, whereas, an ester 
which strongly resisted hydrolysis, such 

as pivalate, appeared mainly unchanged. 
This fact suggested that hydrolysis of 
a-tocopheryl esters was not necessarily a 
prerequisite for intestinal absorption. The 
percentage of absorption of slowly hydro- 
lyzed esters in lymph was relatively lower 
than that of moderately or easily hydro- 
lyzable esters. 

INTRODUCTION 

Vitamin E (a-tocopherol) generally has been 
used in the form of an ester for medication or 
nutr i t ion because of its susceptibility to oxida- 
tion. a-Tocopherol (1), a-tocopheryl acetate 
(2), and a-tocopheryl acid succinate (3) have 
been used as substrates for the study of vitamin 
E, because the metabolic fate of these com- 
pounds is thought to be similar in all tissues. 
Blomstrand, et al., (4) have reported that ot- 
t o c o p h e r y l  acetate administered orally to 
human males was hydrolyzed prior to being 
absorbed as a-tocopherol into the lymph. Gal- 
lo-Torres (2) reported a similar scheme in rats 
using the same technique. Absorption of 3H- 
labeled a-tocopheryl nicotinate was approxi- 

mately 2 times higher than that of 3H-labeled 
a-tocopheryl acetate (5). Recently Jayanthi 
Bai, et a1., (6) pointed out the presence of vita- 
min E esterase activity in vitro on a-tocopheryl 
acetate in tissues of chicken. We were interested 
in the hydrolysis of a-tocopheryl esters, includ- 
Lug acetate and nicotinate, and in the intestinal 
absorption of these esters. 

In vitro and in vivo experiments were per- 
formed to determine whether or not hydrolysis 
of a-tocopheryl esters was necessary for intes- 

TABLE I 

Elemental Analysis of d,l-cz-Tocopheryl Esters 

d,1 <z-Tocopheryl 
Calculate d Molecular 

formula C(%) H(%) 

Found 

c(%) H(%) 

Propionate 
Butyrate 
Isobutyrate 
Caprylate 
Benzoate 
Pivalate 

C32H540 3 78.96 11.18 
C33H560 3 79.14 11.27 
C33H560 3 79.14 11.27 
C37H640 3 79.79 11.58 
C36H540 3 80.85 10.18 
C34H5803 79.32 11.36 

78.90 11.35 
79.46 11.25 
79.39 11.2o 
79.57 11.62 
80.81 10.18 
79.54 11.5o 
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TABLE II 

A~signments of Nuclear Magnetic Resonance Spectra and Mass Spectra of 
d,l-c~-Tocopheryl Esters a 

Molecular ion Fragment ion 
Compound ~- Value b m/e m/e 

Propionate 7.4 (2H, q, CH3CH2- ) 486 430 
Butyrate 7.4 (2H, t, C H3CH2CH2* ) 500 430 
lsobutyrate 7.1 (1 H, m, ~ C H - )  500 430 
Caprylate 7.4 (2H, t, -CH2CO- ) 556 430 
Benzoate 1.7-2.6 (SH, m, arom.H) 534 430 
Pivalate 8.6 (9H, s, (CH3)3C-) 514 430 

aOnly signals characteristic of  esters are cited. 
bChemical shifts were expressed as ~" value. Signals are abbreviated as follows: s, singlet; 

t, triplet; q, quartet; m, multiplet. 

TABLE III 

Rf-Values of d,l-~x-Tocopherol and Derivatives on Thin Layer Chromatograms 

Solvent a 

Compound A B C D E F G H 

~-Tocopherol 0,50 0.21 0.25 0.41 0.76 0.'/7 
a-Tocopheryl acetate 0,68 c 0.23 0.32 
c~-Tocopheryl propionate 0,83 e 0.27 0.42 
c~-Tocopheryl butyrate 0.89 c 0.30 0.S0 
c~-Tocopheryl isobutyrate 0.90 c 0.35 0.51 
a-Tocopheryl caprylate 0.95 c 0.44 0.54 
a-Tocopheryl palmitate 0.95 0.51 0.67 0.84 c 
a-Tocopheryl acid suceinate b 
a-Tocopheryl benzoate 0.89 c 0.36 0.52 
a-Tocopheryl nicotinate 0.44 0.45 e 
~-Tocopheryl o-hydroxybenzoate 0.93 0.52 0.63 0.77 c 
a-Tocopheryl o-acetoxybenzoate 0.43 0.12 0.20 c 
t~-Toeopheryl pivalate 0.92 c 0.34 0.57 0.68 
t~-Tocopheryl quinone 0.05 0.02 0.04 0.14 0.56 0.38 0.05 
Dimers and/or trimers 0.93 0.23 0.52 0.80 0.93 0.89 0.51 

0.42 0.75 

0.22 e 

0.79 
0.91 

aSolvents (v/v): A = petroleum ether:diisopropyl ether (8:2); B = hexane:benzene (1:1); C = hexane:ethyl 
acetate (95:5); D = hexane:ethyl acetate (9: 1); E = benzene:ethyl acetate (8:2); F = chloroform:hexane (95:5); 
G = benzene:hexane (95:5); H = benzene:methyl alcohol (9:1). 

bThin layer plate contained 3.7% ethylene diamine tetra acetic acid. 
CThe solvent used for identification of radioactivity in incubation products and lymph. 

t ina l  a b s o r p t i o n  and  to  examine  the  ra te  of  
a b s o r p t i o n  i n t o  the  l y m p h a t i c s  of  a - t o c o p h e r y l  
esters. Ace ta te ,  p r o p i o n a t e ,  b u t y r a t e ,  i sobu ty r -  
ate,  capryla te ,  pa lmi ta t e ,  acid succinate ,  ben-  
zoate ,  n i co t ina t e ,  o - l i yd r oxybenzoa t e ,  o-acet- 
o x y b e n z o a t e ,  and  pivalate  were used as sub- 
s t ra tes  in  the  in vi t ro  expe r imen t s .  Six of  these  
esters,  ace ta te ,  pa lmi t a t e ,  acid succinate ,  nico-  
t ina te ,  o - h y d r o x y b e n z o a t e ,  and  pivalate,  were 
e x a m i n e d  fo r  l y m p h a t i c  a b s o r p t i o n  using thor -  
acic duc t  f is tula rats. 

MATERIALS AND METHODS 

Nuclear  magne t i c  r e sonance  (NMR)  spec t ra  
were  m e a s u r e d  us ing  CDC13 so lu t ion  wi th  a 
J N M - P S - 1 0 0  ( 1 0 0 M c )  s p e c t r o m e t e r  ( J a p a n  
E lec t ron  Opt ics  Labo r a t o r y ,  T o k y o ,  Japan) .  

The  mass spec t ra  were r eco rded  on  a JMS-01 
S G - 2  s p e c t r o m e t e r  ( J a p a n  E lec t ron  Opt ics  
Labora to ry ) .  

Ace t a t e  (7),  pa lmi t a t e  (8) ,  acid succ ina te  
(9),  n i c o t i n a t e  (10) ,  o - h y d r o x y b e n z o a t e  (11) ,  
and  o - a c e t o x y b e n z o a t e  (11)  of  a - t o c o p h e r o l  
used as carders  were p r epa red  by  the  proce-  
dures  descr ibed  previously .  R e m a i n i n g  esters,  
such as p rop iona t e ,  b u t y r a t e ,  i sobu ty ra t e ,  cap- 
rylate ,  benzoa te ,  and  pivalate,  were  o b t a i n e d  b y  
condens ing  d , l - a - t o c o p h e r o l  w i th  the  corres- 
p o n d i n g  acid in  p o l y p h o s p h a t e  ester  (PPE) 
(12) ,  fo l lowed  b y  pur i f i ca t ion  b y  silica gel col- 
u m n  c h r o m a t o g r a p h y .  I den t i f i c a t i on  of  esters 
thus  o b t a i n e d  was p e r f o r m e d  by  e l emen ta l  anal- 
ysis (Table  I), N M R  spec t ra  (Tab le  II),  and  mass 
spec t ra  (Table  II). Rf  values of  12 k inds  of  
esters,  a - t ocophe ro l ,  a - t o c o p h e r y l  qu inone ,  and  
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dimers and/or  trlmers of a- tocopherol  (13-15) 
on thin layer chromatography (TLC) are shown 
in Table III. In the case of  acid succinate, the 
thin layer plate contained 3.7% ethylene dia- 
mine tetra acetic acid to avoid tailing of the 
spot (16). 

Preparation of Labeled Compounds 

d,l-3,4-3H2-ct-TocopheroI. I s o p h y t o l  
( 1 9 . 2  rag, 65 /~moles ) ,  1,2-3H24sophytol  
(10.6 mCi; specific activity, 4.0 mCi/mg; radio- 
chemical puri ty,  87.7%) and t r imethylhydro-  
quinone (8.5 rag, 56/2moles) were condensed 
under reflux for 4 hr in ethyl acetate (0.4 ml) 
using 0.03 ml sulfuric acid as a catalyst. After  
cooling, products were extracted with 30 ml 
hexane. The hexane layer was washed with di- 
luted aqueous sodium hydrogen carbonate and 
water. The washed hexane layer was evaporated 
in vacuo, and the obtained residue was purified 
on preparative TLC in petroleum ether:diiso- 
propyl  ether (8:2, v/v). Total radioactivity of 
the purified compound was 4.4 mCi and specif- 
ic activity was 262 #Ci/mg. The radiochemical 
puri ty was examined by TLC fractionation 
method described in the analysis of the incuba- 
tion product.  More than 97% of the radioactiv- 
i ty was associated with a-tocopherol .  No differ- 
ence in radiopuri ty was found in previously 
synthesized d-5-methy1-14C-a-tocopherol (17) 
in 2 solvent systems (kexane:ethyt  acetate, 
95:5; hexane:benzene, 1 : 1) of  TLC. 

d,l-3,4-3H2.a-Tocopheryl propionate. A 
m i x t u r e  o f  d , l - 3 , 4 - 3 H 2 - a - t o c o p h e r o l  
(1 .08mCi,  4.1 mg), d, lax-tocopherol  (19 rag, 
4 4  / 2 m o l e s ) ,  p r o p i o n i c  a c i d  ( 4 . 4  mg,  
59/~moles), and PPE (0.7 g) were heated to 
80-100 C and stirred for 6 hr. After  cooling, 5% 
aqueous sodium hydrogen carbonate was added 
carefully to the reaction mixture until neutral- 
ized. The product  was extracted with 30 ml 
ethyl acetate, washed with water, and evapor- 
ated in vacuo. The oil residue obtained again 
was washed with water, purified on preparative 
TLC using petroleum ether:di isopropyl  ether 
( 8 : 2 ,  v / v ) .  The  y i e l d  was  20 mg o f  
d , l -3 ,4-aH2-a- tocopheryl  propionate of more 
than 97% radiopuri ty.  The specific activity of 
the propionate was 34 pCi/mg. 

d , l - 3 , 4 - 3 H 2 - a - T o c o p h e r y l  b u t y r a t e ,  
d , l - 3 , 4 - 3 H 2 - ~ - t o c o p h e r y l  i s o b u t y r a t e ,  
d ,  1 - 3 , 4 - 3  H 2 - a - t  o c o p h e r y l  c a p r y l a t e ,  
d ,  1 - 3 , 4 - 3  H 2 - ~ - t  o c o p h e r y l  p a l m i t a t e ,  
d , l - 3 , 4 - 3 H 2 - a - t o c o p h e r y l  benzoate ,  and 
d, 1-3,4-3H2-a-tocopheryl  o-hydroxybenzoate  
were synthesized and purified by the same pro- 
cedure as described for the preparation of pro- 
pionate.  Labeled a- tocopheryl  esters were iden- 
tified by  Rf values on TLC with nonradioactive 

reference compounds.  The radiopuri ty  of all 
the labeled esters was more than 97%. 

Thin Layer Chromatography 

TLC was performed on plates of Silica Gel 
GF2s 4 (E. Merck Co., Darmstadt,  Germany). 
The thickness of the plates was 0,75 mm for 
preparative work and 0.25 mm for analysis. The 
TLC zones were scraped and radioactive ma- 
terial extracted by shaking vigorously for 2 rain 
with 15 ml scintillation fluid. 

Measurement of Radioactivity 

Radioactivity was measured by  a liquid scin- 
t i l l a t i o n  counter ,  Aioka, Model LSC-652 
(Nihon Musen, Tokyo,  Japan). Counting effi- 
ciency was determined by external standardiza- 
tion. All results were calculated as disintegra- 
tions per rain, and all determinations were per- 
formed twice. Scintil lation fluid consisted of 
16 g 2 , 5 - d i p h e n y l  oxa z o l e  (PPO), 0 .9g  
2 ,2 ' -p -phenylene  bis(4-methyl-5-phenyl oxa- 
zole) (POPOP), 400 g naphthalene, 400 g ethyl 
cellosolve, 600 ml toluene, and 3,000 ml diox- 
ane. 

In Vitro Experiments 

Male Wistar rats weighing 270-290 g were 
used. The combinat ion of the rats'  bile and pan- 
creatic juice was collected by cannulation of 
the common bile-pancreatic duct (18). Rats 
were fasted for 16 hr, then killed by decapita- 
tion, and the livers and the small intestines were 
removed immediately into ice cold 0.1 M phos- 
phate buffer at pH 7.4. The first 11 cm of small 
intestine from the pyloric end was discarded, 
the next 33 cm was homogenized in 10 mi 
0.1 M phosphate buffer per gm of tissue. 

Incubation of d,l-3,4-3H2<~-Tocopheryl Esters 
in Bile-Pancreatic Juice 

To 1 mi of bile-pancreatic juice of rats, 
0.1 ml 1% Tween 80 solution of labeled o~- 
tocopheryl  ester (0.13/.tmole, 2 btCi) was added 
and incubated at 37 C for 60 min. After  incuba- 
tion, 0.05 ml of the incubation mixture was 
spot ted  on a thin layer plate with 200/.tg each 
of a- tocopheryl  ester, a- tocopherol ,  a- tocoph- 
eryl quinone, and dimers and/or  trimers of a- 
tocopherol  as carriers. The plate then was devel- 
oped in the solvent systems shown in Table III. 

Incubation of dol-3,4-3H2~-Tocophery! Esters 
in Liver or Small Intestine 9,000 x g Supernatant 

A 10% homogenate of liver or small intestine 
from rats was prepared in 0.1 M phosphate buf- 
fer at pH 7.4 and centrifuged at 9,000 x g for 
20 min. Six ml of  supernatant  was added to 
9 ml of 0.1 M phosphate buffer and 2 ml of 
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TABLE IV 

Hydrolysis of Labeled a-Tocopheryl Esters in Bile-pancreatic luice a 

d,l-3,4-3H2-~-Tocopheryl As ester 

Radioactivity (%)b 

~-Tocopherol ~-Tocopheryl quinone 

Acetate 29 66 2 
Propionate 25 60 7 
Butyrate 29 63 2 
Isobutyrate 89 7 1 
Caprylate 22 68 3 
Palmitate 27 49 10 
Acid succinate 94 2 1 
Benzoate 94 3 1 
Nicotinate 86 3 2 
o-Hydroxybenzoate 93 3 2 
o-Acetatybenzoate 15 1 1 

(83)c 
Pivalate 95 1 1 

aEach ester (0.13 ~zmole, 2 gCi) was incubated in the bile-pancreatic of rats for 60 rain. 
Incubation conditions were described in the text. 

bMean of 2 experiments. 
CNumber in the parenthesis shows the percentage of o-hydroxybenzoate. 

0.5% Tween 80 solution containing 0.27 ~tmole 
(4/~Ci) of d, l-3,4-aHz-a-tocopheryl ester and 
incubated at 37 C for 60 min. After incubation, 
I0 rnl of acetone:ethyl alcohol (1: 1, v/v), was 
added to 1 ml of incubation mixture and heat- 
ed for 2 min in an 80 C water bath. The mix- 
t u r e  was c e n t r i f u g e d  f o r  I 0  rain at  
3,500 rev/min. To the supernatant, 200/ag each 
of a-tocopherol, corresponding a-tocopheryl 
ester, cx-tocopheryl quinone, and dimers and/or 
trimers of a-tocopherol (13-15) were added as 
carriers and the mixture evaporated in vacuo at 
45-50 C. The residue was dissolved in 5-6 drops 
of ethyl acetate, spotted on a thin layer plate, 
and developed in the solvent system shown in 
Table III. The bands were visualized by ultra- 
violet lamp (2536 A) in the dark and 'divided 
into 7 zones. Each zone was scraped into a scin- 
tillation vial and the radioactivity determined as 
described previously. 

In Vivo Experiments 

Under ethyl ether anesthesia, the thoracic 
duct of each rat was cannuiated following the 
procedure of Bollman, et al., (19). The rats 
used in the lymphatic fistula experiment were 
kept in restraining cages (20) overnight and 
given normal saline solution ad libitum (21). In 

the morning, the rats which drained 20 ml or 
m o r e  o f  lymph were orally administered 
1.15 /.tmoles labeled a-tocopheryl  ester in 
1.5 ml/rat in the emulsion as described by 
Gallo-Torres, et al., (21). Lymph was collected 
for 12 hr at hourly intervals in tubes to which 2 
drops of heparin had been added previously (4). 
During the experiment, the lymph fistula rats 

were given ad libitum normal saline solution 
(21). 

After the volumes of lymph were recorded, 
2 ml aliquots of lymph were placed in 50 ml 
centrifugation tubes with 40 ml ethyl alco- 
hol:diisopropyl ether, (2:1, v/v), and centri- 
fuged at 3,500 rev/min for 10 rain to precipi- 
tate proteins. The supernatant was evaporated 
in vacuo at 45-50 C. The residue was dissolved 
in 1 ml ethyl acetate of which 0.05 ml was put 
in a vial for counting. Liquid scintillator was 
added and the radioactivity of the extract was 
determined in the liquid scintillation counter. 
Ethyl acetate solution (0.05 ml) of lipid ex- 
tracts were analyzed on TLC using the solvent 
systems shown in Table III, as described above. 

RESULTS 

Incubation of d,l-3,4-3H2~-Tocopheryl 
Esters in Bile-pancreatic Juice of Rats 

The hydrolysis rates of the twelve a-tocoph- 
eryl esters were expressed as (~-toeopheryl ester, 
a-tocopherol, and c~-tocopheryl quinone re- 
maining after being incubated for 60 min in rat 
bile-pancreatic fluid. No dimer or trimer of 
a-tocopherol was found in the in vivo or in 
vitro experiments (14,15,22,23). As shown in 
Table IV, most of the radioactivity adminis- 
tered as a-tocopheryl  ester was accounted for in 
the product and substrates after TLC. Irrespec- 
tive of carbon chain length, straight chain esters 
were hydrolyzed equally well, as typified by 
acetate and palmitate esters. Branched chain 
esters, such as isobutyrate and pivalate, were 
hydrolyzed at a much slower rate. Aromatic 
esters of a-tocopherol generally showed mini- 
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TABLE V 

Hydrolysis of  Labeled a-Tocopheryl  Esters in Small Intestine Homogenate  of  Rats a 

631 

d,l-3,4-3H2-,v-Tocopheryl As ester 

Radioactivity (%)b 

a-Tocopherol c~-Tocopheryl quinone 

Acetate 60 35 1 
Propionate 63 25 2 
Butyrate 74 22 2 
Isobutyrate 80 15 1 
Caprylate 97 2 1 
Palmitate 97 2 1 
Acid suceinate 71 24 4 
Benzoate 87 5 2 
Nieotinate 88 9 2 
o-Hydroxybenzoate  95 2 1 
o-Acetoxyhenzoate  63 1 2 

(3o) c 
Pivalate 94 1 1 

aEach ester (0.27 /zmole, 4 ~Ci) was incubated in the 9,000 x g supernatant 
intestine homogenate  for 60 rain at 37 C. 

bMean of 2 exper iments .  
CNumber m the parenthesis shows the percentage of  o-hydroxybenzoate .  

of  rat small 

TABLE VI 

Hydrolysis of  Labeled a-Tocopheryl  Esters in Liver Homogenate  of  Rats a 

d , l -3 ,4-3H2-a-Tocopheryl  As ester 

Radioactivity (%)b 

<x-Tocopherol a-Tocopheryl  quinone 

Acetate 65 32 2 
Propionate 66 26 1 
Butyrate 75 23 1 
Iso butyrate 77 17 1 
Caprylate 94 1 1 
Palmitate 94 1 1 
Acid succinate 95 1 3 
Benzoate 89 3 1 
Nicotinate 86 8 1 
o-Hydroxybenzoate  95 1 1 
o-Acetoxybenzoate  91 1 1 

( 6 )  c 
Pivalate 94 I 1 

aEaeh ester (0.27 /~mole, 4 /zCi) was incubated in the 9,000 x g superna tant  
homogenate  for 60 min at 37 C. 

bMean of 2 experiments .  
CNumber in the parenthesis shows the percentage of  o-hydroxybenzoate .  

o f  rat liver 

m a l  r a t e s  o f  h y d r o l y s i s  in t h e  b i l e - p a n c r e a t i c  
j u i ce ,  o - A c e t o x y b e n z o a t e  d i s a p p e a r e d  r a p i d l y  
to  y i e l d  o - h y d r o x y b e n z o a t e .  

Incubation of d,l-3,4-3H2~-Tocopheryl 
Esters in Small Intestine and Liver Supernatants 

R a t e s  o f  h y d r o l y s i s  a f t e r  i n c u b a t i o n  fo r  60  
m i n  o f  12 a - t o c o p h e r y l  e s t e r s  in  9 , 0 0 0  x g su-  
p e r n a t a n t s  o f  s m a l l  i n t e s t i n e  a n d  l iver  o f  r a t s  
a re  s h o w n  in  T a b l e s  V a n d  VI,  r e s p e c t i v e l y .  
H y d r o l y s i s  o f  a - t o c o p h e r y l  a c e t a t e  t o o k  p lace  
a t  s im i l a r  r a t e s  in  t h e  2 s u p e r n a t a n t s  d u r i n g  t h e  
i 8 0  ra in  i n c u b a t i o n .  S u s c e p t i b i l i t y  to  h y d r o l y -  
sis  o f  12 ~ - t o c o p h e r y l  e s t e r s  i n c u b a t e d  in b o t h  

s u p e r n a t a n t s  w a s  v e r y  s imi la r .  T h e  r a t e  o f  
h y d r o l y s i s  d e c r e a s e d  in  t h e  f o l l o w i n g  o r d e r :  
a c e t a t e  ) p r o p i o n a t e ,  b u t y r a t e ,  ac id  s u c c i n a t e  ) 
i s o b u t y r a t e  ) c a p r y l a t e ,  p a l m i t a t e ,  a n d  a r o m a t i c  
e s t e r s .  G e n e r a l l y  l o n g  c h a i n  f a t t y  ac id  e s t e r s  
a n d  a r o m a t i c  e s t e r s  we re  h y r o l y z e d  v e r y  s l owly .  
A n  e x t e n s i v e l y  b r a n c h e d  e s t e r  such as p iva l a t e  
r e s i s t e d  h y d r o l y s i s  in  all o f  t h e  e x a m i n e d  sys-  
t e m s  i n c l u d i n g  b i l e - p a n c r e a t i c  j u i ce .  

Lymphatic Absorption of d,l-3,4-3H2<~-Tocopheryl 
Esters 

A f t e r  o r a l  a d m i n i s t r a t i o n  o f  
d , l - 3 , 4 - a H 2 - a - t o c o p h e r y l  e s t e r s  in e m u l s i o n ,  
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TABLE VII 

Cumulative Lymph Absorption of Radioactivity for 12 Hr of d,l-3,4-3H2-~-Tocopheryl 
Esters to Thoracic Duct Fistula Rats after Administration in Emulsion 

Dose level/rat 

d,l-3,4-3H2-a-Tocopheryl N a #mole ~Ci 

Absorption percentage of radio- 

activity in lymph (% of dose) b 

Acetate  5 1.15 50 52.3 -+ 3.8 
Palmitate 3 1.15 50 52.7  • 5.5 
Ac id  succinate 3 1 .15 50 30 .8  • 2.9 
Nicot inate  3 1 .15 50 45 .5  • 3.2 
o - H y d r o x y b e n z o a t e  3 1 .15 20 9 .6  ~: 1.2 
Pivalate 3 1,15 24 13.5 • 3.4 

aN = number of experiments 
bMean • S.E. 
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Lymph volume (mt/12h) 

FIG. 1. Correlation between lymph volume and 
appearance  of  r a d i o a c t i v i t y  in lymph,  e =  
d , l - 3 , 4 - 3 H 2 - a - t o c o p h e r y l  a c e t a t e ;  o = 
d , l - 3 , 4 - 3 H 2 - a - t o c o p h e r y l  n i c o t i n a t e ;  o 
d , l - 3 , 4 - 3 H 2 - a - t o c o p h e r y l  pa lmi t a t e ;  �9 
d, 1 - 3,4- 3 H 2 -~-tocopheryl o-hycroxybenzoate; a 
d,1-3,4- 3H2-c~-toco pheryl pivalate. 

absorpt ion  of  radioact ivi ty  was de termined  by 
obtaining l y m p h  samples through a fistula in 
the thoracic  duct. The results appear in Table 
VII.  The t ransfer  rate of  radioact ivi ty  in to  

l ymph  was found to  be the  highest in acetate  
and palmitate ,  fo l lowed by nicot inate ,  acid sue- 
cinate, pivalate, and o-hydroxybenzoa te .  Cor- 
relat ion be tween  l ymph  volume and appearance 
of  radioact ivi ty  in the l y m p h  is shown in Figure 
1. The correlat ion be tween  them was small. 

The l ymph  samples col lected during the first 
12 hr  af ter  adminis t ra t ion were analyzed by 
TLC and the results shown in Table VIII.  Rats 
fed acetate,  palmitate ,  and acid succinate 
esters absorbed the vi tamin as a - tocopherol ,  
whereas, the pivalate ester appeared pre- 
domina te ly  unchanged in the lymph.  It should 
be no ted  that  the tocophery l  pivalate had 
the slowest rate of  hydrolysis  in the in vitro 
incuba t ion  as well. 

DISCUSSION 

I t  has been established that  vi tamin E must 
be solubil ized in order  to be absorbed in the gut 
(24,25). Morgan, et al., (26)  have shown that  
bile serves this funct ion.  Similarly,  a hydrolase 
found  in pancreat ic  juice was active on lipid 
esters (26), but  a - tocophe ry l  n icot inate  admin- 
istered by a s tomach  tube was absorbed in the 
esterified fo rm (2,27). Jayanttf i  Bai, et al., (6) 
demons t ra ted  that  vi tamin E esterase in chicken 
tissues was active in the presence of  bile salt. 

TABLE VIII 

Composition of Radioactivity Recovered in Lymph after Gastric Intubation 
of d,l-3,4-3H2-~-Tocopheryl Ester in Emulsion 

d,1 - 3,4-3H2-a-Tocopheryl 

Dose level/rat Administered radioactivity in lymph for 12 hr (%) 

~zmole /~Ci As ester a-Tocopheryl a-Toeopheryl quinone 

Acetate 
Palmitate 
Acid succinate 
Nicotinate 
o-Hydroxybenzoate 
Pivalate 

1.15 50 2 82 8 
1.15 SO 2 57 16 
1.15 50 2 75 8 
1.15 50 9 55 15 
3.00 50 72 22 3 
2.42 50 86 9 4 
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ABSORPTION OF a-TOCOPHERYL ESTERS 

The  marked ly  d i f fe ren t  fea tures  of  hyd ro ly -  
sis in several c t - tocopheryl  esters in  in v i t ro  ex- 
p e r i m e n t a l  cond i t i ons  have b e e n  s h o w n  in the  
p resen t  paper .  In  the  b i le -pancrea t ic  juice ,  
s t ra ight  cha in  f a t t y  acid esters of  a - t o c o p h e r o l  
were h y d r o l y z e d  at  s imilar  rates.  In the  super-  
n a t a n t  of  i n t e s t ine  and  l iver h o m o g e n a t e s ,  the  
increase  o f  chain  l eng th  of  f a t t y  acids r educed  
the  ra te  of  hydro lys i s ,  whi le  a roma t i c  esters  of  
a - t o c o p h e r o l  res is ted  hydrolys is .  Pivalate  in par-  
t icu lar  was h y d r o l y z e d  s lowly in the  bi le-pan-  
creat ic  ju ice  and  the  s u p e r n a t a n t  of  small  intes-  
t ine  i n c u b a t i o n  exper imen t s .  The  resul ts  sug- 
ges ted  the  es terase  enzym es  in panc rea t i c  ju ice  
had  n o  p re fe rence  for  s t ra ight  chain  f a t t y  acid 
esters  of  c~-tocopherol and  did  no t  s igni f icant ly  
act on  b r a n c h e d  cha in  esters,  as s h o w n  in the  
case of  i s o b u t y r a t e  and  pivalate.  The  res is tance  
of  o - h y d r o x y b e n z o a t e  and  pivalate  to  in t e s t ina l  
e n z y m e  hydro lys i s  may  have b e e n  due to  the  
s ter ic  h i n d r a n c e  of  es ter  moie ty .  

The  in vivo expe r imen t s  c lear ly showed  t he  
easily h y d r o l y z e d  esters of  a - t o c o p h e r o l  were 
h y d r o l y z e d  be fo re  abso rp t ion ,  i.e., ace ta te ,  
pa lmi ta t e ,  acid succinate ,  whi le  s lowly h y d r o -  
l yzed  esters, p ivala te  and  o - h y d r o x y b e n z o a t e ,  
were  a b s o r b e d  u n c h a n g e d  i n t o  the  l y m p h ,  
t h o u g h  to  a lesser degree, as s h o w n  in Table  
VII.  As i l lus t ra ted  in  Table  VIII ,  t he  appea rance  
of  r ad ioac t iv i ty  and  ~ - t o c o p h e r o l  in  l y m p h  
a f t e r  oral a d m i n i s t r a t i o n  of  3H-~- tocophery l  
pa lmi t a t e  was f o u n d  to  be similar  to  t h a t  of 
3H-~- tocophery l  aceta te .  This  fact  s u p p o r t e d  
the  resul t  o b t a i n e d  in the  i n c u b a t i o n  experi-  
m e n t s  of  ace ta t e  and  pa lmi t a t e  esters. The  ab- 
s o r p t i o n  ra te  of  labe led  a - t o c o p h e r y l  ace ta te  
was 10% of a 2 mg dose given to  ra ts  as re- 
p o r t e d  by  Gal lo-Torres  (2)  and  52% of 0.55 mg 
in this  p resen t  paper .  This d i sc repancy  m a y  
have been  due  to  d i f fe rences  in the  expe r i m en t -  
al cond i t ions .  The fac t  t h a t  u n h y d r o l y z e d  es ter  
and  ~ - tocophero l ,  co r r e spond ing  to  4% and  
25% of  t he  dose,  respect ively ,  appea red  in 
l y m p h  dur ing  the  first  12 hr  a f te r  oral  admini -  
s t r a t i o n  o f  3H~x- tocophe ly l  n i c o t i n a t e  was 
c o m p a r a b l e  to  the  resul ts  of  Gal lo-Torres  (5). 
On the  o t h e r  h a n d ,  the  3 H ~ - t o c o p h e r y l  piva- 
l a te  was abso rbed  w i t h o u t  be ing  h y d r o l y z e d  
previously.  

While i t  has  b e e n  t h o u g h t  t h a t  hydro lys i s  of  
esters  is a p re requ i s i t e  process  in the  in t e s t ina l  
a b s o r p t i o n  of  the  o t h e r  fa t  soluble  v i t am i n  es- 
ters  (28) ,  i n t e s t ina l  hydro lys i s  of  v i t amin  E 
esters appea red  to  be  unnecessa ry  for  absorp-  
t ion .  

The  presen t  pape r  d e m o n s t r a t e s  a close cor- 
r e l a t i on  b e t w e e n  the  in te s t ina l  hydro lys i s  of  
a - t o c o p h e r y l  esters  in  v i t ro  and  the  f o r m  ab- 
so rbed  i n t o  l y m p h  in vivo. The  m e t a b o l i c  fates  
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of  ~ - t o c o p h e r y l  esters used in th i s  s t u d y  are n o t  
well  k n o w n ,  e x c e p t  for  0 t - tocopheryl  ace ta te ,  
acid succ ina te ,  and  n i co t ina t e .  F u r t h e r  investi-  
ga t ion  on  t he  b iochemica l  behav io r  of  scarcely 
h y d r o l y z a b l e  esters  of  c~-tocopherol a b s o r b e d  in 
l y m p h  will be  p r e s e n t e d  in a s u b s e q u e n t  paper .  
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Analysis of Methylsterol Fractions from Twenty Vegetable Oils 
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ABSTRACT 

The 4-monomethylsterot and 4,4- 
dimethylsterol fractions were separated 
from the unsaponifiables of 20 vegetable 
oils by preparative thin layer chromatog- 
raphy, and their compositions were deter- 
mined by gas liquid chromatography. 
Tentative identification of the individual 
components of these fractions was carried 
out by gas liquid chromatography and 
combined gas liquid chromatography- 
mass spectrometry. Among 4-monometh- 
ylsterols, obtusifoliol, gramisterol, and 
citrostadienol occur abundantly in most 
of the oils. Cycloeucalenol also occurs in 
some of the oils as a major component of 
4 -monomethy l s t e ro l s .  Other 4-mono- 
methylsterols tentatively identified are: 
lophenol, 31-norlanosterol, 31-norcyclo- 
a r t e n o l ,  and 31-norlanostenol and/or 
4c~-methylzymostenol.  Among 4,4-di- 
methylsterols, cycloartenol and 24-meth- 
ylenecycloartanol followed by fl-amyrin 
and cycloartanol are common to most of 
the oils. Butyrospermol, ~-amyrin, lupeol, 
and cyclobranol together with a 4,4-di- 
methylsterol, presumably lanostenol, oc- 
cur in some of the oils. Cyclolaudenol is 
present in poppy seed oil. Besides these 
compounds, each of the oils contains 
some unidentified members of 4-mono- 
methyls terols  and 4,4-dimethylsterols. 
The methylsterol fraction of capsicum 
seed oil as compared with that of the 
other oils is characterized by its very high 
content of lophenol and cycloartanol to- 
gether with three other members, presum- 
ably 31-norlanostenol, 4~-methylzymo- 
stenol, and lanostenol. 

INTRODUCTION 

A number of vegetable oils have been anal- 
yzed in this laboratory for their sterol constitu- 
ents, i.e., 4-desmethylsterols, 4-monomethyl- 
sterols and 4,4-dimethylsterols, leading to many 
findings of scientific and practical interest 
(1-5). According to a study (2) on the methyl- 
sterol compositions of 19 commercially pre- 

1present address: Department of Agricultural Chemis- 
try, Gyeong-Sang College, Chilam-Dong, Jinju City, 
620 Korea 

pared vegetable oils, obtusifoliol, gramisterol 
(24-methy lene lophenol ) ,  and citrostadienol 
occur in the 4-monomethylsterol fractions of 
all oils, and another 4-monomethylsterol, cyclo- 
eucalenol, in most of the oils. Cycloartenol and 
24-methylenecycloartanol are present in all oils 
as their predominant 4,4-dimethylsterol compo- 
nents. ~- And fl-amyrins, cycloartanol, and 
cyclobranol also are of widespread occurrence 
in the oils examined. On the other hand, 3 
Theaceae(Camell ia  japonica L., Camellia 
Sasanqua Thunb., and Thea sinensis L.)seed  
oils, alfalfa and garden balsam seed oils and 
shea butter show characteristic compositions of 
the 4,4-dimethylsterol fractions; the fractions 
contain scarcely any of cycloartenol and 24- 
methylenecycloartanol, and consist mainly of 
pentacyclic triterpene alcohols, such as ~ - a n d  
fl-amyrins and lupeol, and butyrospermol (3). 

In a previous study (5) on the desmethy- 
lsterol compositions of 20 vegetable oils hither- 
to less investigated, the unsaponfiables were 
separated into 4 fractions, i.e., fractions of 
4 - d e s m e t h y l s t e r o l s ,  4 -m o nomethylsterols, 
4,4-dimethylsterols and less polar compounds 
(hydrocarbons, etc.) by preparative thin layer 
chromatography (TLC). The present paper is 
concerned with compositions of 4-monometh- 
ylsterol and 4,4-dimethylsterol fractions ob- 
tained on that occasion. 

The following trivial names are used in this 
paper: 

cholesterol = cholest-5-en-3/3-ol 
zymostenol = 5~-cholest-8-en-3fl-ol 
zymosterol = 5a-cholesta-8,24-dien-3fl-ol 
fl-sitosterol = (24R)-24-ethylcholest-5-en-3&ol 
lophenol = 4a-methyl-ba-cholest-7-en-3fl-ol 
31-norlanostenol = 4~,14c~-dimethyl-ba-cholest-8-en- 

3/3-ol 
31-norlanosterol = 4a.14c~-dimethyl-5a-cholesta-8,24- 

dien-3fl-ol 
4a-methylzymostenol = 4a-methyl-ba-cholest-8-en-3fl- 

ol 
4 a-methylzymosterol = 4c~-methyl-bc~-cholesta-8,24- 

dien-3fl-ol 
obtusifoliol  = 4a,14a-dimethyl-24-methylene-5a- 

cholest-8-en-3~-ol 
31-norcycloartenol = 4c~,14~-dimethyl-9fl, l-cyclo-5a- 

cholest-24-en- 3/3-o 1 
cycloeucalenol = 4a,14c~-dirnethyl-9fl,19-cyclo-24- 

methylene-ba-cholestan-3&o 1 
gramisterol = 4c~-methyl-24-methylene-5a-cholest-7-en- 

3#-ol 
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METHYLSTEROLS OF VEGETABLE OILS 

TABLE I 

Relative Retention Times of the Authentic Specimens of Sterol on OV-17 Column 
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Position of Other structural 
Compounds double bond characteristics RRT a 

4-Desmethylsterols 
(Cholestane series) 

Zy most enol 8 -- 0.63 
Zymosterol 8, 24 -- 0.78 

4-Monomethylsterols 
(4a-Methylcholestane series) 

Lophenol 7 -- 0.83 
31-Norlanosterol 8, 24 14a-CH 3 0.86 
4~-Methylzymosterol 8, 24 --- 0.8'7 
Obtusifoliol 8, 24(28) 14<x-CH3, 24-CH 2 0.94 
31-Norcycloartenol 24 14a-CH3, 9,19-cyclo b 0.99 
Cycloeucalenol 24(28) 14a-CH 3, 24-CH 2, 9,19-cyclo 1.10 
Gramisterol 7, 24(28) 24-CH 2 1.12 
Citrost adienol 7, 24(28) 24Z-C2H 4 1.52 

4,4-Dimethylsterols 
Lanostane series 

Lanostenol 8 -- 0.89 
Cycloartanol -- 9,19-cyclo 1.02 
Cycloartenol 24 9,19-cyclo 1.24 
Cy clolau denol 25 (26) 9,19-cyclo,24S-CH 3 1.35 
24-Met hylenecycloartanol 24(28) 9,19-cyclo, 24-CH 2 1.38 
Cyclobranol 24 9,19-cyclo, 24-CH 3 1.68 

Euphane series 
Butyrospermol 7, 24 --- 1.17 

Pentacyclic triterpenes 
#-Amyrin 1.13 
c~-Amyrin 1.28 
Lupeol 1.33 

aRRT = Retention time for B-sitosterol (30 rain) is taken as 1.00. 
b9,19-cyclo = 9#,19-cyclopropane ring. 

ci trostadienol -- 4a-methyl-(24Z)-24-ethylidene-5a- 
cholest-7-en-3&ol 

lanostenol = 5c~4anost-8-en-3&ol 
cycloartanol = 9r 
cycloartenol = 9#,19-cyclo-5aqanost-24-en-3t3-ol 
c y c l o l a u d e n o l  = (24S)-24-methyl-9~,19-cyclo-5a- 

lanost-25-en-3~-ol 
24 -me thy lenecyc loa r t ano l  = 24-methylene-9#,19- 

cyclo-5a-lanostan- 3#-o l 
cyclobranol = 24-methyl-9#,19-cyclo-5a-lanost-24-en- 

3r 
butyrospermol = 5~-eupha-7,24-dien-3~-ol 
#-amyrin = 5a-olean- 12-en- 3#-o 1 
a-amyrin = 5c~-urs-12-en-3~-ol 
lupeol = 5a-lup-20(29)-en-3#-ol 

EXPERIMENTAL PROCEDURES 

Materials, Saponification and Preparative 
Thin Layer Chromatography 

The  origin of  the  20 vegetable  oils, saponif i -  
ca t ion  of  the  oils, and  prepara t ive  th in  layer  
c h r o m a t o g r a p h y  (TLC)  of  the  unsapon i f i ab l e s  
were descr ibed in the  previous  p a p e r  (5).  
T w e n t y  s t e r o l s :  ob tus i fo l io l ,  cyc loa r t ano l ,  
c y c l o a r t e n o l ,  2 4 - m e t h y l e n e c y c l o a r t a n o l ,  cy- 

c lobranol ,  and  a- and  ~-amyrins  (2),  bu ty rospe r -  
tool and  lupeol  .(3), cyc lo l audeno t  (4),  grami- 
s terol  a n d  c i t ros t ad ieno l  (6),  cyc loeuca leno l  
(7),  zymos te ro l ,  zymos t eno l ,  4 a - m e t h y l  zymos-  
te ro l  and  l a n o s t e n o l  (8);  l o p h e n o l  (9);  and  a 
f r ac t ion  con ta in ing  31 -no r l anos t e ro l  and  31- 
n o r c y c l o a r t e n o l  separa ted  f rom the  unsaponi f i -  
ables  of  rapeseed  oil (T. I toh ,  T. T a m u r a  and  T. 
M a t s u m o t o ,  u n p u b l i s h e d  data,  1974) ,  were 
used as the  a u t h e n t i c  spec imens  for  gas l iquid 
c h r o m a t o g r a p h y  (GLC)  and  c o m b i n e d  GLC- 
mass s p e c t r o m e t r y  (GLC-MS).  Table  I shows 
relat ive r e t e n t i o n  t imes  ( R R T )  for  these  refer- 
ence  specimens .  

GLC and Combined GLC-MS 

GLC for  the  analyses  of  the  s te ro l  f rac t ions  
was p e r f o r m e d  us ing  an OV-17 c o l u m n  (1.5%) 
as m e n t i o n e d  previous ly  (5). Fo r  d e t e r m i n i n g  
the  s epa ra t i on  fac to r s  b e t w e e n  the  m e m b e r s  of  
4 - m o n o m e t h y l s t e r o l s  (Tab le  III) ,  QF- I  c o l u m n  
also was used  wi th  a 2 m x 3 m m  in t e rna l  diam- 
e te r  ( ID)  glass c o l u m n  packed  wi th  a 1.5% QF-1 
o n  Shimali te-W, 80-100  mesh ,  p repa red  by  
N i h o n  C h r o m a t o  Works  Ltd.  ( T o k y o ,  Japan) .  
The  c o l u m n  t e m p e r a t u r e  was 203  C, and  t he  
de tec to r ,  230  C. R R T  on  b o t h  c o l u m n s  are ex- 
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TABLE Ill 

Relative Retention Times a of Sterols Determined on OV-17 and QF-1 Columns 

637 

Substituents b 

Compounds Skeleton Side chain OV-17 QF-1 

Gramisterol c A7, 4a-methyl 24-methylene 1.117 
Lophenol c A 7, 4ct-methyl -- 0.832 
ObtusifoliolC A8, 4a,14~-dimet hyl 24-methylene 0.944 
31-Norlanostenol (Sterol-Ia) A 8, 4a,14a-dimethyl 0.703 
Zymosterol c A8 A'24 0.782 
4~-Methylzymosterol c A 8 4a-methyl &24 0.876 
Zymostenol c A 8' -- 0.628 
4ot-Methylzymostenol (Sterol-lb) A8, 4or-methyl --- 0.703 

0.984 
0.741 
0.953 
0.716 
0.701 
0.719 
0.647 
0.665 

aRetention time for/3-sitosterol (30 min) is taken as 1.000. 
bBased on 5a-cholestan-3~3-ol structure. 
CAuthentic specimens. 

TABLE IV 

24-Methylene and 4ix-Methyl Substituents Separation 
Factors on OV-17 and QF-1 Columns 

Separation factors a 

Compounds compared OV-17 QF-1 

24-Methylene/24-Unsubstituted 
Gramisterol/Lophenol 
Obtusifoliol/31-Norlanostenol 

4a-Methyl/4-Desmethyl 
4tx-Methylzy most erol/Zymosterol 
4a-Met hylzymostenol/Zy mostenol 

1.343 1.328 
1.343 1.331 

1.118 1.026 
1.119 1.028 

aCalculated from the data in Table III. 

pressed by the ratio of the retention time for 
the substance under examination to the reten- 
tion time (30 min) for/3-sitosterol. Estimation 
of the approximate compositions of 4-mono- 
methylsterol and 4,4-dimethylsterol fractions 
are based upon area percent values obtain- 
ed from GLC peaks using the triangulation 
method. Small differences in GLC response, if 
any ,  for different sterols are disregarded. 
Hence, the data recorded in Tables II and IV 
may not be strictly accurate, but provide a mea- 
sure sufficient enough to know relative propor- 
tions of component sterols. 

Combined GLC-MS was performed in the 
same way as described previously (5). An 
OV-17 column (3%) was used for the GLC. 

RESULTS 

4-Monomethylsterols 

The  approximate compositions of the 
4-monomethylsterol fractions from individual 
oils determined by GLC (OV-17) are shown in 
Table II. Sterol-II (RRT, 0.83) in the 4-mono- 
methylsterol fraction of capsicum seed oil 
s h o w e d  m o l e c u l a r  ion (M +) at m/e 400 

(C28H480) with other principal ions at m/e 
385, 382, 367, 287, 269, 260, 245, 243, and 
227 in the mass spectrum. The RRT and the 
mass spectrometric fragmentation pattern were 
identical with those of authentic specimen of 
lophenol (RRT, 0.83, mol wt, 400), and, hence, 
the sterol was recognized as lophenol. Sterols- 
IV, -VI, -VII, and -VIII were tentatively identi- 
fied as obtusifoliol, cycloeucalenol, gramisterol, 
and citrostadienol, respecitvely, on the basis of 
the GLC and mass spectrometric evidence. The 
mass spectra of the 4-monomethylsterol frac- 
tions from most of the oils showed, however, 
that sterol-VI contained a minute quanti ty of 
gramisterol besides cycloeucalenol and sterol- 
VII contained a small proportion of cycloeu- 
calenol besides gramisterol. Sterols-III and -V 
were regarded as 31-norlanosterol and 31-nor- 
cycloartenol, respectively, on the basis of  their 
GLC behavior. 

Mass spectrum of the GLC peak at RRT 
0.70 in the 4-monomethylsterol fraction of cap- 
sicum seed oil exhibited 2 M + at m/e 414 and 
400, indicating that this GLC peak comprises at 
least 2 components. One component,  steroMa 
(M + m/e 414, C29H50 O) exhibited principal 
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ions at m/e 399(M-CHa), 381(M-CHa-H:O),  
301 (M-CsH 17 [side chain] ), 299(M-CsH 17-2H), 
273(M-C8H17-28), 245(M-CsH 17-C3H6 [part of 
ring D] -CH 2 [14a-CH3-H]), 227(M-C8H17- 
CaH6-CH2-H20) , and 201(m/e 227-26). Fur- 
ther, the weak ions, which may be taken 
as indicative of the presence of AS-bond 
in the molectfle/(10,11), were observed at m/e 
41  2 ( M - 2 H ) ,  3 9 7 ( M - C H 3 - 2 H ) ,  a n d  
379(M-CH3-H20-2H ) in the spectrum. The 
fragmentation pattern was essentially identical 
with that of 31-norlanostenol (mol wt, 414) 
repor ted by Atallah and Nicholas (11). The 
other component ,  steroMb(M + 400, C a 8H480) 
showed principal ions at m/e 385(M-CH3), 
3 6 7 ( M - C H 3 - H 2  O) , 2 8 7 ( M -  C8H17 [side 
c h a i n l  ) ,  2 8 5 ( M - C s H 1 7 - 2 H ) ,  
269(M-CsHlT-H20) and 259(M-CsH17-28), 
and weak ions characteristic for the sterols with 
AS_bond  ( 1 0 , 1 1 )  at  m / e  398(M-2H), 
383(M-CHa-2H) and 365(M-CH3-H20-2H), 
and, hence, the sterol-Ib is concluded to be a 
sterol possessing AS-bond and Cs-saturated side 
chain, i.e., 4a-methylzymostenol .  The ARAc- 
value (RRT of acetate/RRT of the correspond- 
ing free sterol) (12) for the sterol-I is calculated 
from RRT-values (free sterol, 0.70; acetate, 
0.91) as 1.30, a typical value for the members 
of  4a-monomethylsterol  series. 

The conclusion that the sterol-I in the 4- 
monomethylsterol  fraction of capsicum seed oil 
comprises 31-norlanostenol and 4a-methylzy- 
mostenol is supported by an inspection of an- 
other GLC data mentioned below. Though the 
two components in the steroM fraction of cap- 
sicum seed oil showed the same RRT(0.703) on 
OV-17 column, they showed 2 separate peaks, 
Ia at RRT 0.716 (peak area68%) and Ib at RRT 
0.665 (peak area 32%), respectively, on QF-1 
column. Table III indicates the RRT of several 
authentic specimens of sterols and of the above 
mentioned 2 components,  steroMa and sterol- 
Ib, precisely determined on both  OV-17 and 
QF-1 columns, and Table IV shows the separa- 
t ion factors relating to the 24-methylene and 
4a-methyl  substituents of sterols, calculated 
from the data in Table III. 

4,4-Dimethylsterols 

Table V shows approximate compositions of 
the 4,4-cimethylsterol fractions of 20 vegetable 
oils determined by GLC. Tentative identifica- 
t ion of the following 4,4-dimethylsterols, triter- 
pene alcohols, was based on GLC and combined 
GLC-MS evidence: lanostenol, cycloartanol,  ~- 
amyrin, butyrospermol,  cycloartenol,  a-amyrin, 
lupeol, 24-methylenecycloartanol,  cyclobranol,  
and  cyclolaudenol. 4,4-Dimethylsterol with 

RRT 0.89 in the 4,4-dimethylsterol fraction 
from capsicum seed oi! showed M + at m/e 
428(C30Hs20,  relative intensity 21%) with 
other principal ions at m/e 413(M-CH3, 100%), 
395(M-CH 3 -H20  ,71%), 313([M-C8H 17!side 
c h a i n ] - 2 H ,  3 % ) ,  297(M-CsH17-H2, 3%), 
273(M-CsH17-42_[par t  of ring D] ,  18%), 
2 7 1 ( M - C 8  H i  7"- O H -  2 7 ,  6 % ) ,  
2 5 9 ( M - C s H 1 7 - 4 2 - C H  2 [14a-CH3-H], 15%), 
2 5 5 ( M - C 8 H 1 7 - 4 2 - H 2 0 ,  6 % ) ,  a n d  
241 (M-C8H 17-42-CH2-H 2 O, 15%), and the ions 
characteristic for the sterols with A8-bond at 
m/e 426 (M-2H, 6%) and 411(M-CH3-2H, 9%) 
(10,11) in the mass spectrum. The RRT and the 
fragmentation pattern, as well as the M +, are in 
good agreement with those observed for the 
authentic specimen of lanostenol. 

Mass spectrum of the peak at RRT 1.35 in 
the 4,4-dimethylsterol fraction of poppy  seed 
oil indicated M + at m/e 4 4 0 ( C a l H s 2 0 ,  6%), 
and the other principal fragmented ions at m/e 
425(12%), 422(13%), 407(23%), 379(10%), 
3 5 3 ( 1 0 % ) ,  315(8%),  300(21%), 297(9%), 
285(8%), and 175(39%). The RRT and M +, as 
well as the fragmentation pattern, are quite 
identical with those of the authentic specimen 
of cyclolaudenol. 

DISCUSSION 

It is recognized from Table II that 3 4-mono- 
methylsterols,  i.e., obtusifoliol, gramisterol, and 
citrostadienol, occur abundantly in most of the 
oils. Cycloeucalenol also occurs in some of the 
oils as a major component  of 4-monomethyl-  
sterols. An unidentified component  with RRT 
1.36 also is of  common occurrence. Both 
31-norlanosterol and 31-norcycloartenol whose 
ubiquitous distribution in higher plant kingdom 
has been supposed by Heintz and Benveniste 
(13), are present, mostly in a minor amount,  in 
many of the oils. Table II shows that small 
amounts of lophenol, 31-norlanostenol and/or 
4a-methylzymostenol ,  and fu r the r  the com- 
pounds with RRT 0.63, 1.28, and 1.46 also are 
found occasionally in the 4-monomethylsterol  
fractions. 

As for 4,4-dimethylsterols, it is found that  
cycloartenol and 24-methylenecycloartanol  fol- 
lowed by /3-amyrin and cycloartanol are com- 
mon to most of the oils. Butyrospermol,  a- 
amyrin, lupeol, and cyclobranol together with a 
4,4-dimethylsterol,  presumably lanostenol, oc- 
cur in some of the oils. Cyclolaudenol, whose 
occurrence in opium has been reported pre- 
viously (14), is present in poppy seed oil. 
Pumpkin seed oil, which contains exclusively 
A7-sterots in the 4-desmethylsterot fraction (5), 
shows an unusual feature also in the 4,4-di-  
methylsterol  fraction containing an unidenti- 
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fled c o m p o u n d  with  RRT 1.19 as the  mos t  pre- 
dominan t  c o m p o n e n t .  

It was n o t e d  in the  previous paper  (5) tha t  
the  4-desmethyls te ro l  f rac t ion of capsicum seed 
oil con ta ined  an except iona l ly  high p r o p o r t i o n  
of  choles terol  (10). As is seen f rom Tables II 
and V, this oil differs str ikingly f rom o the r  oils 
also in the  compos i t i on  of  4 - m o n o m e t h y l -  and 
4 ,4-dimethyl -s tero l  fract ion.  This oil conta ins  
large am oun t s  of  lophenol ,  31-nor lanos tenol ,  
and 4 ~ - m e t h y l z y m o s t e n o l  in the  4 - m o n o m e t h -  
yls terol  f ract ion,  and a relatively high propor-  
t ion  of  l anos teno l  in the  4 ,4 -d imethy ls te ro l  
fract ion.  Nei ther  of 4 a - m e t h y l z y m o s t e n o l  and 
l anos teno l  has been  r epo r t ed  before ,  to  our 
knowledge ,  to  occur  in higher  plants.  
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SHORT COMMUNI CATIONS 

Dietary Alteration of Fatty Acid Composition of Lipid 
Classes in Mouse Mammary Adenocarcinoma 

ABSTRACT 

The c o m p o s i t i o n  of  t o t a l  f a t t y  acids in 
serially t r a n s p l a n t e d  m a m m a r y  adeno-  
ca rc inomas  of  C3H mice wh ich  were fed a 
fat  free diet  or a s tock  diet  con ta in ing  4% 
fat  for  8 weeks were s igni f icant ly  differ-  
en t ,  a l t h o u g h  f a t t y  acid a m o u n t s  were  
similar.  The  d i f fe rence  in c o m p o s i t i o n  
was man i fe s t ed  in the  t r iglycer ide,  phos-  
p h a t i d y l  chol ine ,  and  p h o s p h a t i d y l  e tha-  
n o l a m i n e  f rac t ions .  T u m o r s  of  mice  fed 
fat  free diet  h a d  apprec iab le  a m o u n t s  of  
e icosa t r ienoic  acid,  whereas  neop lasms  of  
s tock  diet  fed  an imals  had  none .  In addi- 
t i on ,  h igher  levels of  oleic acid and  lower  
c o n t e n t s  of  l inoleic  acid were f o u n d  in 
t u m o r s  f r o m  mice  fed fat  free diet  t h a n  in 
those  f rom mice  fed  the  s tock  diet.  Thus,  
m e c h a n i s m s  wh ich  m a i n t a i n e d  the  tr iglyc- 
er ide  f a t t y  acid c o m p o s i t i o n  in some  
t umor s ,  such  as 7 2 8 8 C T C  h e p a t o m a ,  
were no t  observed  in mouse  m a m m a r y  
adenoca rc inomas ,  and,  the re fo re ,  were 
n o t  a general  p h e n o m e n a  associa ted w i th  
carcinogenesis .  

INTRODUCTION 

Recent ly ,  we r e p o r t e d  t h a t  d ie ta ry  fat  pro- 

duced  a l te ra t ions  in  t he  c o m p o s i t i o n  of  t o t a l  
f a t ty  acids of  m a m m a r y  a d e n o c a r c i n o m a s  in 
C3 t !  mice  (1).  However ,  i t  was no t  ce r ta in  
Whether  the  f a t t y  acid c o m p o s i t i o n  o f  some 
l ipid classes was una f f ec t ed ,  while  t h a t  of  
o thers  was changed  b y  the  diet .  Wood,  et  al., 
(2)  have obse rved  t h a t  t he  t r ig lycer ide  f a t t y  
acid c o m p o s i t i o n  of  the  7288CTC h e p a t o m a  
was u n c h a n g e d  regardless of  w h e t h e r  the  ani- 
mals were fed  a s tock  or fat  free diet  for  4-5 
weeks. We r epo r t  here  t h a t  f a t t y  acid composi -  
t i on  o f  major  l ipid classes, t r iglycerides  and  
phospho l ip ids ,  of  a m a m m a r y  adenoca rc ino rna  
ref lect  changes  due  to  diet  fat.  

MATERIALS AND METHODS 

M a m m a r y  a d e n o c a r c i n o m a s  used in th is  in- 
ves t iga t ion  arose f rom a hyperp las t i c  alveolar  
n o d u l e  o u t g r o w t h  i m p l a n t e d  i n t o  a c leared 
m a m m a r y  fa t  pad  of  a 3 week  o ld  C3H m o u s e  
(3). This  t u m o r  had  b e e n  t r a n s p l a n t e d  serially 
i n to  3 m o n t h  old  C3H female  mice  w h i c h  were 
raised and  m a i n t a i n e d  in our  l a b o r a t o r y  o n  a 
c o m m e r c i a l  s tock  die t  c o n t a i n i n g  4% fat  
(Wayne  Lab  Blox,  Allied Mills, Inc. ,  Chicago,  
IL). Fo r  th is  s tudy ,  mice  also were m a i n t a i n e d  
on  a fat  free diet  (4)  s u b s e q u e n t  to  t u m o r  t rans-  
p l an ta t ion .  

TABLE I 

Fatty Acid Composition of Lipid Classes of Mammary Adenocarcinoma of Mice Fed Different  Diets 

Stock diet a Fat free diet a 

Fatty Diet Total Total 
acid fatty acid lipid pC b pE b TG b lipid PC b PE b TG b 

14 2.3 0.8 0.8 0.6 1.0 0.6 1.3 0.3 1.8 
15 0 2.1 0 4.5 0.S 0 0 0 0 
16 17.1 18.3 27.1 8.7 21.1 18.7 31.6 8.8 22.3 
16:1 3.1 4.1 6.4 3.9 6.6 4.9 4.3 2.0 4.0 
17 0 1.3 0 2.1 0 0 0 0 0 
18 4.5 15.5 8.6 16.2 9.5 15.2 4.1 9.9 4.8 
18:1 24.0 26.5 29.7 23.8 37.1 36.2 40.4 51.9 51.8 
18:2 44.5 11.4 9.8 7.1 18.1 1.6 1.1 1.0 1.0 
18:3 4.5 0.6 0.8 0.7 0.8 1.1 1.2 1.5 1.9 
20:3 0 0 0 0 0 10.1 6.4 9.0 5.8 
20:4 0 19.5 16.9 32.4 5.4 11.3 9.5 15.6 6.9 

aFigures given are the means of 2 closely agreeing values from duplicate determinations with different animals, 
and represent the % total fatty acids in each fraction. 

bpc = Phosphatidyl choline ; PE = phosphatidyl ethanolamine ; an d TG = triglyceride. 
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E igh t  weeks after tumor implantation, 
t u m o r s  were removed and a small piece 
(200 mg) was treated under reflux with 2 ml of 
30% KOH in 50% methanol at 90 C for 16 hr. 
For quantitation of total fatty acid content, 
pentadecanoic acid (200 pg) was added to the 
saponification medium. Following acidification, 
total fatty acids were extracted with ether. Ex- 
tracts were dried over anhydrous Na2SO 4 and 
gently evaporated to dryness under a stream of 
N 2. Fatty acid methyl esters were prepared 
with diazomethane and were separated at 180 C 
by gas liquid chromatography (5). The instru- 
ment used was a Varian aerograph (Model 
2740) which was provided with flame ioniza- 
t i on  detectors and stainless steel columns 
(6 ft x 1/8 in.) packed with 15% diethylene 
glycol succinate on H/P Chromosorb G. The 
percent composition of various fatty acids was 
calculated by triangulation, and when required 
the total fatty acid content was determined 
from the  amount of pentadecanoic acid added 
as an internal standard. 

Total lipids were extracted from tumors 
with chloroform:methanol (2: 1, v/v) and sepa- 
rated into various lipid classes by thin layer 
chromatography (TLC) (6). TLC plates were 
sprayed with a 0.1% solution of 2',7',dichloro- 
fluorescein in methanol, and after visualizing 
the lipid classes under UV light, they were in- 
dividually extracted from the gel by vigorous 
shaking with chloroform:methanol (2:1, v/v) 
followed by sonication for 30 seconds. The dye 
was removed from the chloroform:methanol 
extract by washing twice with 0.5 N ammoni- 
um hydroxide in 50% methanol and once with 
"Folch Upperphase" (7), In preliminary experi- 
ments with labeled compounds, we found that 
this procedure of lipid extraction from gels and 
subsequent dye removal yielded >95% of the 
neutral- and phosphogiycerides, and did not 
result in any hydrolysis. 

RESULTS AND DISCUSSION 

T o t a l  fatty acid content of mammary 
tumors in mice maintained on a fat free diet 
(10.2 e 2.1 mg/g wet wt, mean +_ SD of 4 sam- 
ples) was quite similar to that observed when 
they were fed a stock diet (10.8 +_ 2.6 mg/g wet 
wt, mean _+ SD of 4 samples). Whereas, tumors 
taken from mice fed fat free diet contained 
only 1.6% of their total fatty acids as linoleate, 
those neoplasms removed from animals fed 
stock diet had almost 8 times that much 
(TaMe I). This difference in composition of 
total fatty acids was not restricted to any single 
lipid class, but was trae for the phosphatidyl 
choline (PC), phosphatidyl ethanolamine (PE), 

and triglyceride (TG) fractions. Determinations 
of fatty acid compositions of free fatty acid, 
cholesterol ester, sphingomyelin, and lysophos- 
pholipid fractions were not carried out, because 
these lipid classes were shown to be minor con- 
stituents of the total lipid, < 10%. Appreciable 
amounts of penta- (2-5%) and heptadecanoic 
acid (1-2%) were found in the total lipid and PE 
fractions from tumors of mice fed the stock 
diet. Because these acids were not present in 
the diet, their origin is not known. They could 
have arisen by synthesis from propionate (8) or 
any other odd chain fatty acid present in the 
commercial stock diet. 

In the total hpids of tumors of mice fed the 
fat free diet, we found appreciable amounts of 
eicosatrienoic acid and elevated levels of oleic 
acid. Such observations also were made with 
the PC, PE, and TG fractions. Although the 
origin of C20:3 acid is not known with absolute 
certainty, we have, in other experiments (1), 
observed high levels of it in the livers of mice 
fed fat free diet for 8 weeks. We, therefore, sug- 
gest that the liver was the source. However, 
whether the tumor synthesized C20:3 from 
C18:1 is not known at this time. 

Although the level of arachidonic acid in the 
TG fraction was not affected by feeding the fat 
free diet, values obtained with PC and PE frac- 
tions from tumors of mice fed fat free diet were 
one-half those for tumors from mice fed com- 
mercial stock diet. Regardless of dietary con- 
dition, PE contained relatively more arachi- 
donic acid and less palmitic acid than did either 
PC or TG. 

Recently, Wood, et al., (2) reported that in 
the 7288CTC hepatoma, fatty acid composition 
of neutral lipids was unaffected by fat in the 
diet and suggested that these results are in 
agreement with the lack of feedback control of 
fatty acid biosynthesis in hepatomas (9). How- 
ever, the very significant effect that dietary 
fatty acids had on the composition of glyc- 
erides in the mammary adenocarcinoma shown 
here indicates that this is not a general char- 
acteristic of neoplasia. As we have demon- 
strated previously, not all tissues which show 
dietary adaptation of fatty acid composition 
respond metabolically with decreased lipogenic 
capacities. Indeed, mammary gland (4) and 
fetal hver (10) are prime examples of such 
tissues. 
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Martinez, California 94553 
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Composition of Liver Lipids of the Rat During 
Pregnancy and Lactation 

ABSTRACT 

Triglyceride concent ra t ions  in rat liver 
rose during late pregnancy,  decl ined at 
peak lactat ion,  and then rose again during 
involut ion.  The percentage o f  oleate in 
the  tr iglycerides rose at peak lactat ion,  
but  that  o f  l inoleate  fell. A l though  phos- 
phol ip id  concentrations were unchanged,  
the percentage of  palmita te  in this frac- 
t ion rose, and those of  stearate and arach- 
idona te  fell during pregnancy and lacta- 
t ion.  These changes may  be related to the 
changes in l ipogenesis and fat mobiliza- 
t ion that  occur  during pregnancy and 
lactat ion.  

INTRODUCTION 

Although some of  the effects  o f  pregnancy 
and lacta t ion on the  compos i t ion  of  the rat 
liver have been known for many  years (1), the 
changes in the lipid compos i t ion  are not  so well 
characterized.  There is some evidence that  the  
concent ra t ions  of  cholesterol ,  t r iglyceride and 
lipid phosphorus  do not  change during preg- 
nancy (2), but  o ther  work  (3) suggests that  
there  are changes in the fa t ty  acid compos i t ion  
of  rat liver lipids during late pregnancy.  There  is 
l i t t le  i n fo rma t ion  about  changes during lacta- 
t ion,  and in the present  s tudy we have investi- 

gated the effects  of  bo th  pregnancy and lacta- 
t ion on the  lipid compos i t ion  of  the rat  liver. 

MATERIALS AND METHODS 
Animals 

HOoded Norway rats f rom the  Inst i tute  
colony were used and were 3 months  old at the 
t ime of  mating. They were fed a commerc ia l  
diet for l abora tory  animals ad l ib i tum and were 
al lowed access to water at all times. In addi t ion 
to a group of  nonpregnant  animals, fur ther  
groups o f  rats were s tudied on the 2 Ist  day o f  
pregnancy,  the 2nd and 14th days of  lactat ion,  
and on the 3rd day after removing the  young.  
Par tur i t ion occurred on the 22nd day after  
mating,  and the young  were r emoved  on the  
21st  day after birth. 

Analytical Methods 

Rats were killed by breaking their  necks. 
Samples of  liver (ca. 1 g) were f rozen  in l iquid 
ni t rogen and powdered.  Tota l  lipids were ex- 
t racted f rom this powder  (4), and the mixed  
lipids obta ined  were resolved by co lumn  chro- 
matography  on silicic acid. Choles teryl  esters 
were eluted f rom the co lumn with  hexane  con- 
taining 1% ether;  free cholesterol  and triglycer- 
ides (TG) were e luted wi th  ether,  and phospho-  
l i p i d s  (PL) were eluted wi th  ch loroform:  
me thano l  (1:1,  v/v). These fractions were ana- 
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Composition of Liver Lipids of the Rat During 
Pregnancy and Lactation 

ABSTRACT 

Triglyceride concent ra t ions  in rat liver 
rose during late pregnancy,  decl ined at 
peak lactat ion,  and then rose again during 
involut ion.  The percentage o f  oleate in 
the  tr iglycerides rose at peak lactat ion,  
but  that  o f  l inoleate  fell. A l though  phos- 
phol ip id  concentrations were unchanged,  
the percentage of  palmita te  in this frac- 
t ion rose, and those of  stearate and arach- 
idona te  fell during pregnancy and lacta- 
t ion.  These changes may  be related to the 
changes in l ipogenesis and fat mobiliza- 
t ion that  occur  during pregnancy and 
lactat ion.  

INTRODUCTION 

Although some of  the effects  o f  pregnancy 
and lacta t ion on the  compos i t ion  of  the rat 
liver have been known for many  years (1), the 
changes in the lipid compos i t ion  are not  so well 
characterized.  There is some evidence that  the  
concent ra t ions  of  cholesterol ,  t r iglyceride and 
lipid phosphorus  do not  change during preg- 
nancy (2), but  o ther  work  (3) suggests that  
there  are changes in the fa t ty  acid compos i t ion  
of  rat liver lipids during late pregnancy.  There  is 
l i t t le  i n fo rma t ion  about  changes during lacta- 
t ion,  and in the present  s tudy we have investi- 

gated the effects  of  bo th  pregnancy and lacta- 
t ion on the  lipid compos i t ion  of  the rat  liver. 

MATERIALS AND METHODS 
Animals 

HOoded Norway rats f rom the  Inst i tute  
colony were used and were 3 months  old at the 
t ime of  mating. They were fed a commerc ia l  
diet for l abora tory  animals ad l ib i tum and were 
al lowed access to water at all times. In addi t ion 
to a group of  nonpregnant  animals, fur ther  
groups o f  rats were s tudied on the 2 Ist  day o f  
pregnancy,  the 2nd and 14th days of  lactat ion,  
and on the 3rd day after removing the  young.  
Par tur i t ion occurred on the 22nd day after  
mating,  and the young  were r emoved  on the  
21st  day after birth. 

Analytical Methods 

Rats were killed by breaking their  necks. 
Samples of  liver (ca. 1 g) were f rozen  in l iquid 
ni t rogen and powdered.  Tota l  lipids were ex- 
t racted f rom this powder  (4), and the mixed  
lipids obta ined  were resolved by co lumn  chro- 
matography  on silicic acid. Choles teryl  esters 
were eluted f rom the co lumn with  hexane  con- 
taining 1% ether;  free cholesterol  and triglycer- 
ides (TG) were e luted wi th  ether,  and phospho-  
l i p i d s  (PL) were eluted wi th  ch loroform:  
me thano l  (1:1,  v/v). These fractions were ana- 
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TABLE I 

Effects of Pregnancy and Lactation on Composition of Rat Liver Triglycerides a 

Fatty acid 

Triglyceride (% by wt) 
Group (mg/g liver) 16:0 18:1 18:2 

Unmated 2.6 • 0.4 28.6 + 1.0 29.8 • 1.5 18.9 +- 1.2 
21 days pregnant 4.2 + 0.5 b 26.1 + 0.6 32.3 • 1.4 23.5 • 1.2 b 
2 days lactating 5.1 • 0.9 b 26.7 • 0.7 29.4 • 0.7 24.8 • 1.4 b 
14 days lactating 1.6 +- 0.1 31.8 • 1.4 36.1 • 1.4 b 10.2 • 0.4 b 
3 days after weaning 7.2 • 0.6 b 28.3 • 1.0 42.0 • 1.3 b 12.6 • 1.0 b 

aValues are means +- SE for 6 rats in each group. 
bValues significantly (<0.05) different from corresponding value for unmated rats (multiple 

range test). 

TABLE 'II 

Effects of Pregnancy and Lactation on Composition of Rat Liver Phospholipids a 

Fatty acid 
Lipid phosphorus (% by wt) 

Group (mg/g liver) 16:0 18" 0 20:4 

Unmated 1.07 + 0.04 12.8 • 0.5 28.5 • 0.5 22.0 • 0.6 
21 days pregnant 1.09 • 0.05 19.1 • 0.5 b 23.8 • 0.5 b 15.6+_ 0.3 b 
2 days lactating 0.97 • 0.03 19.2 +- 0.4 b 22.7 • 0.3 b 15.9 • 0.S b 
14 days lactating 1.14 +- 0.02 16.2 +- 0.6 b 22.8 + 0.8 b 13.5 + 0.7 b 
3 days after weaning 0.95 +- 0.05 14.1 • 0.6 29.5 +- 0.9 15.9 + 0.6 h 

aValues are means • SE for 6 rats in each group. 
bValues significantly (P<0.05) different from corresponding value for unmated rats (multiple range 

test). 

lyzed for  choles terol  (5), glyceride-glycerol  (6), 
and phospho l ip id  phosphorus  (7). Fa t ty  acid 
compos i t ion  of  each f rac t ion  was de t e rmined  
by  gas l iquid ch roma tog raphy  (GLC) after  
p repara t ion  of  the  me thy l  esters o f  the  compo-  
nen t  fa t ty  acids (8). 

GLC was carried out  in a Pye series 104 
ch roma tograph  f i t ted  wi th  a f lame ioniza t ion  
de tec tor .  A stainless steel  co lumn (200 cm x 6 
m m  internal  d iameter  [ ID] )  was used and was 

packed wi th  10% (w/w) EGSS-X on Diatomite-C 
(100-120 mesh,  acid washed,  and t rea ted  wi th  
dimethyldic lorosi lane) .  Ni t rogen at a f low rate 
of  30 m l /m in  was used as the  carrier gas, and 
the  co lumn was opera ted  unde r  i so thermal  con- 
di t ions at 200 C. The ins t rumen t  was l inked to  
a Chromatograph ic  Data Processor  (Digital 
E q u i p m e n t  Co. Ltd. ,  Reading, England).  The 
ou tpu t  of  this  equ ipmen t  gave the  percentage  
con t r ibu t ion  by  wt  of  the  individual f a t ty  acid 
me thy l  esters in the  mix tu re  appl ied to  the  
column.  

RESULTS AND DISCUSSION 

Prel iminary s tudies  es tabl ished tha t  there  
were no  changes in the  compos i t i on  of  liver 

lipids on  the  7 th  and 16th days of  pregnancy.  
The la t ter  result  agrees wi th  an earlier repor t  
(2). 

There was an increase in the  co n cen t r a t i o n  
o f  TG during the  per iod  i m m e d h t e l y  before  
and af ter  par tur i t ion ,  but  on  the  14th day of  
lactat ion,  the  value was only  ca. 30% of  tha t  
observed on the  2nd day (Table 1). There  was a 
big increase in TG con ten t  af ter  removal  of  t he  
young.  The changes in the  c o n c e n t r a t i o n  of  

lipid phospho rus  were small and no t  statisti- 
cally significant (Table II). Mean concen t r a t ions  
of  free and ester if ied choles tero l  were  1.7 and 
0.18 mg/g liver, respect ively,  for  u n m a t e d  rats 
and were unchanged  in pregnancy.  At  peak lac- 
ta t ion,  the  concen t ra t ions  were signif icantly 
lower  (I.1 and 0.09 mg/g liver for  free and es- 
ter i f ied cholesterol ,  respect ively) ,  b u t  af ter  
weaning they  were similar to  those  f o r u n m a t e d  
rats. 

McKay and Kauni tz  (3) found  tha t  there  
were changes in fa t ty  acid compos i t i on  of  rat 
liver to ta l  lipids during late p regnancy ,  but  did 
no t  a t t emp t  to f rac t ionate  their  to ta l  lipid ex- 
tract .  In the  p resen t  s tudy,  we have f o u n d  tha t  
there  are changes in f a t ty  acid compos i t i on  of  
b o t h  TG and PL, and the mos t  i m p o r t a n t  of  
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these changes are shown in Tables I and II. The 
percentage of oleic acid in the TG fraction in- 
creased at peak lactation (14) days) and was at 
a maximum during involution (Table I). The 
percentage of linoleic acid increased during late 
pregnancy, but then declined markedly during 
peak lactation and involution. Although the 
concentration of lipid phosphorus did not 
change during pregnancy and lactation, there 
was an increase in the percentage of palmitic 
acid in the PL fraction and a decrease in the 
percentages of stearic and arachidonic acids 
(Table II). 

In the period immed/ately before parturi- 
tion, there were considerable changes in lipid 
metabolism in the rat. These included an abrupt 
fall in lipoprotein lipase activity in adipose 
tissue and an increase in plasma TG levels (9). 
Furthermore, food intake was greater and there 
was an increase in the synthesis of fatty acids in 
the liver (10). The accumulation of TG in the 
liver at this time may have been related to these 
changes. The concentration of TG in the liver 
remained high in early lactation, but plasma TG 
fell rapidly soon after parturition, probably due 
to a rapid increase in lipoprotein lipase activity 
in mammary tissue which allowed it to take up 
TG for milk production (9). Although food in- 
take and the synthesis of fatty acids in the liver 
were even higher during lactation (10), the 
values for the concentration of TG in both plas- 
ma and liver were low at peak lactation (9, 
Table I), and probably reflected a rapid turn- 
over of plasma TG and their uptake by the 
mammary gland. At weaning there was a rapid 
fall in mammary lipoprotein lipase activity (9) 
which gave rise to hypertriglyceridemia and the 
accumulation of T G i n  the liver. 

The changes in  fatty acid composition may 
be a further consequence of these changes in 
lipid metabolism. McKay and Kaunitz (3) at- 

tributed the changes in pregnant rats to a 
mobilization of fat depots and an increase in 
the extra mitochondrial synthesis of fatty acids 
relative to mitochondrial transformations to 
stearic and arachidonic acids. These factors may 
have been important in the lactating rat also. It 
seems relevant also to draw at tent ion to the 
similarity between the changes in fatty acid 
composition that occurred during lactation and 
those observed after feeding fat deficient diets 
(11). In both cases, the changes coincided with 
an increase in hepatic lipogenesis. As the 
animals used in the present work received a 
nutritionally adequate diet ad 1/bitum, the im- 
portance of this similarity remains to be estab- 
lished. 

R.W. Smith 
A. Walsh 
National Institute for Research in Dairying 
Shinfield, Reading, RG2 9AT, England 
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Changes with Diet in the Composition of Phosphatidyl 
Choline of Sheep Bile 

ABSTRACT 

Bile phosphatidyl choline from sheep, 
in contrast to that from nonruminants,  
contains low levels of the normal range of 
polyunsaturated fatty acids. A compari- 
son has been made of the composition of 
bile phosphatidyl cholines from sheep 

receiving either a control diet, a control 
d ie t  supplemented  with unprotected 
maize oil, or a control diet supplemented 
with soybean oil or tallow that had been 
protected against hydrolysis and hydro- 
genation in the rumen. The composition 
of bile phosphatidyl choline from sheep 
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these changes are shown in Tables I and II. The 
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ABSTRACT 

Bile phosphatidyl choline from sheep, 
in contrast to that from nonruminants,  
contains low levels of the normal range of 
polyunsaturated fatty acids. A compari- 
son has been made of the composition of 
bile phosphatidyl cholines from sheep 

receiving either a control diet, a control 
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with soybean oil or tallow that had been 
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receiving protected soybean oil supple- 
ment was virtually indistinguishable from 
that from nonruminants.  

I N T R O D U C T I O N  

Phosphatidyl choline constitutes the princi- 
pal glyceroplipid in bile of all mammalian 
species examined to date. In ruminants (1), 
fatty acid composition of bile phosphatidyl 
choline is characterized by low levels of linoleic 
acid and its longer chain metabolites. It also is 
characterized by appreciable amounts of poly- 
unsaturated fatty acids not normally found in 
phospholipids in quantity, such as linolenic acid 
and certain conjugated fatty acids that are 
intermediates in the ruminal biohydrogenation 
of linoleic and linolenic acids. Bile phosphatidyl 
choline from nonruminant  species, e.g., the pig 
(1), rat, dog, and man (2), however, contain 
linoleic acid as the major unsaturated fatty acid 
component. In this study, the composition of 
bile phosphatidyl choline has been examined in 
sheep fed control diets or diets containing un- 
protected maize oil, or tallow or soybean oil 
protected by treatment with formaldehyde 
treated protein against biohydrogenation by 
rumen microorganisms (3). 

M A T E R I A L S  A N D  METHODS 

Four groups of 5 6-month-old Cheviot lambs 
were fed either a control diet of hay and con- 
centrates or diets in which a proportion of the 
concentrates, i.e., high energy cereals such as 
rolled oats or flaked maize, was replaced either 
by protected soybean oil (3), protected tallow 
(3), or by unprotected maize oil (30 g/day of 
supplementary fat or 12% or total calories). 
The total fat intake of iambs on the control 
diet was 12 g/day, and on the fat supplemented 
diets, it was 40 g/day. The fats protected with 
formaldehyde-treated protein were donated by 
/Eta Lipids UK Ltd. (London, England). Ani- 
mals were maintained on the diets for 6 weeks 
when they were killed and the gall bladders re- 
moved. The gall bladder contents were acidified 
to pH 4 with concentrated He1 before being 
extracted with chloroform:methanol (2: 1, v/v). 
Phosphatidyl choline was isolated by silicic acid 
column chromatography followed by prepara- 
tive thin layer chromatography (TLC) as de- 
scribed earlier (1). The methyl ester derivatives, 
p r e p a r e d  by sodium methoxide catalyzed 
methanolysis, were separated by gas liquid 
chromatography (GLC) on packed columns of 
EGSS-X, and were identified by their retention 
times relative to authentic standards and by 
silver nitrate TLC (1). trans-Monoenoic compo- 
nents were estimated by GLC after separation 

along with saturated components by TLC on 
silica gel G layers impregnated with silver ni- 
trate ( I0  % by wt); hexane:diethyl ether (9:1, 
v/v) was the developing solvent. Phosphatidyl 
choline was converted to diglycerides by phos- 
pholipase C hydrolysis and acetylated prior to 
separation into molecular species by silver ni- 
trate TLC by methods described in detail else- 
where (1). 

RESULTS A N D  DISCUSSION 

The yield of phosphatidyl choline from bile 
of sheep on the 4 diets did not vary signifi- 
cantly, and averaged 0.342 g/100 ml bile, an 
amount  only one-third of the level in more 
mature animals (1). Fatty acid compositions of 
bile phosphatidyl cholines are listed in Table I. 
In that of the control animals, 16:0, 18:0, and 
18:1 (cis) were the major components, along 
with an appreciable amount of 18:2 (n-6) and 
considerably more 20:4 (n-6) than was detected 
in the same lipid from more mature sheep (1). 
Also, 18:3 (n-3) and fatty acids containing con- 
jugated double bond systems, which were major 
components in the bile of the mature animals, 
were only present in trace amounts in the 
younger animals used in this study. The reason 
for this effect was probably because the mature 
sheep in the earlier work were pasture fed, 
whereas the younger ones in this work received 
hay concentrate diets; the latter have much 
higher 18:2 contents relative to 18:3 than fresh 
grass (4). 

Not unexpectedly, tile composition of bile 
phosphatidyl choline from sheep receiving the 
protected tallow supplement did not  differ 
markedly from that of the control animals, and, 
indeed, the only significant difference was a 
drop in the concentration of 16:1. This fatty 
acid is often present in higher concentrations in 
the tissues of animals on low fat diets than in 
those receiving high fat diets (5). With sheep 
receiving the protected soybean oil supplement, 
on the other hand, there was a greater than 
3-fold increase in the concentration of linoleic 
acid in the bile phosphatidyl choline entirely at 
the expense of the cis-monoenoic acids. Indeed, 
the fatty acid composition in this instance was 
very similar to that of bile phosphatidyl choline 
from nonruminant  animals. Bile phosphatidyl 
choline from sheep fed unprotected maize oil 
supplement contained twice as much 18:2 (n-6) 
as that of controls, again at the expense of the 
cis-monoenoic fatty acids. Therefore, an appre- 
ciable portion of the linoleic acid in the maize 
oil supplement must have escaped biohydrogen- 
ation. With none of the fat supplements were 
the levels of the longer chain metabolites of 
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TABLE II 

Variation in Proportions (% of the Principal Molecular Species in Bile 
Phosphatidyl Cholines with Dietary Treatment 

Molecular species (Mol %) 

Dietary fat Saturated- Saturated- Monoenoic- Saturated- Monoenoic- 
supplement saturated monoenoic monoenoic dienoic dienoic Polyenoic a 

Protected tallow 2.4 44.0 5.1 19.7 4.1 24.7 
Protected soybean oil 1.6 23.6 3.3 43.2 8.1 20.2 
None (control) 3.4 52.6 7.6 12.2 3.1 21.1 
Unprotected maize oil 1.5 34.0 4.9 32.0 4.4 23.2 

aThree or more double bonds. 

linoleic acid, in bile, such as 20:4 (n-6), altered 
significantly. 

Phosphatidyl cholines from the bile of sheep 
in each group were pooled and separated into 
molecular species, in the form of diglyceride 
acetate derivatives by means of silver nitrate 
chromatography. The results are listed in Table 
II. More than half of the control phosphatidyl 
choline consisted of the molecular species con- 
raining one saturated and one monoenoic fatty 
acid (SM). In bile phosphatidyl choline from 
sheep on fat supplemented diets, this species 
tended to decrease and was replaced largely by 
the molecular species containing one saturated 
and one dienoic fatty acid (SD). In that from 
the sheep receiving the protected soybean oil 
supplement, for example, the proportion of the 
SM fraction was only half that of the control, 
while the proportion of the SD fraction was 
more than 3 times that of the control. Al- 
though the amounts of the molecular species 
from the 4 groups varied markedly, fatty acid 
compositions of corresponding fractions were 
very similar. 

These results provided confirmation of the 
suggestion (1) that the principal structural re- 
quirement of phosphatidyl choline for its deter- 
gent function in bile is that it be liquid, for 
which purpose it contains in one position, prob- 
ably position 2, those polyunsaturated fatty 
acids most readily available or those not re- 
quired for more essential purposes. In the 
normal pasture fed ruminant, linoleic acid and 
related metabolites are in short supply because 
of biohydrogenation. The animal then utilizes 

any available hnolenic acid, the essential status 
of which has been questioned (6), and conju- 
gated unsaturated fatty acids for the synthesis 
of bile phosphatidyl choline. In nonruminants 
on an adequate diet, tissue concentration of 
linoleic acid would not be limiting, and this is 
the polyunsaturated fatty acid most readily 
available for the purpose. However, it was clear 
that when the supply of  linoleic acid to rumi- 
nant tissues was not limited, as with the sheep 
given the protected soybean oil supplement, the 
biliary phosphatidyl choline was almost indis- 
tinguishable in composition from that of non- 
ruminants. 

W.W. CHRISTIE 
J.H. MOORE 
R.C. NOBLE 
R.G. VERNON 
The Hannah Research Institute 
Ayr, Scotland KA6 5HL. 
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ABSTRACT 

Fat ty  acid components of cholesteryl 
esters from the adrenals of sheep, like 
those  of nonruminants,  were charac- 
terized by significant amounts of the 
longer chain metabolites of linoleic acid. 
Administrat ion to sheep of diets rich in 
linoleic acid and protected against bio- 
hydrogenation did not alter the concen- 
trat ion of  these components  significantly. 
Although 18:2 levels were elevated, this 
was largely at the expense of cis-monoe- 
noic fat ty acids. 

INTRODUCTION 

The fat ty acid composit ion of adrenal cho- 
lesteryl esters of a number of species of mono- 
gastric animals including the rat (1-4), guinea 
pig (2), rabbit  (5,6), dog (7), pig (8), and man 
(4) have been determined. They are character- 
ized by high concentrations of  longer chain 
linoleic acid metabolites,  including homo-q,- 
linolenic acid (20:3 [n-6]),  arachidonic acid 
(20:4 [n-6]),  and, in particular, the so-called 
adrenic acid (22:4 [n-6]).  Administrat ion of  
adrenocort icotropic hormone (ACTH) increases 
the concentration of these C20 and C22 fat ty  
acids in adrenal cholestery] esters of the rabbit  
(6), and it has been suggested that  they may 
play a part in the biosynthesis of steroid hor- 
mones in the adrenals (9,10). Compositions of 
adrenal cholesteryl esters of ruminant species 
do not appear to have been recorded. In this 
study, the composit ion of adrenal cholesteryl 
esters of the sheep have been examined in ani- 
mals fed either a control diet or diets supple- 
mented with unprotected maize oil or with tal- 
low or soybean oil which had been protected 
by formaldehyde t reated protein (11) against 
hydrolysis  and biohydrogenat ion by rumen 
microorganisms. 

MATERIALS AND METHODS 

Four groups of 5 6-month-old Cheviot lambs 
were fed either a control  diet of hay and con- 
centrates, i.e., a mixture of high energy cereals, 
such as rolled oats, or flaked maize, or diets in 
which a propor t ion of the concentrates was re- 
placed either by protected soybean oil (11), 
protected tallow (11), or by unprotected maize 
oil (30 g/day of  supplementary fat or 12% of 
total  calories). The fats protected with formal- 
dehyde treated protein were donated by Alta 
Lipids UK Ltd. (London, England). Further  

details of the compositions of the feeds will be 
published elsewhere. Animals were maintained 
on the diets for 6 weeks when they were killed 
and the adrenals removed. Lipids were ex- 
tracted with chloroform:methanol  (2:1, v/v) 
and stored in chloroform at -20 C. Cholesteryl 
esters were isolated by preparative thin layer 
chromatography (TLC) on layers of silica gel G 
(0.5 mm thick); hexane:diethyl  ether (9: 1, v/v) 
was the developing solvent. Methyl ester deriv- 
atives, prepared by sodium methoxide cata- 
lyzed methanolysis,  were separated b y  gas 
liquid chromatography (GLC) on packed col- 
umns (2 m x 4 mm) of EGSS-X (15% on Gas- 
Chrom P) isothermally at 180 C, and were 
identified by their re tent ion times relative to 
authentic standards, i.e., 16:0 to 18:2 (n-6) and 
20:4 (n-6) (App l i ed  Science Laboratories Inc., 
State College, PA), by means of equivalent 
chain length (ECL) values and by silver nitrate 
TLC (12). trans-Monoenoic components  were 
estimated by GLC after separation along with 
the saturated components  by  TLC on silica gel 
G layers impregnated with silver nitrate (10% 
by wt); hexane:diethyl  ether (9:1,  v/v) was 
again the developing solvent. 

RESULTS AND DISCUSSION 

Much smaller amounts of cholesteryl esters 
( 0 . 6 6  m g / g  t i s s u e )  and  free cholesterol 
(1 .27mg/g  of tissue) were found in sheep 
adrenals than has been reported for nonrumi- 
nant tissues, and these amounts did not vary 
significantly with dietary treatment.  

Fa t ty  acid compositions of cholesteryl esters 
from adrenals of sheep on the 4 diets are listed 
in Table I. In those of animals on control  diet, 
I6:0,  18:0, I8:1 (cis), and 18:2 (n-6) were the 
major components,  along with smaller quanti- 
ties of branched chain, largely the i so-and  
anteiso-isomers, odd chain, saturated and un- 
saturated, and longer chain fat ty  acids derived 
from linoleic acid. These last components,  
comprising mainly 18:3 (n-6), 20:3 (n-6), 20:4 
(n-6), and 22:4 (n-6), are characteristic constit- 
uents of the cholesteryl esters of the adrenal 
glands of numerous nonruminant  species (1-8) 
in which they are normally present in some- 
what higher concentrations than was found in 
this instance. While ruminant tissues tend to 
contain much less linoleic acid and its metabo- 
lites in total  than those of nonruminants, be- 
cause of biohydrogenation of dietary unsatu- 
rated fat ty  acids in the rumen, the port ion that 
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escapes biohydrogenation tends to be concen- 
trated in the cholesteryl ester and phospholipid 
fractions (13). 

N o t  unexpec ted ly ,  the composition of 
adrenal cholesteryl esters from animals re- 
ceiving the diet supplemented with protected 
tallow did not differ markedly from that of the 
control animals. Indeed, the only significant 
difference was a decrease in the concentration 
of the branched chain components. There were 
considerable changes in the composition of 
adrenal cholesteryl esters of the sheep receiving 
the protected soybean oil supplement, however. 
The 18:2 concentration doubled with a con- 
comitant decrease largely in the concentration 
of 18:1 (cis), but also in those of 17:1, 16:0, 
and of  the branched chain components. With 
sheep receiving the diet containing unprotected 
maize oil supplement, there was again a marked 
increase (ca. 50%) in the proportion of 18:2 in 
the adrenal cholesteryl esters, indicating that 
some of the 18:2 must have escaped biohydro- 
genation, and this was again accompanied by a 
decrease in the concentrations of the C17 and 
C18 cis-monoenoic components and of  the 
branched chain fatty acids. A 2-fold increase in 
the concentration of trans-octadecenoic acid, 
an intermediate in the biohydrogenation proc- 
ess, probably served as an indication that a sig- 
nificant amount of biohydrogenation was oc- 
curring nonetheless in the rumen, and that this 
was not going to completion. 

The  dec rea se  in concentration of  cis- 
monoenoic fatty acids in adrenal cholesteryl 
esters of sheep receiving large amounts of 18:2 
may have been a result of inhibition of desat- 
uration of saturated fatty acids in the tissue by 
linoleic acid (14). The branched chain fatty 
acids found in ruminant tissues are formed 
largely by microorganisms in the rumen, and 
the decrease in concentration of  these com- 
pounds in animals on all the fat supplemented 
diets, relative to those on the control diet, pos- 
sibly reflected some interference by these diets 
with the metabolism of the microorganisms. 

With none of the dietary treatments did the 
concentrations of longer chain fatty acids of 
the linoleate family in adrenal cholesteryl esters 
differ significantly from those of the sheep on 
control diet. In contrast, an increase in tinoleic 
acid content of the diet of  rabbits resulted in 

marked increases in the concentrations of 20:3 
(n-6), 20:4 (n-6), and 22:4 (n-6) in the adrenal 
cholesteryl esters (5). Thus, it would seem that 
low levels of C20 and C22 polyunsaturated 
fatty acids that are normally present in the 
adrenal cholesteryl esters of sheep are adequate 
for any essential metabolic role (9,10) that 
these fatty acids may have in the adrenal glands 
of  this species. 
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ERRATUM 

An error occurred in the article by G.A. 
Dhopeshwarkar and C. Subramanian entitled 
"Metabolism of 1-14C Linolenic Acid in De- 
veloping Grain: II. Incorporation of Radioac- 
t i v i t y  f r o m  1-14C Linolenate into Brain 
Lipids," (Lipids 10:242 [1975]). In the Intro- 
duction, the reference by J. Tinoco, M.A. 
Williams, I. Hicenbergs, and R.L. Lyman (J. 
Nutr. 101:937 [1971 ]) was misquoted. The 
sentence, "In the case of rats, Tinoco, et al., (5) 
found that linolenic acid was not essential for 
normal growth and whole tissue lipid analysis 
did not show any differences between controls 
and those fed an 18:3 deficient diet," should 
read, "In the case of rats, Tinoco, et al., (5) 
found linolenic acid was not essential for 
normal growth or reproduction in spite of very 
low levels of tissue 6o3 fatty acids found in 
animals fed an 18:3 deficient diet." 

A Guide for Authors is Located in Lipids 10(January):60 (1975) 

652 



Lipogenesis by Intact Hepatocytes from Normal and Diabetic Rats 
E. RAGHUPATHY, C. ORTHLIEB, and S. ABRAHAM, Bruce Lyon Memorial Research 
Laboratory, Children's Hospital Medical Center of Northern California, FifW-First & 
Grove Streets, Oakland, California 94609 

ABSTRACT 

Intact hepatocytes isolated from livers 
of diabetic rats demonstrate the charac- 
teristic decreased lipogenic capacities as 
compared to normal. Administrat ion of 
insulin to diabetic rats restores these 
capacities to near normal levels. The re- 
sults emphasize the potential  that  the 
hepatocyte system has for the study of 
hormonal  regulation of lipogenesis. 

INTRODUCTION 

Although several techniques have been de- 
scribed for the isolation of metabolical ly active 
liver cells, generally, it is now accepted that the 
enzymatic digestion method of  Berry and 
Friend (1) provides the best means for the iso- 
lation of morphologically intact hepatocytes in 
high yield. Cells isolated by this method have 
been used to investigate several aspects of  pro- 
tein synthesis (2), gluconeogenesis (3), and 
fat ty acid (4-6) metabolism. In a recent report  
(5), we pointed out that the rates of fat ty  acid 
synthesis in intact parencliymal cells prepared 
by this method (1) are of the same order as 
those observed in vivo. The results of the 
present study further show that the types of 
lipids synthesized by hepatocytes are also 
comparable to those observed in experiments 
with liver tissue (7). Furthermore,  cells pre- 
pared from livers of diabetic rats have lowered 
abilities to synthesize fat ty  acids, and admini- 
stration of insulin to diabetic rats restores the 
synthetic capacities to near normal levels. 

MATERIALS AND METHODS 

Intact parenchymal cells were isolated from 
livers of male rats, 200-300 g body wt, of the 
Long-Evans strain. All rats were fed an ade- 
quate chow diet ad libitum. Experimental  
diabetes was induced by intraperi toneal  (IP) 
injection of alloxan (200 mg/kg body wt) or 
intravenous (IV) injection of  s t reptozotocin 
(60 mg/kg body wt). Blood sugar assays were 
performed by the glucostat method (Worthing- 
ton Biochemical Corp., Freehold,  NJ). The 
washed hepatocytes were incubated in Krebs- 
Henseleit bicarbonate-buffer (8) for 30, 60, 90, 
and 120 rain at 37 C with a mixture of 95% 02 
and 5% CO 2 as gas phase. All other incubation 

conditions have been described elsewhere (5) 
and are outlined in Table I. Fa t ty  acid synthesis 
from endogenous substrates was studied by 
measuring the incorporat ion of 3H from 3H20 
into total  lipids in the absence of added acetate. 
The contribution of  exogenous acetate to fat ty  
acid synthesis was determined by incubating 
the cells with 1-14C-acetate (10mM).  Total  
fatty acid synthesis was determined by incuba- 
tion with 3HzO in the presence of 10 mM 
acetate. Cellular lipids were saponified with 
ethanolic KOH and the fat ty  acids separated 
from digitonin-precipitable sterols (9). In ex- 
periments where distribution of radioactivity 
among the various lipid classes was required, 
t o t a l  l i p i d s  were extracted with chloro- 
form:methanol  (2:1) and washed according to 
the method of Folch, et al., (10). The lipids 
were separated by thin layer chromatography 
(11) on Silica Gel G, using hexane:diethyl  
ether:glacial acetic acid ( 7 0 : 2 0 : 1 ) a s  solvent 
system. All radioactive assays were performed 
by liquid scintillation spectrometry and cor- 
rected for quenching. 

RESULTS AND DISCUSSION 

Results presented in Table I confirm our 
earlier findings (5) that  fat ty acid synthesis in 
isolated hepatocytes proceeds at rates appre- 
ciably higher than those obtained with tissue 
slices. Under the conditions employed here, the 
lipogenic rate is a linear function of t ime for at 
least 2 hr. In addition, i t  can be seen that  the 
conversion of acetate carbon to fat ty  acids is 
about t 0 times higher than that to cholesterol 
(Table I). Studies on the distr ibution of the 
isotopes among the various lipid classes show 
(Table II) that the major por t ion of the activity 
was present in phospholipids and triglycerides 
with only 15% in the cholesterol fraction. 
These data are in accord with the results ob- 
tained in tissue slice experiments (7). On the 
other hand, Capuzzi, et al., (4) have shown in 
their studies on fat ty acid synthesis by hepato- 
cytes that over half of the incorporated acetate 
was found in the cholesterol fraction. Though it 
is difficult to explain this discrepancy, it is 
l ikely that  some of the variation is at t r ibutable 
to  the differences in the methodology used for 
the isolation of hepatocytes.  As has been 
pointed out  by Capuzzi, et al., (4), the open 
perfusion method employed in their  studies 
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I n c o r p o r a t i o n  o f  1 -14C-Ace ta te  and  o f  3 H 2 0  
in to  Var ious  Lipid Classes by  H e p a t o c y t e s  O b t a i n e d  

f r o m  N o r m a l  Rats a 

Percentage  d i s tr ibut ion  
o f  i s o t o p e  f r o m :  

1-14C-acetate  3 H 2 0  + ace ta te  
Lipid class (6 )  (3 )  

Phosphol ip ids  34 .2  + 0 .8  3 9 . 6  • 0 . 3  
M o n o g l y c e r i d e s  2 .0  + 0.1 3 .0  • 0 . 4  
1,3 D i g l y c e r i d e s  1.8 • 0 .2  15 .2  • 0 . 6  
Choles tero l  1 5 . 4  • 0 .6  15 .2  • 0 .6  
1,2 D i g l y c e r i d e s  8 .6  • 0 .6  3.7 • 0.1 
Triglycer ides  33 .2  • 1 .3  3 0 . 3  • 0 .7  
Fat ty  acids 2.1 + 0 .3  4.S • 0.1 
Choles tero l  esters 2.5  • 0.1 3.7 • 0 .3  
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aFresh ly -prepared  l iver cel ls  w e r e  i n c u b a t e d  w i t h  
1-14C-acetate  or w i t h  3 H 2 0  and  10 m M  ace ta te .  The  
dig lycer ides  and  cho les tero l ,  w h i c h  migrate  to  the  
same  l o c a t i o n  on th in  layer  plates  w i t h  the  h e x a n e : d i  - 
e t h y l  ether:g lac ia l  acet ic  ac id  so lven t  m i x t u r e ,  w e r e  
scraped f r o m  the plates,  e lu ted  f r o m  the  gel  and  w e r e  
separated  further  by th in  layer  c h r o m a t o g r a p h y  w i t h  
c h l o r o f o r m : b e n z e n e : e t h y l  ace ta te :g lac ia l  acet ic  ac id  
( 1 5 0 : 5 0 : 2 5 : 4 ) .  Results  are the  m e a n s  • S.E.  o f  the  
e x p e r i m e n t s  given in parentheses �9  

carries the risk of subjecting the liver to hypox- 
ic conditions during the perfusion period�9 When 
oxygen is excluded from the medium during 
perfusion, hepatocytes lose glycogen (H.V. 
Werner, personal communication)�9 We have 
shown (Abraham, unpublished data) that 
such glycogen depleted cells exhibit a severely 
diminished capacity for fatty acid synthesis; 
however, they do not show a proportionate 
decrease in cholesterol synthesis�9 Thus, it is 
possible that exposure of the liver to hypoxic  
conditions during perfusion results in the isola- 
tion of cells which, though morphologically 
intact, incorporate acetate carbon preferentially 
into sterols. 

Results presented in Table I show that the 
well known block in lipogenesis in livers of 
diabetic rats (12-14) is also reflected in the 
metabolic properties of isolated hepatocytes.  
Hepatocytes prepared from streptozotocin,  or 
alloxan, diabetic rats possess reduced capacities 
for lipogenesis. This diminished incorporation is 
observed when either 14C-acetate or 3H20  is 
used as substrate. Administration of  insulin to 
the diabetic rats results in a marked improve- 
ment in the capacities of the hepatocytes pre- 
pared for these rats to synthesize fatty acids 
(Table I). 

It is worth noting that the decrease in the 
case of acetate is more dramatic than in the 
case of tritiated water. Although the incorpora- 
tion of tritium from water and carbon from 
acetate into fatty acids gives us some informa- 
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t ion  about  the  relative con t r ibu t ions  of  the  two  
pa thways  of  fatty acid synthesis ,  e longat ion 
and de novo,  the effect  of  diabetes  on these 
processes cannot  be assessed f rom the  present  
data. 

We may conc lude  tha t  the  enzymat i c  dis- 
pers ion m e t h o d  of  Berry and Fr iend (1) results 
in the isolat ion of  hepa tocy t e s  whose  capacit ies 
for l ipogenesis are reflective of  in tac t  liver and 
in which metabol ic  consequences  of  in vivo 
manipula t ion  of  h o r m o n a l  s tatus are still mani- 
fested.  The data thus  establish the  usefulness  of  
these cells as a power fu l  tool  for  the  e lucidat ion 
of  the  mechanisms which con t ro l  regulat ion of  
hepa t ic  lipogenesis.  
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Synthesis and Analysis of Phytyl and Phytenoyl Wax Esters 
JOANNE L. GELLERMAN, WAYNE H. ANDERSON, and HERMANN SCHLENK, 
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

An efficient procedure for preparing 
phytenic  acid methyl  ester, free of iso- 
mers, from phytol  is reported. Phytyl  
p h y t e n a t e  and other isoprenoid wax 
e s t e r s  we re  synthesized. Gas liquid 
chromatography of these wax esters and 
other compounds related to phyto l  and 
phytenic acid is described. The alkyl con- 
sti tuents of  isoprenoid wax esters can be 
analyzed after alkaline methanolysis and 
the acyl constituents after acidic meth- 
a n o l y s i s .  The applicability of these 
methods to natural mixtures was demon- 
strated with wax esters from mosses 
which contained both types of isopre- 
noids and with wax esters from healthy 
and frost damaged grass which contained 
phytol,  but  not  phytenic acid. 

INTRODUCTION 

The occurrence of  phytol  as consti tuent of 
chlorophyll  has been known for more than half 
a century, but  its occurrence in wax esters from 
plant materials has been reported only recently. 
Phytol has been found in wax esters of leaves 
from Acer platanoides (1) and from Fatsia 
japonica (2). Phytol and phytenic acid have 
been found as major constituents of wax esters 
from bryophytes  (3). 

Analysis of wax esters containing phytol  
and phytenic  acid requires alkaline methano- 
lysis for determination of the alkyl moieties 
and acidic methanolysis for determinat ion of 
the acyl moieties. The former method iso- 
merizes phytenic  acid to a great extent,  and 
the lat ter  method is destructive to phytot.  
These two methods must be combined to 
obtain satisfactory analyses of  the isoprenoid 
moieties. Suitable methods described here now 
have been established using synthetic isopre- 
noid wax esters and then were tested by anal- 
yses of waxes from two mosses, Hygrohypnum 
luridum and Paraleucobryum longifolium, and 
from t imothy grass, Phleum pratense. 

MATERIALS AND METHODS 

Preparation of Phytenic Acid 

P h y t o l  (Nutrit ional Biochemicals Corp., 
Cleveland, OH) was purified by column chro- 
matography over Unisil (100-200 mesh, Clark- 

son Chemical Co., WiUiamsport, PA) with pe- 
troleum e ther (bp  60-70 C):diethyl  ether (95: 5) 
as eluting solvent. The alcohol was oxidized to 
aldehyde with CrOa-pyridine in methylene 
chloride (4) under rigorous exclusion of mois- 
ture. The oxidant was prepared in 30 ml 
CH2C12 by addit ion of 24 mmole pyridine, fol- 
lowed by 12 mmole CrO 3. After  clearing of the 
initial turbidi ty,  2 mmole phytol  in 4 ml 
CH 2 C12 was added. The mixture was stirred for 
1 hr, and the solution then was decanted into a 
separatory funnel. Addit ional  product  was re- 
covered from the precipitate by extraction with 
diethyl ether and added to the decanted por- 
tion. The combined solution was washed with 
aqueous 5% NaOH, 5% HC1, 5% NaHCOa, and 
finally with saturated NaC1 to neutrality. After  
purification by column chromatography,  as de- 
scribed for phytol,  phytenal  was obtained in 
75% yield. This was oxidized to the acid by 
Ag20  (5). To the solution of 1.5 mmole 
phytenal  in 10 ml ethanol was added 9 mrnole 
AgNO3 in 2.2 ml water, followed by 27 mmole 
NaOH in 15 ml water. The lat ter  was added 
slowly from a dropping funnel under vigorous 
stirring, which was continued overnight at room 
temperature.  

The reaction mixture was filtered through 
sintered glass, and the precipitate was rinsed 
twice with 20 ml of 30% ethanol in water. The 
filtrate was diluted with 300 mi water and ex- 
tracted once with 200 ml petroleum ether (bp 
30-40 C): diethyl ether (1: 1). This extract from 
t h e  a l k a l i n e  solution was discarded. The 
aqueous phase was acidified to about pH 2 with 
4 N HCI.  It was extracted 3 times with the 
above solvent mixture, and the combined ex- 
tracts then were washed to neutral i ty with 
water. 

After purification by column chromatog- 
raphy as specified above for phytol,  phytenic 
acid was obtained in a yield of 60% in 
reference to phytol.  I t  contained ca. 15% con- 
taminants as indicated by faster migrating ma- 
terial in thin layer chromatography (TLC) and 
in gas liquid chromatography (GLC) after ester- 
if ication with CH2N 2. Most likely the contam- 
inants were posit ional and geometric olefinic 
isomers as described in the l i terature (6). 
Column chromatography over Unisil of the 
e s t e r s  wi th  petroleum ether :d ie thyl  ether 
(99:1)  yielded about half of the material as 
m e t h y l  p h y t e n a t e  (3,7,11,15-tetramethyl-  
hexadec-trans-2-enoate) in 99% purity and 
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TABLE I 

Gas Liquid Chromatography of Methyl Phytenate and Related Compounds 

657 

Composition % 
Equivalent chain 

length b on Crude synthetic  
Compound a EGS c DEGS c methyl ester 

Treated with 
NaOCH3V, 
reesterifie d 

Isomer 14.1 
Isomer 15.2 15.3 4.0 
Phyt an ate 16.8 17.0 
Isomer 17.0 
Isomer 17.7 17.7 10.0 
Oleate 18.7 18.4 
Phytenate d 18.9 18.8 86.0 
Isomer 19.8 

3.6 

29.4 
32.7 

26.1 
8.3 

aFor possible structures of isomers, see reference 6. 
bECL in reference to straight chain saturated fatty methyl esters. 
CEGS = ethylene glycol succinate; DEGS = diethylene glycol succinate. 
d3,7,11,15-Tetramethylhexadec-trans-2-enoate. 

about one-third of it in 93% purity. 

Synthesis of Wax Esters 17) 

The chlorides of 0.20 mmoles palmitic, 
oleic, linolenic, or phytenic acids were prepared 
in 1 ml dry benzene by addition of 0.28 mmole 
oxalyl chloride under stirring at 60-65 C for 
2 hr in a flask equipped with a condenser and 
CaC12 drying tube. Excess oxalyl chloride, 
HC1, and solvent then were carefully removed 
under high vacuum. Dry diethyl ether was 
added to the acid chloride, followed by 0.20 
mmole phytol or hexadecanol in the same sol- 
vent and 0.25 ml dry pyridine. The mixture was 
heated to reflux and stirred for 3 hr. The 
p r o d u c t  was recovered in diethyl ether: 
petroleum ether (bp 30-40 C) (1 : 1) and washed 
once with water, 3 times with 1N H2SO4, once 
with 5% NaHCO3, and finally with water to 
neutrality. 

Wax esters were purified by TLC using tri- 
ctdoroethylene for development. Pure phytyl  
p a l m i t a t e  (Phy-16:0), Phy-18:l ,  Phy-18:3, 
Palmityl phytenate (16:0-Phy), and Phy-Phy 
were prepared with yields between 50-80%. The 
abbreviated notation for wax esters is alcohol- 
acid, using Phy for phytol and for phytenic acid 
and the common short form for the straight 
chain constituents. Acidic catalysis by p-tolu- 
enesulfonic acid (8) for esterification was not 
applicable to the synthesis of wax esters from 
phytol or from phytenic acid. 

Isolation of Wax Esters from Plants 

The aquatic moss Hygrohypnum luridum 
was collected from rocks in a small stream 
(Exshaw, Alberta, Canada). Moss of dry habi- 
tat, Paraleucobryum longifolium, was collected 
from glacial boulders in deep shade (Somerset 

Co.,Maine). Lipids were extracted from moss 
gametophores with CHC13:CH3OH and frac- 
tionated by column chromatography on Unisil 
as previously described (3,9). Wax esters were 
obtained together with hydrocarbons and steryl 
esters and were separated from these compo- 
nents by column chromatography on MgO 
(10,1 1). 

Timothy grass, Phleum pratense, was har- 
vested in September, 5 days after a heavy frost 
from a location near Austin, MN, where brown 
grass leaves, damaged by cold, were next to 
green leaves which did not show any sign of 
deterioration. The samples of leaves were ex- 
tracted with CHC13:CH3OH (2: 1), and chloro- 
phyll was determined in the extracts (12). The 
lipids were recovered, and a fraction containing 
wax and steryl esters was obtained by TLC on 
Silica Gel H, 1 mm thick, with trichloro- 
ethylene as solvent. This mixture was not 
further fractionated. 

Hydrogenation of Wax Esters 

Wax esters containing the phytyl  moiety 
had to be hydrogenated for GLC analysis, be- 
cause they were destroyed at the high tempera- 
ture (280 C) used. Hydrogenation of the double 
bond in phytol and its derivatives met with dif- 
ficulties (13), but nearly quantitative yields of 
p h y t a n y l  wax esters were obtained when 
samples of 1-10 mg were hydrogenated with 20 
mg of catalyst, 10% Pd on CaCOa (K and K 
Laboratories, Plainview, NY) in 3 ml petroleum 
ether (bp 60-70 C) with a slow stream of H 2 
and magnetic stirring for 1 hr. 

GLC of Wax Esters 

An F&M 402 apparatus (Hewlett-Packard 
Instruments Co., Avondale, PA) was used with 

LIPIDS, VOL. 10, NO. 11 



658 JOANNE L. GELLERMAN, WAYNE H. ANDERSON, AND HERMANN SCHLENK 

TABLE II 

Gas Liquid Chromatography of Compounds Related to Phytol 

Equivalent chain Equivalent chain 
length a on length b on 

Compound EGS DEGS Compound EGS DEGS 

Phytanyl acetate 16.9 17.1 
Phytyl acetate 18.4 18.3 

Oleyl acetate 18.8 18.4 

phytane c 8.1 11.2 
11.2 12.5 

Phytadienes d 11.8 e 13.1 e 
12.3 13.5 
12.7 14.0 

Phytyl methyl ethers d 14.2 e 15.0 e 
15.2 15.8 

Phytenal 20.2 19.9 

aECL in reference to straight chain saturated alkyl acetates. 
bECL in reference to straight chain saturated fatty acid methyl  esters. 
CFrom phytol by hydrogenation with Pd or PtO 2. 
dFrom phytyl esters by acidic hydrolysis in methanol.  
eMajor component of the mixture which had been isolated by thin layer chromatography. 

helium as carrier gas and with a flame ioniza- 
tion detector. The aluminum column, 0.3mm 
internal diameter and 1.2 m long, was packed 
with OV-1, 5% on Gas Chrom Q, 100-120 mesh 
(Applied Science Laboratories, State College, 
PA). The column was operated at 280 C, and 
under these conditions, the time required for 
elution of arachidyl arachidate was 1 hr. Equiv- 
a lent  chain length (ECL) in reference to 
1 6 : 0 - 1 6 : 0 ,  32 .0 ;  1 8 : 0 - 1 8 : 0 ,  36.0; and 
20:0-20:0, 40.0 was for phytanyl-16:0 and 
1 6 :0-phytana te ,  33.6; phytanyl phytanate, 
35.1; and phytanyl-18:0, 35.6. All phytyl  wax 
esters were destroyed by these GLC conditions, 
but 16:0-Phy emerged without detectable al- 
teration, ECL 34.6. 

Methanolysis of Phytenoyl Wax Esters 

Presence of the phytenoyl moiety required 
acidic methanolysis for analysis of acyl consti- 
tuents. Samples of 1-10 mg were heated for 1 
hr at 90 C with 1-2 ml dry 2 N HC1 in CH3OH, 
in a teflon lined screw cap tube with magnetic 
stirrer. Methanol and HC1 were removed first by 
a stream of N2, then in high vacuum. TLC 
showed methanolysis to be virtually complete. 
The methyl esters were separated from alcohols 
by preparative TLC before analyzing them by 
GLC. 

Complete methanolysis also can be achieved 
with BF3, 14% in CH3OH (Applied Science 
Laboratories, State College, PA) under the same 
conditions, but the reagent was slightly destruc- 
tive to phytenic acid. Phytol was destroyed by 
b o t h  ac id i c  reagents and yielded mainly 
phytadienes and phytyl  methyl ethers. The 
identity of these products was verified, after 

isolation by TLC, by mass spectrometry which 
gave molecular ions m/e 278 and 310, respec- 
tively. 

Methanolysis of Phytyl Wax Esters 

Presence of the phytyl moiety required alka- 
line methanolysis for analysis of the alkyl con- 
stituents. Samples of 1-10 mg were heated 
under the above conditions with 1-2 ml 2 N 
NaOCH 3 in CH3OH. The solutions then were 
poured into 20 ml water, slightly acidified with 
4 N HC1, extracted 3 times with petroleum 
ether (bp 30-60 C):diethyl ether (1 : l )  and the 
extracts then were washed with water. The 
samples were exposed to CH2N ~ (14) to 
methylate any fatty acids which had been 
formed under these conditions. All synthetic 
s amp l e s  were hydrolyzed completely and 
phytol was not altered. The alcohols were sep- 
arated from methyl esters by TLC and then 
converted to acetates by heating for 1 hr at 
90 C with 0.1 ml acetic anhydride. 

Phytenic acid was extensively isomerized by 
the alkaline reagent at 90 C. At room tempera- 
ture, wax esters were not hydrolyzed com- 
pletely by the reagent within 24 hr. Reflux 
with aqueous 2N KOH in methanol for 2 hr 
isomerized ca. 15% of the phytenic acid. These 
l a t t e r  c o n d i t i o n s  completely hydrolyzed 
phy-16:0, but only 30% of Phy-Phy. 

GLC of Isoprenoid Methyl 
Esters and Acetates 

A Hewlett-Packard Model F&M 830 appara- 
tus was used at 180 C with helium as carrier gas 
and hydrogen flame detector. Columns were 
0.3 mm ID and 1.8 m long, packed with ethyl- 
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TABLE III 

Analysis of Hydrogenated Wax Esters from Mosses a 

Hygrohypnum Paraleucobryum 
Compound luridum longifolium 

C32 1.4 
Phy-C16 10.6 9.4 
C34 1.1 
Phy-Phy 78.4 39.8 
Phy-C18 " 5.9 5.3 
C36 O.9 
Phy-C20 1.7 2.4 
C38 4.0 
C40 + 12.2 
C42 + 13.2 
C44 + 8.9 
C46 4.7 

apercent of peak areas in gas liquid chromatography on OV-1 at 280 C. 
b(.) = not detectable; (+) detectable in small quantities. 

ene glycol succinate (EGS), 15% HI-EFF-2BP 
on 100-120 mesh Gas Chrom P (Applied 
Science Laboratories, State College, PA); and 
0.3 mm ID and 2.4 m long packed with di- 
e t h y l e n e  glycol succinate (DEGS) (Varian 
Aerograph, Walnut Creek, CA), 20% on siliconi- 
zed Chromosorb W (Johns-Manville, Chicago, 
IL). 

Table I gives GLC data on compounds rela- 
ted to phytenic acid as they occurred in the 
crude preparation and after treatment of esters 
with NaOCH3. Table II gives such data on com- 
pounds that are related to phytol and may 
arise with hydrogenation of the alcohol or by 
acidic hydrolysis of its esters in methanol. 
Methyl phytenate migrated distinct from oleate 
on DEGS, but not on EGS; whereas, phytyl and 
oleyl acetates were resolved on EGS but not  on 
DEGS. Phytyl methyl ethers are listed because 
they are not separated well from methyl esters 
by TLC, and may lead to misinterpretations 
when analyzing the latter by GLC. 

RESULTS FROM NATURAL MIXTURES 

GLC of wax esters from both mosses, 
Hygropypnum luridum and Paraleucobryum 
long~folium, showed some peaks of straight 
chain wax esters and an extended solvent front 
as had been observed in GLC of authentic 
phytyl  esters. Presence of n-alkyl phytenates 
was not  indicated, although the experiments 
with authentic compounds had shown that this 
type ester could be chromatographed. The pres- 
ence of isoprenoid esters was revealed by GLC 
of the hydrogenated wax esters which showed a 
peak corresponding to phytanyl phytanate and 
representing the major portion of both samples 
(Table III). They also contained some phytanyt 
~sters of straight chain acids together with corn- 

mon wax esters. One can conclude that all 
phytenic acid was bound to phytol. Phytol was 
in molar excess over phytenic acid, and the ex- 
cess was bound to straight chain fatty acids. 

From analyses of the constituents (Table 
IV), it was seen that phytenic acid was a major 
component of wax esters from both mosses at 
levels of 68.2 and 29.5% of acyl groups. How- 
ever, GLC of the hydrogenated wax samples 
(Table III) had indicated the presence of 78.4 
and 39.8% phytanate. Corresponding values for 
total phytol by analysis of alkyl groups were 
85.1 and 52.7% (Table IV), but 96.6 and 56.9% 
by GLC of the hydrogenated wax esters (Table 
III). The discrepancies of 4-! 1% may have been 
due to the presence of minor amounts of satu- 
rated isoprenoid structures. An additional and 
perhaps the major cause was the great differ- 
ence in GLC conditions which lead to some 
quantitative deviations. Minor decomposition 
of phytyl  acetate was shown by a shift of the 
base line which consistently occurred shortly 
before this peak emerged. We did not  attempt 
further refinement of the quantitative analyses. 

Table IV shows that alkyl and acyl groups 
of moss wax esters could not  be analyzed by a 
single procedure. Phytol was lost completely by 
the HCI:CH3OH method, and phytenic acid 
was isomerized largely by the NaOCH 3 method 
and yielded peaks obscuring the chromatogram. 

When analyzing wax esters of the grass, 
Phleum pratense, it was of interest also to 
determine chlorophyll, because it is a likely 
source of phytol in wax esters of plants (1). 
From the green leaves, 148 mg lipid extract per 
gram dry wt was obtained, of which 15.8 mg 
was chlorophyll and 8.9 mg was wax plus steryl 
esters. The frost damaged sample gave 77 mg 
lipid extract per gram dry wt, of which 1.5 mg 

LIPIDS, VOL. 10, NO. 11 



660 J O A N N E  L. G E L L E R M A N ,  W A Y N E  H. A N D E R S O N ,  A N D  H E R M A N N  S C H L E N K  

T A B L E  IV 

C o n s t i t u e n t s  o f  Wax  Es te r s  f r o m  Mosses a 

Hygrohypnum luridum Paraleucobryum long4folium 

A l c o h o l  b y  Ac id  b y  A l c o h o l  b~r Ac id  b y  
St r u c t u r e  N a O C H  3 b H C I / C H 3 O H C  N a O C H  3 u HC1/CH 3OHC 

1 6 : 0  0 .8  12.0  + 18.8 
1 6 : i  1.1 5.1 + 7 .2  
1 8 : 0  1.2 1.4 3.1 6 .6  
18:1  + + + 
Phy  85.1 68 .2  52 .7  29 .5  
18 :2  1.7 3.7 
1 8 : 3  6 .3  10 .4  
2 0 : 0  0 .9  + 2 .8  5.6 
2 0 : 4  1.4 4 .3  
2 0 : 5  3 .4  
2 2 : 0  11 .0  + 21 .5  8 ,3  
2 4 : 0  + 16.9  5 .8  
2 6 : 0  + 2 .9  

a p e r c e n t  o f  p e a k  areas  in gas l i qu id  c h r o m a t o g r a p h y  o n  e t h y l e n e  g lyco l  s u c c i n a t e  a n d  d i e t h y l e n e  
g lyco l  s u c c i n a t e  at  1 8 0  C. 

b A n a l y s i s  o f  m e t h y l  es ters  o b t a i n e d  f r o m  h y d r o l y s i s  w i t h  N a O C H  3 s h o w e d  11 .5% m e t h y l  p h y t e n -  
a te  a n d  52% i somers .  

CAnalysis  o f  a l c o h o l  a c e t a t e s  o b t a i n e d  f r o m  h y d r o l y s i s  w i t h  H C I / C H 3 O H  did  n o t  i n d i c a t e  t he  
p resence  o f  p h y t y l  a c e t a t e  or  o f  i somers .  

d A n a l y s i s  o f  m e t h y l  es ters  o b t a i n e d  f r o m  h y d r o l y s i s  w i t h  N a O C H  3 s h o w e d  4 .5% m e t h y l  p h y t e n -  
a te  a n d  2 2 . 5 %  i somers .  

T A B L E  V 

Ana lys i s  o f  Wax  a n d  S te ry l  Es ters  f r o m  Phleum prarense a 

Acids  f r o m  w a x  + A l c o h o l s  f r o m  
s te ry i  es ters  b w a x  es te r s  c 

S t r u c t u r e  o f  F ros t  F r o s t  
moie t ies  Viable  d a m a g e d  Viab le  d a m a g e d  

12 :0  2 .8  3.7 
1 4 : 0  11.2 13 .0  
16 :0  12 .4  11.3  9 .6  
18 :0  6 .4  8 .4  9 .8  
18 :1  4.2 2 .2  
P h y  37 .8  
18 :2  12 .6  8.6 
1 8 : 3  33 .0  33 .2  
2 0 : 0  5.1 9.1 1'7.4 
2 2 : 0  6 .3  5.6 2 5 . 4  
2 4 : 0  3,3 2 .7  

83 .5  

7 .8  
8 .7  

a p e r c e n t  o f  p e a k  areas  in gas l i qu id  c h r o m a t o g r a p h y  o n  e t h y l e n e  g lyco l  s u c c i n a t e  a n d  d i e t h y t e n e  
g lyco l  s u c c i n a t e  a t  1 8 0  C. 

b H C 1 - C H 3 O H  m e t h o d .  

C N a O C H 3  m e t h o d .  

was chlorophyll and 8.8 mg was wax plus steryl 
esters. Apparently, due to freezing of the tissue, 
ca. 50% of the lipid and 90% of the chlorophyll 
was lost, but the absolute amount of wax plus 
steryl esters remained the same. However, in 
this mixed fraction from the undamaged grass, 
steryl esters were the main components,  where- 
as, in the damaged grass, wax esters were the 
greater portion. 

The NaOCH 3 method showed that in these 

waxes, phytol was prominent among alkyl 
groups and that its amount was increased 
greatly upon frost damage (Table V). The 
H C I : C H 3 O H  method showed that neither 
sample contained phytenic acid. Linolenic was 
the major acid, but its relative concentration 
did not change under the adverse conditions. 

Phytenic acid was a major acyl component,  
and phytol was the predominant alkyl compo- 
nent in wax esters of several mosses analyzed in 
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this l abora to ry  (3). The habi ta ts  o f  these 
mosses  ranged f rom aquat ic  to  ex t r emely  dry,  
and f rom t empera t e  to polar  condi t ions .  Phy- 
tenic acid occurrence  spanned  all genera anal- 
yzed,  bu t  levels were highest  in the  order  
Hypnobryales. Al though  p h y t o l  occurs in 
wax  esters o f  higher  plants,  p h y t e n i c  acid has 
no t  as ye t  been r epo r t ed  f rom t h e m  (1,2,15).  
The presence  of  phy ten ic  acid in waxes may 
be a dist inctive feature o f  mosses.  This dif- 
ference and the  changes caused by  frost  as 
descr ibed here for  g-ass leaves warran t  fu r ther  
invest igat ion of  i soprenoid  wax esters in plants.  
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Failure to Demonstrate Degradation of [4 -14C] Cholesterol to 
Volatile Hydrocarbons in Rats and in Human Fecal Homogenates 
M.D. LEVITT, R.F. HANSON, J.H. BOND, and R.R. ENGEL, 
Departments of Medicine and Pediatrics, University of 
Minnesota and Minneapolis Veterans Administration 
Hospital, Minneapolis, Minnesota 55455 

ABSTRACT 

The inability of previous workers to 
recover completely the radioactivity from 
ingested [4-14C] cholesterol has led to 
the hypothesis that the colonic flora of 
some individuals degrade the sterol nucle- 
us to volatile hydrocarbons, particularly 
CH4. In the present investigation, the 
production of radioactive volatiles was 
m e a s u r e d  f o l l o w i n g  i n c u b a t i o n  of 
[4-14C] cholesterol with 8 human fecal 
homogenates or after instillation of the 
labeled sterol into the cecum of 3 rats 
housed in a closed rebreathing system. 
Three of the 8 homogenates and each of 
the 3 rats produced copious CH 4. How- 
ever, analysis by combustion demon- 
s t r a t ed  no radioactivity above back- 
ground in the volatile headspace of the 
homogenates or the gas space of the 
closed system housing the rats, indicating 
that <0.001% of the number 4 carbon of 
[4-14C] cholesterol could have been con- 
verted to volatile hydrocarbons. This 
study, therefore, provides no support for 
the  c o n c e p t  t h a t  volatile products 
account for the incomplete recovery of 
ingested sterols observed in certain sub- 
jects. However, this hypothesis can not be 
excluded entirely until  similar results are 
obtained with subjects who can be shown 
to degrade cholesterol. 

INTRODUCTION 

Grundy, Ahrens, and Salen (1) have pro- 
posed that the intestinal flora of some individ- 
uals are capable of degrading the ring structure 
of neutral sterols. This proposal is based on 
their finding in some individuals of an incom- 
plete fecal recovery of ingested [4-14C] choles- 
terol and/3-sitosterol, despite complete recovery 
of simultaneously administered nonabsorbable 
markers. Loss of sizeable quantities of plant 
sterols during passage through the intestinal 
tract of certain individuals also has been re- 
ported by Connor, et al. (2) and BorgstriSm (3). 
The apparent disappearance of [4-14C]choles- 
terol  during incubation with human fecal 
homogenates was reported by 3 groups (1,4,5), 

but was not observed by a fourth group (6). 
The products of this proposed degradation 

process have never been identified, however. 
The possibility that the disappearing 14C of 
[4-14C] cholesterol might be excreted as more 
polar fecal compound or t4CO 2 (1,7,8) has 
been excluded. Ahrens (8), therefore, has spec- 
ulated that sterols may be degraded to volatile 
hydrocarbons, such as methane (CH4) , which 
would be lost in the flatus, or absorbed and 
then exhaled by the lungs. 

The hypothesis that CH 4 might be derived 
from cholesterol was appealing to us because 
our previous studies (9) had shown that: a) cer- 
tain individuals excrete sufficient CH4, .05-.005 
moles per day, to account for the carbon in the 
4 position of the cholesterol ring structure, 
which disappears during the proposed degrada- 
tion; b) some individuals consistently excre te  
CH4, whereas others excrete little or none, 
analogous to the finding that certain individuals 
apparently degrade large quantities of sterols, 
whereas there is little or no degradation in 
others; c) the percentage of the population 
(20-30%) that excrete sufficient CH 4 to ac- 
count for degradation is roughly comparable to 
the fraction of the population which degrades 
cholesterol, if < 90% recovery of sitosterol is 
arbitrarily assumed to indicate appreciable deg- 
radation (3); and d) CH4 is excreted despite 
prolonged fasting implicating an endogenous 
carbon source. 

The present study was designed to determine 
if the 14C of [4-t4C] cholesterol is converted 
to volatile hydrocarbons during incubation with 
human fecal homogenates or following instilla- 
tion into the colon of the rat. 

METHODS 

Incubation of Human Fecal 
Samples with Cholesterol-4-14C 

Fecal samples were obtained from 8 healthy 
subjects. Analysis of expired air of these sub- 
jects for CH4 (9) showed that 3 of the 8 
subjects excreted appreciable CH4, while the 
other 5 excreted little or no CH 4. 

Because the colonic lumen is normally 
anerobic, an attempt was made to handle the 
fecal samples in an anaerobic fashion. One- 
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hundred ml of 0.1 molar Na phosphate (pH 7.0) 
in isotonic saline was added to the honogeniz- 
ing vessel. A stream of N 2 was then bubbled 
through the buffer for ca. 20 rain to remove 
dissolved 02. Under a rapid flow of N2, ca. 
10 g of freshly collected fecal sample was added 
to the vessel which then was purged further 
with N 2. The vessel was sealed, placed in ice 
water, and the specimen was homogenized for 
10 min. Under a stream of N 2 20 ml of homog- 
enate was aspirated into each of 2 100-ml 
syringes, previously purged with N2, which 
were fitted with stopcocks. Two ml of a deoxy- 
g e n a t e d  s o l u t i o n  containing 10 mmolar 
taurocholate, 20 mmolar lecithin, and a known 
amount (ca. 1 ~tc) of [4A4C] cholesterol (specific 
activity 0.2/~c/mg) was added to each syringe. 
Nitrogen containing 10% CO 2 then was aspira- 
ted into the syring until  the total gas content 
was 50 ml. The syringes were vigorously mixed 
for 5 min, and the control syringe was frozen 
by immersion in dry ice and acetone and stored 
at -30 C. The other syring was constantly mixed 
on a rotating wheel during incubation at 38 C. 

After 72 hr, 10 ml of gas from the incubated 
syring was removed for analysis for CH 4 by gas 
chromatography (9). An additional 30 ml of gas 
was quantitatively transferred to another 100 
ml syring and was analyzed for the presence of 
14CO 2 a n d  combustible 14C as follows. 
Seventy ml of 02,  to promote combustion, and 
2 ml cold carrier CH 4 were added to the syringe. 
This gas then was aspirated slowly through a 
combustion train consisting of, in series, a CO 2 
absorber, a combustion chamber, and a second 
CO 2 absorber. The CO 2 absorbing fluid was 4 
ml of 0.5% hyamine hydroxide: methanol 
(1:1). The combustion chamber consisted of a 
ceramic tube, 30 cm in length, maintained at 
1050 C in an oven. An additional 500 ml air 
was aspirated through the system after the 
syringe had been emptied to flush the dead 
space. 

Preliminary studies demonstrated that > 
99% of cold methane was combusted as it 
passed through the oven, and virtually all of 
this CH 4 was recovered as CO 2. 

The radioactivity of the CO2 trapping fluid 
was determined by adding 15 ml of Flouralloy 
(Beckman Instruments, Fullerton, CA) in tolu- 
ene and counting in a liquid scintillation 
counter to at least + 5% accuracy.  

The radioactivity of 5 ml aliquots of the test 
and thawed control homogenates was deter- 
mined using the saponification and extraction 
technique of Grundy, Ahrens, and Miettinen 
(10). An internal standard was used to deter- 
mine the recovery of radioactivity from the 
aqueous and petroleum ether phases. 

Four additional fecal samples, 3 of which 
were obtained from the original 8 subjects, 
were studies as follows. After preparation of 
the homogenate as previously described, 4-ml 
aliquots were aspirated into each of 2 10-ml 
syringes. One pc of [4-14C] cholesterol was 
added, the contents of the syringes were mixed 
for 5 min, and 1 sample was frozen and the 
other incubated as described previously. At the 
end of the 72 hr incubation period, the entire 
homogenates were instilled into dialysis bags. 
To determine the radioactivity, samples were 
dried at room temperature and combusted in a 
Packard Tri-Carb Oxidizer, (Packard Instru- 
ments, Inc., Downers Grove, IL). 

Studies in Rats 

Rats with chronically inplanted cecal can- 
hulas (11) were employed. Three rats, which 
were known to excrete large amounts of CH 4 
were studied. 

One ml of a solution containing 10 mM 
taurocholate, 20 mM lecithin, and 2 uc of 
[ 14C] cholesterol was instilled into the cecum. 
The animal then was placed for 24 hr in a 
closed, rebreathing system which has been pre- 
viously described (12). At the end of this 
period, an aliquot of the gas in the closed 
system was analyzed for CH 4. To determine if 
any of the 14 C had been metabolized to a vola- 
tile form, the entire gas phase in the closed 
system was aspirated through the combustion 
train. Radioactivity of the CO 2 absorbing fluid 
was measured as described previously. 

RESULTS 

Table 1 summarizes the results of studies 
with the 8 fecal homogenates which were anal- 
yzed for radioactivity following saponification 
and extraction. The gas phase of the fecal 
samples from each of the 3 subjects whose ex- 
pired air contained high concentrations of CH 4 
(subjects 6,7, and 8) contained at least 20 times 
more CH 4 than did any of the other 5 samples. 
No significant radioactivity (< 8 CPM, or < 11 
DPM, above background) was observed in the 
CO 2 or the combustible gases of any sample. 
Because ca. three-fifths of the head space of the 
homogenates was analyzed, it can be calculated 
that the maximum percent of the radioactivity 
of [4A4C]cholesterol that might have been 
converted to a combustible gas was ca. 0.001%. 
Nevertheless, the incubated fecal sample con- 
sistently had less recoverable radioactivity than 
did its frozen control when extracted and then 
counted. This disparity had no relation to the 
quantity of CH 4 produced. The radioactivity 
recovered in the incubated sample averaged 84 
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TABLE I 

14 C in Gas phase 

Fecal CH4Produced CO 2 Combustible gases 14C Recovery 
sample (m1/72 hr) (CPM) ( C P M )  (incubated/control x 100) 

1 0.0017 0 a 0 85 
2 0.014 0 0 82 
3 0.0011 0 0 80 
4 0 ,099  0 0 88 
5 0.066 0 0 91 
6 2.5 0 0 69 
7 4.4 o o 87 
8 11 0 0 88 

Mean 84 • 2.4 b 
a0 indicates less than 8 CPM above background~ 
bVariability expressedaas + 1 SEM 

-+ 2,4% (1 SEM) of the frozen control (p<:0.01). 
The radioactivity of both the incubated and 
control samples was present in the petroleum 
ether phase, while the aqueous phase contained 
negligible counts. The recovery of 14 C from the 
control homogenates averaged 95 + 2,0% of 
that initially added. 

In contrast to the results with the extraction 
procedure, recovery of 14C was virtually com- 
plete in each of the 4 studies in which radioac- 
tivity was determined by combustion of the en- 
tire homogenate. By this method, the ratio of 
radioactivity of the incubated sample to the 
control averaged 102% (Range 95-106%). 

The CH 4 production of the 3 rats averaged 
2.4 ml per 24 hr. None of  the rats excreted 
detectable 14 C in the form of a combustible gas 
over the 24 hr study period, Because the com- 
bustion products of the entire gas space of the 
closed system could be trapped in 1 scintilla- 
tion vial, this finding indicates that < 0.0005% 
of the instilled [4-14C] cholesterol could have 
been converted to CH4. 

DISCUSSION 

In the present study, no detectable radio- 
activity was liberated in the form of 14CO2 or 
14CH 4 during incubation of human fecal 
homogenates with [4-14C] cholesterol. Three of 
these homogenates produced relatively large 
quantities of CH4, and, thus, it is apparent that 
the carbon in the 4 position of cholesterol did 
not serve as a carbon source for CH 4 in these 
homogenates. Similarly, no 14CH4 was de- 
tected after instillation of labeled cholesterol 
into the cecum of rats which were producing 
CH 4. Because the combustion temperature 
(1050 C) used to convert CH 4 to C02 is suffi- 
cient to oxidize virtually all hydrocarbons pres- 
ent in the gas phase, degradation of the number 
4 carbon of cholesterolto volatile hydrocarbons 

other than CH 4 is excluded also. 
Because we did not determine if the subjects 

used in the present study degraded cholesterol, 
it might be argued that the fecal specimens may 
all have been obtained from nondegraders. The 
concept that the population can be divided into 
degraders and nondegraders has been derived 
from recovery studies. The results of  these 
s tud ie s  suggest, however, that there is a 
continuum of sterol recoveries from the popula- 
tion rather than a clear cut segregation into 2 
groups. For example, in 7 subjects studied by 
G r u n d y ,  et  al , ,  (1)  fecal recoveries of 
[4-14C] cholesterol were 95%, 95%, 90%, 90%, 
87%, 75%, and 69%. Of 24 subjects studied by 
Borgstr6m (3), recovery of  plant sterols from 

23 individuals showed a continuum from 110 
to 77%, with a recovery of  41% from the re- 
maining subject. Because this technique is rela- 
tively crude, some value such as < 90% 
recovery, is arbitrarily considered to be evi- 
dence of degradation. Greater than 90% re- 
covery seems to be considered evidence that no 
d e g r a t a t i o n  occurred, although this value 
should be interpreted to indicate that degrada- 
tion was of insufficient magnitude to be de- 
tected by the technique employed. Thus, there 
is little data to support the concept that some 
individuals do not degrade cholesterol, while 
others degrade readily detectable quantities. 

In contrast to the insensitivity of recovery 
studies, if degradation of [4 -14C] cholesterol re- 
sults in labeled volatile products, analysis of the 
gas space for ] 4 C provides an extremely sensi- 
tive means of  detecting this degradation. Our 
failure to detect L4 C in quantities above back- 
ground radiation in these gases indicate that < 
0.001% of the 14 C of cholesterol was converted 
to a volatile hydrocarbon. While the possibility 
remains that fecal specimens from other indi- 
viduals might have shown appreciable conver- 
sion of cholesterol to volatile products, this 
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seems unlikely in view of the essentially zero 
conversion observed in the 8 fecal specimens 
used in the present investigation. 

It is also theoretically possible that bacteria 
might degrade sterols to volatile hydrocarbons 
in the gut, but lose this ability when studied in 
fecal homogenates. However, it is apparent that 
the bacteria in the homogenates continued to 
produce CH 4. It seems unlikely that, if bacteria 
were utilizing cholesterol as a substrate for CH 4 
production in the colon, they would not utilize 
cholesterol in the fecal homogenates which had 
no exogenously added carbon source other than 
CO2. 

In an attempt to assess the in situ ability of 
the colonic flora to degrade [4-14C] choles- 
terol to volatile radioactive products, labeled 
cholesterol was instilled into the cecum of in- 
tact rats. The interpretation of the findings of 
this experiment is somewhat weakened by the 
previous inability of several groups to demon- 
strate sterol degradation in rats (8,13). How- 
ever, these groups did not study the CH 4 excre- 
tion of their experimental animals. Methane is 
excreted in extremely variable quantities by 
rats, and it seems possible that the rats utilized 
in previous studies were not CH 4 producers. In 
addition, as discussed previously, measurement 

of 14CH 4 accumulation is about 20,000 times 
more sensitive than are recovery studies for the 
detection of degradation in the rat. Our studies 
in rats demonstrate that there was virtually 
zero, 0.0005%, conversion of [4 -14C) choles- 
terol to radioactive volatiles, despite brisk CH 4 
production. 

In addition to the preceding experimental 
evidence, there is a theoretical argument against 
the possibility that CH4 might be derived from 
the 14 C of [4-14C] cholesterol. All CH 4 pro- 
ducing bacteria studied to date produce CH 4 
via the reduction of CO 2 with H 2 (14). Because 
careful studies of degraders have demonstrated 
no appreciable excretion of 14CO2 (7,8), one 
would have to postulate a yet unrecognized 
metabolic pathway for the production of CH 4 
from cholesterol. 

The present study does not indicate whether 
carbons in positions other than number 4 might 
be converted to volatile products. However, the 
concept of degradation of cholesterol to vola- 
tile metabolites is based on failure to recover 
the radioactive carbon in the 4 position. Thus, 
our failure to demonstrate in vitro conversion 
of [4-14C] cholesterol to volatile metabolites 
provides atrong negative evidence concerning 
this proposed pathway of enteric cholesterol 
degradation. 

Despite our failure to demonstrate the pro- 
auction of radioactive volatiles when fecal 

homogenates incubated with[4-14C] cholesterol 
were extracted by the technique of Grundy, et 
al., (10), recovery of 14C was significantly 
(P<0.005) less (84 -+ 2.4%) than that from the 
nonincubated control. Rosenfield and Hellman 
(5), using the Soxhlet technique, similarly re- 
covered a mean of only ca. 86% of labeled 
cholesterol or f3-sitosterol following incubation 
of human fecal homogenates. Grundy, et al., 
( I )  also noted losses of 15-40% [4-14C] chole- 
sterol during incubation with some fecal speci- 
mens. These workers found the remaining 
radioactivity in the form of cholesteryl sulfate, 
which remains in the aqueous phase and is not 
recovered using their extraction technique. 

When the entire homogenate was corn- 
busted, we obtained complete recovery of 14C. 
Thus, it appears that in vitro the fecal bacteria 
converted cholesterol into some form, such as 
cholesteryl sulfates, which was not extractable 
with the technique employed. While unlikely, 
we cannot rule out the possibility that the 
homogenate was not truly homogeneous, thus 
resulting in a sampling error. Against this latter 
hypothesis is the consistant finding of less than 
the expected recovery of radioactivity, whereas 
one might expect variable recovery, either 
greater or less than expected, if there was a 
nonhomogeneous distribution of the sterol. 

Enteric sterol catabolism may not  be simu- 
lated in incubated fecal bomogenates. For 
example, Grundy, et al., (1)detected very little 
cholesteryl sulfate in the feces of degraders, 
whereas incubated fecal homogenates converted 
15-40% of [4-14C] cholesterol into sulfate 
esters. In addition, these investigators found 
that extraction or combustion of fecal samples 
from apparent degraders gave similar recoveries 
of 14C activity in contrast to the consistent 
discrepancy observed in our in vitro studies. 
Until these disparities between in vivo and in 
vitro observations are reconciled, it is uncertain 
whether the degradation of sterols to a nonex- 
tractable form in homogenates pertains to the 
apparent phenomenon of degradation in vivo. 

While we have not obtained evidence to sup- 
port the hypothesis that [4-14C] cholesterol is 
converted to volatile metabolites, to exclude 
this possiblity with absolute certainty, it will 
probably be necessary for investigators, who 
have clearly identified subjects as degraders, to 
carry out studies in which the radioactivity of 
the volatile excretory products of these subjects 
is measured after ingestion of [4-14C] sterols. 
If such studies prove negative, the possibility 
still remains that sterols could be degraded to 
products which are absorbed and enter meta- 
bolic pools which turn over slowly. The ex- 
cretory rate of 14C from such pools might be 
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too slow to be detectable by the technique 
employed to date. 
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ABSTRACT 

A comparison of monoacetyldiglycer- 
ides obtained from authentic phospha- 
tidylcholines by acetolysis with those ob- 
tained by  phospholipase C-acetylation 
was made to examine the intermolecular 
acyl migration, the intramolecular acyl 
migration between C-1 and C-2, and the 
formation of 1,3-isomer in the acetolysis 
reaction. Egg yolk phosphatidylcholine 
also was used. It was revealed that in ac- 
etolysis, the intermolecular acyl migra- 
t ion and selective degradation of polyun- 
saturated fatty acids did not  take place at 
all. The intramolecular acyl migration, 
including the formation of 1,3-isomer, 
occurred to a small extent.  Appreciable 
difference was not found in comparison 
of molecular species compositions of 
monoacetyldiglycerides derived by  both 
methods from egg yolk phosphatidylcho- 
line, except small differences found in the 
contents  of two kinds of molecular 
species. 

INTRODUCTION 

Fract ionat ion of  intact phospholipids into 
individual molecular species are difficult due to 
their strong polarity.  The use of monoacetyldi-  
g lycer ide  (MADG) for subfractionation of 
g l y c e r o p h o s p h o l i p i d  was p r o p o s e d  by 
Renkonen (1). In this less polar form, the usual 
fractionation methods for triglyceride, includ- 
ing thin layer chromatography (TLC) on silver 
nitrate impregnated silica gel and gas liquid 
chromatography (GLC) on nonpolar  liquid 
phase, are able to be used efficiently. The con- 
version of glycerophospholipids into MADG 
can be carried out by two methods: a) acetoly- 
sis in a mixture of acetic anhydride and acetic 
acid, and b) treatment with phospholipase C 
followed by acetylation (1). Though phospho- 
lipase C-acetylation method is milder than the 
former method, there are some limitations in 
regard to the kind of  phospholipids applicable 
due to the substrate specificity of the enzyme. 
On the other hand, the acetolysis method is 
preferred over the latter method because of 
simplicity of the procedure and the lack of 
specificity. However, some intramolecular and 
intermolecular acyl migrations during the ace- 

tolysis reaction have been reported in some 
experiments,  i n  which the posit ional distribu- 
tion of fat ty  acid of phosphatidylcholine (PC) 
from egg yolk were compared by the both 
methods (2-4). The possibility of a selective 
degradation of polyunsaturated fa t ty  acids in 
the reaction also has been described (5). Re- 
viewing carefully the reports which were critical 
to the acetolysis, we realized that  unnecessarily 
prolonged heating was employed in every case. 
In addition, the critical data were obtained 
from the natural mixture of  PC, but not  from 
authentic pure compounds.  Because MADG is 
very useful for the identification of molecular 
species by gas chromatography-mass spectrom- 
etry (GC-MS) as reported previously (6), it 
would be valuable to reexamine the kind and 
extent of undesirable side reaction occurring in 
acetolysis. 

The present paper deals with a comparison 
of  MADG obtained from authentic PC by ace- 
tolysis with those obtained by phospholipase 
C-acetylation. TLC, GLC, GC-MS, and mass 
fragmentography were used to examine the 
intermolecular acyl migration, intramolecular 
acyl migration between C-1 and C-2, and the 
formation of 1,3-isomer in the reaction. Egg 
yolk PC also was used for the examination of  
selective degradation of unsaturated fat ty acids. 
Intermolecular acyl migration and selective deg- 
radation of polyunsaturated fat ty acids did not 
take place, and the intramolecular acyl migra- 
t ion including the formation of 1,3-isomer oc- 
curred to a small extent.  Comparison of the 
molecular species of  MADG obtained from egg 
yolk PC by the two methods revealed no diffe- 
rences. 

EXPERIMENTAL PROCEDURE 

Materials 

Synthetic 1,2-dipalmitoyl-PC, 1,2-dioleoyl- 
PC, 1-palmitoyl-2-palmitoleoyl-PC, 1-stearoyl-2- 
o l e o y l - P C ,  1 , 2 - d i p a l m i t i n ,  1,3-dipalmitin, 
1,2-distearin, and 1,3-distearin were purchased 
from Applied Science Laboratories (State Col- 
lege, PA). Egg yolk PC was prepared according 
to the Pangborn's method (7), and then puri- 
fied on silicic acid (8,9). Phospholipase C of 
Clostridium welchii was purchased from Sigma 
Chemical Co. (St. Louis, MO). Specially pre- 
pared acetic anhydride and redistilled, dried 
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T A B L E  I 

Fa t ty  Acid  Compos i t i on  of  Egg Yolk  
Phospha t idy lcho l ine  Before and After Acetolys is  

Before 5 Hr after 
acetolysis  acetolysis  

Fatty acid (% by wt) (% by wt) 

16:0 34.5 35.8 
16:1 1.6 1.2 
17:1 0.7 0.5 
18:0 12.4 12.7 
18:1 32.3 32.2 
18:2 15.0 15.1 
20 :4  3.5 2.6 
22 :6  ...a . . .a 

aNot identified by the present gas liquid chromatog- 
raphic condition. 

pyridine were purchased from Nakarai Chemi- 
cals, Ltd. (Kyoto, Japan). Silver nitrate impreg- 
nated silica gel plate was prepared by immersing 
a precoated Silica Gel G plate (E. Merck, A.G., 
Darmstadt, Germany) in a 10% solution of 
silver nitrate in acetonitrile for 1 hr. All other 
solvents and chemicals were reagent grade. 

Aeetolysis of PC 

The reaction was carried out in a Teflon- 
lined screw capped vial of 7 ml capacity (Pierce 
Chemicals Co., Rockford, IL). About 2-5 mg of 
PC were dissolved in 1 ml of an acetic acid: 
acetic anhydride mixture (3:2, v/v) in the vial. 
The tip of the tightly capped vial was dipped in 
an oil bath kept at 150 C for 5 hr. The progress 
of the reaction was checked by TLC on Silica 
Gel G developed with petroleum ether:ethyl 
ether (85: 15, v/v). After completion of  the re- 
action, MADG was extracted from the reaction 
m i x t u r e  w i t h  ch lo roform-methano l -wate r  
(8:4:3, v/v/v) 3 times, and followed by washing 
with water and drying over anhydrous sodium 
sulfate for 1 hr. The dried solution was concen- 
trated in vacuo for further analyses. 

Phospholipase C and Acetylation 

About 5 mg of PC was dissolved with 1 ml 
of ethyl ether in a similar screw capped vial as 
above, then 0.5 ml 0.4 M CaC12 and 0.1 ml 
Tris buffer (pH 7.4) containing 4 units of phos- 
pholipase C were added. The reaction was car- 
ried out at room temperature with vigorous 
shaking for 10 rain. The completion of the reac- 
tion was checked on a Silica Gel G plate devel- 
oped with n-hexane:ethyl ether (1:1, v/v). The 
diglyceride released was extracted with ethyl 
ether, followed by washing with water and 
drying over anhydrous sodium sulfate. Acetyla- 
tion of diglycerides was carried out in a mixture 
of  acetic anhydride and pyridine (10). The 

purity of MADG obtained was checked by 
TLC. 

Analytical Methods 

TLC for MADG was run on a silver nitrate 
impregnated Silica Gel G plate using benzene: 
chloroform:methanol (98:2:0.1, v/v/v) as devel- 
oping solvent (11), except otherwise stated. In 
this TLC, molecular species of MADG different 
in the degree of unsaturation, as well as 1,2- 
and 1,3-isomers, were separated simultaneously. 

MADG separated on the TLC plate was ex- 
tracted according to the method of Bligh and 
Dyer (12) after the addition of a known 
amount of tricaprin as an internal standard. The 
extracted MADG was determined quantitatively 
by GLC using a Shimadzu gas chromatograph 
GC-5A, equipped with a 35 cm x 3 mm column 
packed with 1% silicone OV-1 on 60-80 mesh 
Chromosorb W (AW and HMDS). The column 
temperature was programmed from 200 C to 
290 C with an increasing rate at 3 C/min. 

GC-MS of MADG was carried out on an 
LKB-9000S gas chromatograph-mass spectrom- 
eter. The analytical conditions were the same as 
described in the previous paper (6), except as 
otherwise stated. 

Mass fragmentography was carried out on an 
LKB-9000S gas chromatograph-mass spectrom- 
eter, equipped with a high speed multiple ion 
detector-peak matcher (MID-PM), and with a 
35 cm x 3 mm column packed with3%Dexsil  
300GC on 70-80 mesh Anakrom ABS. The 
column temperature was 280 C or 290 C. The 
electron voltage was 20 eV and the speed of 
oscillograph paper 5 mm/min.  The MID was 
adjusted to record the intensity of m/e 367 and 
369 for stearoyl-oleoyl-acetyl glycerol, and m/e 
339 and 341 for palmitoyl-palmitoleoyl-acetyl 
glycerol. 

Fatty acid methyl esters (13) were analyzed 
by a Shimadzu gas chromatograph GC-5A, 
equipped with a 2.5 m x 3 mm column packed 
with 15% DEGS on 60-80 mesh Neopak AS. 
The column oven temperature was 187 C. The 
nitrogen flow rate was 60 ml/min. To calibrate 
the eluted peaks, NIH fatty acid standard mix- 
ture (Type KE) (Applied Science Lab.) was 
used, and the peak areas were determined by a 
Shimadzu digital integrater ITG-2A. 

RESULTS AND DISCUSSION 

To examine the selective degradation of un- 
saturated fatty acids in the acetolysis reaction, 
the composition of the fatty acid of MADG 
prepared by acetolysis from egg yolk PC was 
compared with that of the intact egg yolk PC. 
As will be seen in Table I, there was no appre- 
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ciable change in fatty acid compositions before 
and after acetolysis. 

Intermolecular acyl migration was examined 
by using an equimolar mixture of 1,2-dipalmit- 
oyl PC and 1,2-dioleoyl PC, which was sub- 
jected to the acetolysis for 5 hr and 16 hr. The 
MADG obtained by acetolysis for 5 hr was 
examined by TLC, GLC, and GC-MS. If the 
intermolecular acyl migration was actually 
caused by the acetolysis as reported by Privett 
and Nutter (4), a hybrid molecular species, 
palmitoyl-oleoyl-acetyl glycerol, must be de- 
tected by the methods mentioned above. Figure 
1 shows the results of TLC. Although as much 
as 200 /ag of the sample was spotted on the 
plate, no spot corresponding to the monoene 
type MADG consisting of palmitoyl-oleoyl- 
acetyl glycerol was detected on the plate, on 
which as small as 1 #g of MADG was detecta- 
ble. Moreover, no peak corresponding to pal- 
mitoyl-oleoyl MADG was detected between the 
peaks of dipalmitoyl MADG and dioleoyl 
MADG on the gas chromatogram as shown in 
Figure 2. In the results of GC-MS, no fragment 
attributable to palmitoyl-oleoyl-acetyl glycerol 
was detected either. The same results also were 
obtained with MADG prepared by acetolysis 
for 16 hr. 

The formation of 1,3-isomer was examined 
by TLC by using authentic PC. In the cases of 
1-palmitoyl-2-palmitoleoyl  PC, l-stearoyl-2- 
oleoyl PC, and 1,2-dioleoyl PC, there was no 
formation of the 1,3-isomer after acetolysis for 
5 hr. In the case of a mixture of 1,2-dipalmitoyl 
PC and 1,2-dioleoyt PC, a small amount of 
1,3-dipalmitoyl-2-acetyl glycerol and a slight 
amount of 1,3-dioleoyl-2-acetyl glycerol were 
detected on the silver nitrate impregnated Silica 
Gel G plate. The percentage of 1,3-dipalmitoyl 
MADG in the total dipalmitoyl MADG was ca. 
9.9%, whereas, 1,3-dioleoyl MADG in the total 
dioleoyl MADG was only 2%. The proportion of 
1,3-isomer seemed to vary with the kind of  acyl 
residue in the molecular species. The 1,3-isomer 
can be removed from 1,2-MADG by TLC on a 
plate of Silica Gel G developed with petroleum 
ether:ethyl ether (85:15), prior to further anal- 
ysis. 

Intramolecular acyl migration in the acetoly- 
sis reaction was examined by means of GC-MS 
and mass fragmentography. Two preparations 
of MADG were prepared from l-stearoyl-2- 
oleoyl PC, one of them by acetolysis for 5 hr, 
and the other by phospholipase C-acetylation, 
and the mass spectra were compared to each 
other. As shown in Figure 3, no appreciable 
difference could be detected between both pro- 
cedures, indicating that intramolecular acyl 
migration did not occur during the acetolysis. 

Saturated 

M o n o e n e  

D i e n e  

I P  
~ 1 1  I I I  

~ o  O 

I II III IV V Vl VII 

FIG. 1. Thin layer chromatogram of monoacetyl- 
diglycerides (MADG) obtained from authentic phos- 
phatidylcholines (PC) and diglycerides. Solvent: 
benzene:chloroform:methanol (98:2:0.1). (I) = 
MADG from a mixture of 1,2-dipalmitoyl PC and 
1,2-dioleoyl PC by acetolysis for 5 hr. (II) = MADG 
from the same mixture as I by acetolysis for 16 hr. 
(III) = MADG from 1-palrnitoyl-2-palmitoleoyl PC by 
acetolysis for 5 hr. (IV) = MADG from 1-stearoyl-2- 
oleoyl PC by acetolysis for 5 hr. (V) = MADG from 
1,2-dioleoyl PC by acetolysis for 5 hr. (Vi) = MADG 
from 1,2-distearin by acetylation. (VII) = MAI)G from 
1,3-distearin by acetylation. 

A B 

0 10 20 
T I M E  ( m i n )  

FIG. 2. Gas chromatogram of monoacetyldiglyc- 
eride (MADG) obtained from a mixture of 1,2-dipal- 
mitoyl phosphatidylcholine and 1,2-dioleoyl phospha- 
tidylcholine by acetolysis. (A) = 1,2-dipalmitoyl 
MADG. (B) = 1,2-dioleoyl MADG. The arrow shows 
the elution position of palmitoyl-oleoyl MAD(;. 

However, because the [M-  RCOOCH2] + ions, 

which were important for determination of the 
position of acyl residue in glycerol, were small 
in the usual mass spectra, it was difficult to 
determine quantitatively the extent of conver- 
sion to 1-oleoyl-2-stearoyl-3-acetyl glycerol only 
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FIG. 3. Mass spectra of monoacetyldiglycerides prepared from 1-stearoyl-2-oleoyl phosphatidylcholine by 
phospholipase C-acetylation (upper) and by acetolysis (lower). 

by using the [M - RCOOCH 21 + ions on the 
usual mass spectra. 

Therefore, the materials were analyzed by 
mass fragmentography. Mass number of MID 
were focused at m/e 367 for the elimination of 
stearoyloxymethylene and at m/e 369 for the 
elimination of oleoyloxymethylene from 1- 
stearoyl-2-oleoyl-acetyl glycerol. The results are 
shown in Figure 4. The percentage of the ht at 
the former mass number to the sum of the hts 
at the both mass numbers, P(367), was calcula- 
ted according to the following equation: 

P ( 3 6 7 )  = [ H 3 6 7 / ( H 3 6 7 +  14369)1 x 1 0 0 ,  (%) ,  ( I )  

where H367 and H369 are the peak hts at the 
respective mass numbers. The percentage for 
the MADG prepared by phospholipase C-acety- 
lation, Pc(367), was 82.0%, whereas, the per- 
centage for the MADG prepared by acetolysis, 
Pa(367), was 77.5%. To obtain the percentage 
of acyl migration, A, from l-stearoyl-2-oleoyl- 
ace ty l  glycerol to 1-oleoyl-2-stearoyl-acetyl 
glycerol, a calculation was made according to 
the following equation: 

A = [(Pc(367)-Pa(a67))/(Pc(367)- 

Pc(369))] x 100,(%), (zz) 

where Pc(369) is the percentage of ht at m/e 
369 ,  corresponding to the elimination of 
oleoyloxymethylene from an assumed reverse 
m o l e c u l a r  species, 1-oleoyl-2-stearoyl-acetyl 
glycerol, to the sum of those at m/e 367 and at 
m/e 369, and assumed to be equal to 1 0 0 -  
Pc(367). That is, 

A = 1 ( 8 2 . 0 -  77.s)/ {82.0- O00-  82.0)} I x 

x 100 = 7.0, (%). (III) 

This value represents the percentage of 1- 
oleoyl-2-stearoyl-3-acetyl glycerol formed by 
the intramolecular acyl migration in the acetol- 
ysis of 1-stearoyl-2-oleoyl PC. 

1-Palmitoyl-2-palmitoleoyl PC was examined 
in a similar manner. The mass number of MID 
was focused at m/e 339 for the elimination of 
palmitoyloxymethylene and at m/e 341 for the 
elimination of palmitoleoyloxymethylene from 
1-palmitoyl-2-palmitoleoyl-acetyl glycerol. In 

L I P I D S ,  V O L .  10, N O .  11 



671 

m/e 

367 

this case, the acyl migration was calculated to 
be 16.0%. 

The values found for intramolecular acyl 
migration were rather small compared to those 
previously reported (2-4), and seemed not to be 
a serious hindrance to the determination of 
molecular species by GC-MS. 

A further comparison of both methods was 
carried out by the use of egg yolk PC as ma- 
terial. The MADG prepared by acetolysis or by 
phospholipase C-acetylation from egg yolk PC 
was fractionated on silver nitrate impregnated 
Silica Gel G plates. Six spots, corresponding to 
saturated, monoene, diene, triene, tetraene, and 
hexaene MADG, were obtained, and there was 
no difference in the relative amounts of the 6 
MADG between the both methods. No differ- 
ence was observed in GLC of each subfraction 
of MADG, either. Mass spectra of correspond- 
ing components of MADG from the two methods 
were identical. The compositions of the molec- 
ular species of egg yolk PC by both methods 
were very similar (Table II). The recovery of 
molecular species containing higher unsaturated 
fatty acids such as C22:6 was somewhat lower 
for the acetolysis method than for the phospho- 
lipase C-acetylation. 

The present examination of the acetolysis 
products of PC demonstrated that the acetoly- 
sis procedure described above did not cause 
intermolecutar acyl migration and selective 
degradation of unsaturated fatty acid, that the 
extents of intramolecular acyl migration includ- 
ing the formation of the 1,3-isomer were not so 
large as to affect the mass spectra of the 
original MADG, and that no appreciable differ- 
ence was observed between the molecular 
species of MADG derived by the both methods 
from egg yolk PC. These results show that ace- 

A C E T O L Y S I S  P R O D U C T S  OF PC BY GC-MS 

369 
_L 

A B 
FIG. 4. Mass fragmentograms of [M - RCOOCH2] + 

ions of monoacetyldiglycerides prepared from 1- 
stearoyl-2-oleoyl phosphatidylcholine by phospholip- 
ase C-acetylation (A) and acetolysis (B). 

tolysis and GC-MS (6) is a useful convenient 
method for tile determination of molecular 
species of phospholipids. The phospholipase 
C-acetylation method, however, is preferable to 
the acetolysis method for preparation MADG 

T A B L E  II 

Molecular  Species Compos i t ions  o f  Monoace ty ld ig lyce r ide  Der ived  
by Two  Dif fe ren t  Methods  f r o m  Egg Yolk  Phospha t idy lcho l ine  

F a t t y  acid Co n t en t  (%) 

Double  S um of  
bonds  F A  a 1 Posit ion 2 Position Acetolys is  

Phosphol ipase  
C-acety la t ion  

0 32 16:0  16:0  0.6 0.6 
0 34 16:0  18:0  --- 0.5 
1 34 16:0 18:1 49 .4  47.5 
1 36 18:0 18:1 14.9 8,0 
2 34 16:0 18:2 16,2 23.2 
2 36 18:0 18:2 12.7 11.3 

18:1 18:1 
3 36 18:1 18:2 1.8 1.2 
4 36 16:0 20 :4  1.8 1.6 
4 38 18:0 20 :4  2.3 2.0 
6 38 16:0 22 :6  0.5 3.0 
6 40  18:0 22 :6  --- 1.0 

a S u m  of  ca rbon  n u m b e r s  o f  f a t t y  acyl  (FA)  residues.  
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f r o m  the  molecu la r  species c o n t a i n i n g  highly  
u n s a t u r a t e d  f a t t y  acids. 

The  aceto lys is  m e t h o d  is avai lable for  phos-  
p h a t i d y l e t h a n o l a m i n e  and  p h o s p h a t i d y l s e r i n e  
(1 ,14) .  App l i cab i l i ty  o f  the  m e t h o d  to  o t h e r  
g lyce rophospho l ip ids ,  such  as phospha t idy lg lyc -  
erol,  p h o s p h o t i d y l i n o s i t o l ,  cardio l ip in ,  phos-  
pha t id ic  acid shou ld  be  invest igated.  Especial ly  
in  the  case of  p h o s p h a t i d i c  acid, t he  m e t h o d  
could  be a mos t  useful  one,  because  the  com- 
p o u n d  c a n n o t  be a t t a c k e d  by  phospho l ipa se  C, 
bu t  by  p h o s p h a t i d i c  acid phospha ta se .  

The charac ter i s t ics  of  t he  mass spec t ra  of  
M A D G  in c o m p a r i s o n  wi th  those  o f  t r i m e t h y l -  
s i lyldiglyceride will be pub l i shed  elsewhere .  
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Inhibition of Hepatic Lipogenesis by Adenine Nucleotides 
R.A. HARRIS and R.A. YOUNT,  Department of Biochemistry, Indiana University 
School of Medicine, Indianapolis, Indiana 46202 

ABSTRACT 

Incubation of liver slices and isolated 
�9 t t 

liver cells with adenosine cycl ic-3,5-  
monophosphate at concentrations which 
inhibit lipogenesis was found to expand 
the pool size of the noncyclic adenine 
nucleotides in the intact cells of the 
preparations. This observation led to 
studies which demonstrated that adeno- 
s ine  and  adenosme-5-monophosphate 
also inhibited lipogenesis and expanded 
the adenine nucleotide pool size. It is 
proposed but not proven that the increase 
in intracellular nucleotides produced by 

. I 

a d enosme-5 -monophosphate, adenosine 
�9 t t 

cychc-3,5-monophospliate,  and adeno- 
sine may have an adverse effect upon the 
synthesis of fatty acids. Because of the 
expansion of the adenine nucleotide pool 
size, high concentrations of adenosine 

�9 t t 

cychc-3,5 -monophosphate should not be 
used to investigate the mechanism respon- 
sible for hormonal regulation of lipogen- 
esis. As an added complication, exoge- 

�9 t 

n o u s  adenosme-5-monophosphate was 
found to produce a small but significant 
increase in the intracellular concentration 

�9 t t 

of adenosine cychc-3,5-monophosphate 
of isolated liver ceils. This effect also may 
be a factor in the inhibition of lipogenesis 
by  adenosine-5'-monophosphate.  Low 
c o n c e n t r a t i o n s  of  N6,O2'-dibutyryl  

�9 t t 

a d e n o s i n e  cychc-3 ,5  -monophosphate 
were found to inhibit lipogenesis without 
increasing the intracellular adenine nu- 
cleotide content of either liver slices or 
isolated liver cells. It is concluded that 
studies on the mechanism of glucagon 
regulation of lipogenesis should be carried 
out with glucagon or lbw concentrations 
of N6,O2'-dibutyryl adenosine cyclic- 
3',5'-monophosphate. 

I NTRODUCTION 
. ! t 

A d e n o s i n e  c y c h c - 3  ,5 -monophosphate 
(cyclic AMP) has been reported in a number of 
studies (1-4) to inhibit lipogenesis in liver tissue 
preparations. An inhibitory action of the cyclic 
nucleotide on acetyl CoA carboxylase (E.C. 
6.4.1.2) has been suggested to account for the 
inhibition of lipogenesis (5,6). In addition, an 
inhibition of aerobic glycolytic activity has 

been shown to be responsible in part for 
r . . t t 

N 6,O 2 -d lbutyryl  adenosine-3,5 -monophos- 
phate (dibutyryl cyclic AMP) and glucagon 
inhibition of lipogenesis (7). On the other hand, 
Raskin, et al., (8) have seriously questioned the 
physiological significance of this response to 
glucagon and cyclic AMP. We demonstrate here 
that high concentrations of cyclic AMP expand 
the intracellular nucleotide pool size, and, 
therefore, should not be used in studies on the 
mechanism responsible for glucagon inhibition 
of lipogenesis. 

METHODS A N D  MATERIALS 

Male Wistar rats weighing ca. 200 g were 
starved for 48 hr and refed for 48 hr on a high 
sucrose diet ("Fat-Free" test diet, Nutritional 
Biochemicals Corp., Cleveland, OH) (9). Liver 
slices were prepared with a Harvard Tissue 
slicer. Isolated liver cells were prepared by the 
method of Berry and Friend (10) with modifi- 
cations described previously (7). Incubations 
were carried out in Krebs-Henseleit saline 
equilibrated with 95% oxygen:5% carbon diox- 
ide in a Dubnoff metabolic shaking incubator at 
37.5 C. In experiments conducted with isolated 
ceils, the medium was supplemented with 2.5% 
albumin which had been charcoal treated to 
remove the fatty acids (11). 

Incubations conducted for determining the 
rate of fatty acid synthesis were carried out in 
4 ml of medium containing 100-200mg of 
slices or isolated cells wet wt and 1 mCi of 
3HOH. Incubations were terminated by the 
addition of 0.4 ml of 50% (w/v) perchloric acid. 
The precipitate was extracted twice for total 
lipids with methanol:chloroform (2:1) as de- 
scribed by Kates (12). The total lipids were 
saponified at 73 C with a solution which was 
0.3 M in NaOH and contained 90% (v/v) meth- 
anol (12). The nonsaponifiable fraction was 
extracted and discarded. Fat ty acids were ex- 
tracted and counted for radioactivity with a 
scintillation counter. Benzene was added to the 
total lipid extract and to the final fatty acid 
extract before complete evaporation of the 
solvent under nitrogen. Addition of benzene 
reduced zero time controls to background levels 
of radioactivity as traces of water were removed 
more effectively. Calculations of the rate of 
fatty acid synthesis were based on the assump- 
tion (13) that 1.0 ~mole of 3HOH incorporated 
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corresponded to 1.15/.tmole of acetyl groups 
incorporated. 

I n  studies involving the determination of 
tissue adenine nucleotide and metabolite con- 
centrations of tissue slices, incubations were 
conducted in triplicate and terminated after 30 
rain by rapid filtration of the slices from the 
incubation medium with a tea strainer. The 
slices were tapped cleanly onto a liquid nitro- 
gen cooled freeze clamp and frozen with a 
second clamp. In this manner, the slices were 
isolated from the medium and frozen solid in 
less than 3 sec. The slices were homogenized in 
6% perchloric acid with a Polytron PT-10 
homogenizer operated at full speed for 20 sec. 
Residues obtained after centrifugation were re- 
extracted with 6% perchloric acid. The com- 
bined extracts were adjusted rapidly to pH 5-6 
with 20% KOH and centrifuged to remove 
potassium perchlorate. In studies involving the 
determination of the adenine nucleotide con- 
tent of isolated liver cells, incubations were 
terminated by rapid separation of the cells from 
the medium by centrifugation into 6% per- 
chloric acid with the hepatocyte separation 
tubes described in detail previously (14). Per- 
chloric acid extracts of the cells were treated as 
described above for slices. Inorganic phosphate 
was determined by the method of Martin and 
Doty as described by Lindberg and Ernster 
(15). Adenosine triphosphate (ATP), adenosine 
diphosphate (ADP), adenosine monophosphate 
(AMP), and r were determined by 
enzymatic analysis using methods described by 
Williamson and Corkey (16); lactate, malate, 
and pyruvate were determined as described by 
Hohorst, et al., (17); and citrate was deter- 
mined as described by M6llering and Gruber 
(18). Cytoplasmic-free nicotinamide adenine 
dinucleotide (NAD +) to NADH ratios were cal- 
culated from the concentrations of lactate and 
pyruvate and the equilibrium constant of lac- 
tate dyhydrogenase (19). 

For the determination of cyclic AMP, iso- 
lated liver cells were incubated and then centri- 
fuged into 5% trichloroacetic acid via the hep- 
atocyte separation tubes. Tritiated, general 
labeled, cyclic AMP in tracer quantities was 
added to the extract to determine percent re- 
coveries. Purification of the extracts was carried 
out by column chromatography on AG l-X8 
formate as described by Kneer, et al., (20). 
Cyclic AMP content was determined by the 
protein kinase binding assay of Gilman (21,22). 
The quantity of other adenine nucleotides in 
the purified extracts was established by en- 
zymatic analysis to be too low to interfere with 
the determination of cyclic AMP. 

The oxidation of succinate to malate was 

used to estimate the viability of liver slice 
preparations (14). The slices, 100 mg wet wt in 
a volume of 8 ml of Krebs-Henseleit saline, 
were preincubated for 5 min at 37 C. Succinate 
was added to the flasks at an initial concentra- 
tion of 20 mM and the incubation terminated 
after 2 and 5 rain with perchloric acid. The 
rates of malate accumulation by slices were 
compared with the rates by homogenates pre- 
pared with a Potter-Elvehjem homogenizer in 
which all ceils were established to be broken by 
failure to exclude trypan blue. 

Radioactive 5'-AMP was prepared enzymat- 
ically from [I 4C8 ] adenosine triphosphate by 
the combined action of purified mitochondrial 
ATPase  (F1)  and adenylate kinase (E.C. 
2.7.4.3). Purification was carried out by as- 
cending paper chromatography with the solvent 
system of n-butanol:acetone:acetic acid: aq. 5% 
N H a O H : H 2 0 : 0 . 1  M ethylene diamine tetrace- 
tic acid (EDTA), (45 : 15 : 10:10:19: 1, v/v) (23). 
[ 14C8 ] Adenosine cyclic 3' ,5'-monophosphate 
was purified prior to use by ascending paper 
chromatography with the solvent system of 
isopropanol:NH4OH:H20 (7:1:2, v/v). Radio- 
active adenine nucleotides of perchloric acid 
extracts of tissue slices were separated by 
column chromatography on AG l-X8 formate 
by the method described by Groot and Van den 
Bergh (24). All radioactive isotopes were ob- 
tained from New England Nuclear (Boston, 
MA). All enzymes, except the purified ATPase, 
and most chemicals were obtained from Sigma 
Chemical Co. (St. Louis, MO). 

RESULTS 

Studies with Liver Slices 

In an attempt to gain insight into the mech- 
anism responsible for cyclic AMP inhibition of 
lipogenesis, freeze stop studies were conducted 
with liver slices incubated with and without 
cyclic AMP. As shown in Table I, cyclic AMP 
was found to produce a substantial increase in 
the ATP, ADP, AMP, and inorganic phosphate 
content of freeze clamped liver slices. In con- 
trast, significant decreases were observed in the 
concentrations of lactate, pyruvate, malate, 
citrate, and a-ketoglutarate. The cytoplasmic- 
free NAD + to NADH ratio also was decreased 
significantly by the cyclic nucleotide. 

Adenosine-5'-monophosphate (5'-AMP) also 
was found to inhibit lipogenesis (Table II) and 
to increase the adenine nucleotide content of 
liver slices (Table I). As shown in Table II, both 
cyclic AMP and 5'-AMP brought about an in- 
hibition of lipogenesis at similar concentrations 
with a trend noted for cyclic AMP to be more 
effective. The changes in metabolite levels 
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T A B L E  I 

Ef fec t  o f  3 ' ,5 ' -cyc l ic  AMP a nd  5 ' -AMP on the  A d e n i n e  Nuc l eo t i de  
and  Metabol i te  Levels o f  Liver  Slices a 
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E x p e r i m e n t  I E x p e r i m e n t  I1 

Metabol i te  or  No add i t ion  3 ' ,5 ' -cycl ic  AMP No add i t ion  5 ' -AMP 
me tabo l i t e  ra t io  b ( ;zmol/g)  (~tmol/g) ( # m o l / g )  ( ~ m o l / g )  

A T P  0.67 -+ 0.07 0 .88  + 0 .08  c 0.61 + 0.02 0.81 • 0 .03  c 
ADP 0 .24  +- 0.01 0 .39  -+ 0 .02  c 0 .23  -+ 0.02 0 .28  + 0.01 c 
AMP 0.09 + 0.01 0 .14  + 0.02 c 0 .07 + 0.01 0.05 + 0.01 

A T P  + A D P + AMP 1.00 + 0 .10  1.51 +- 0 .10  c 0.91 + 0.02 1.17 -+ 0 .04  c 
Inorganic  phospha t e  3.2 • 0.3 3.9 • 0.3 c 3,6 • 0.3 5.6 • 0 .3 c 
Lac t a t e  2.6 + 0.4 1.4 • 0.2 c 2.3 + 0.2 2 .0  • 0.2 
Pyruva te  0 .16  -+ 0,01 0 .04  • 0.01 c 0 .14  • 0.01 0 .07  • 0.01 e 
Malate 0.61 -+ 0 .06  0 .30  -+ 0.05 c 0 .58  • 0 .04  0 .45  • 0 .09  
Ci t ra te  0 .19  • 0 .03  0,12 • 0 .02 c 0 .14  + 0 .03  0 .08  • 0.01 c 
c~-ketoglutarate 0 .12 -+ 0.01 0.05 • 0.01 c 0 ,09  +- 0 .02 0.05 -+ 0.01 u 
Free [ N A D ] / [ N A D H ] c y t o  603  • 63 278  • 64 c 540 • 72 341 • 33 c 

aThe  initial concen t r a t i ons  w e r e  5 mM for  3 ' ,5 ' -cyc l ic  adenos ine  m o n o p h o s p h a t e  (AMP) in Exper -  
i m e n t  I and  5 mM for  5 ' -AMP in E x p e r i m e n t  II. C o n c e n t r a t i o n s  o f  me t ab o l i t e s  are expressed  as /~mol /g  
w e t  wt  o f  slices, as me a ns  • S.E.M. for  l iver slices p r e p a r e d  f r o m  6 animals  in E x p e r i m e n t  I and  5 
an imals  in E x p e r i m e n t  II. Values wh ich  are s ignif icant ly  (P < 0 .05 )  d i f f e ren t  f r o m  the  no  add i t ion  
cont ro ls  by  the  S t uden t ' s  t tes t  for  pa i red  data .  

b A T P  = adenos ine  t r i p h o s p h a t e ;  ADP  = adenos ine  d iphospha t e ;  AMP = adenos ine  m o n o p h o s p h a t e ;  
N A D  = n i c o t i n a m i d e  adenine  d inuc leo t ide .  

CValues wh ich  are s ignif icant ly  ( P < 0 . 0 5 )  d i f fe ren t  f r o m  the  no add i t ions  cont ro l s  by  the  s t u d e n t ' s  
t test  for  pai red da ta .  

T A B L E  11 

Effec t  o f  5 ' -AMP, 3',  5 ' -cycl ic  AMP, and D i b u t y r y l  Cyclic AMP on  
F a t t y  Acid  Synthes is  by Liver  Slices a 

A d d i t i o n  Rate  o f  f a t t y  acid synthes is  
(raM) ( n m o l e s / m i n / g  we t  w t )  

None  52 + 12 
5 ' -AMP (0 .5)  32 + 13 
5 ' -AMP (2 .5)  7 + 3 
5 ' -AMP (5 .0)  8 +- 2 
3 ' ,  5 ' -cAMP (0 .5)  18 -+ 5 
3' ,  5 ' -cAMP (2 .5)  4 + 1 
3' ,  5 ' -cAMP (5 .0)  2 + 1 
D ibu ty ry l  cycl ic  AMP (0 .05)  3 + 1 

a A M P  = adenos ine  m o n o p h o s p h a t e ;  ra tes  o f  l ipogenesis are  expressed  as nmoles  o f  " C 2 "  
uni ts  i n c o r p o r a t e d  in to  f a t t y  a c id s /min /g  w e t  w t  o f  slices, as mean s  -+ S.E.M. for  liver slices 
p r e p a r e d  f r o m  3 animals .  Rates  were  d e t e r m i n e d  for  the last 30 rain o f  60 min  incuba t ions  
w i th  the  add i t ions  listed. All values aze s ignif icant ly  (P < 0 .05)  d i f f e ren t  f r o m  the  no  
add i t ion  con t ro l  by  the  S t u d e n t ' s  t test  for  pa i red  data .  

caused by 5'-AMP (Table I) mimicked in part 
those produced by cyclic AMP. Significant in- 
creases were found in ATP, ADP, and inorganic 
phosphate levels, whereas, significant decreases 
were found in pyruvate, citrate, a-ketogluta- 
rate, and the cytoplasmic-free NAD + to NADH 
ratio. However, significant changes were not 
induced by 5'-AMP in the liver slice content of 
lactate, matate, and 5'-AMP. The lack of effect 

t . . . .  

on the 5 -AMP content was surprising in ,clew of 
the fact that the slices were not washed free of 
the external medium. However, much of the 
exogenous 5'-AMP had been lost from the 

medium during the incubation. 
Exper iments  conducted with radioactive 

cyclic AMP and 5'-AMP demonstrated that up- 
take and phosphorylation of these nucleotides 
accounted for the observed increase in the 
intracellular content of ATP (Table III). Based 
on the specific activity of the exogenous nu- 
cleotides and the total radioactivity of the iso- 
lated ATP, ca. 75% of the total ATP of the 
slices was derived from the exogenous nucleo- 
tides. No attempt was made to determine 
whether the nucteotides were dephosphorylated 
prior to penetration into the cells (see Discus- 
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T A B L E  III 

I n c o r p o r a t i o n  o f  [ 1 4 C 8 ] - A M P  and [ 14C8]-cyc l ic  AMP into the ATP  o f  Liver Slices a 

ATP  der ived f r o m  A T P  der ived  f rom 
Total  ATP  exogenous  nuc leo t ide  e x o g e n o u s  nuc leo t ide  

Addi t ion  (#mo l /g  wet  w t )  ( # mo l /g  we t  wt)  (%) 

None 0 .54  . . . . . . . . . . . . . .  

[ 14C}AMP (5 raM) 0 .88  0 .76  77 

l l 4 C ] c y c l i c  A M P ( 5  mM) 0 .93  0.68 73 

aAMP = adenos ine  m o n o p h o s p h a t e ;  A T P =  adenos ine  t r i phospha te ;  incuba t ions  were  c o n d u c t e d  
for 60 rain in dupl ica te  wi th  500 mg wet  wt  liver slices per  flask. Incuba t ions  were  t e r m i n a t e d  by 
freeze c lamping.  Perchloric  acid ex t rac t s  we re  ana lyzed  for  the q u a n t i t y  and rad ioac t iv i ty  of  ATP.  

T A B L E  IV 

Effec t  o f  I ) ibu ty ry l  Cyclic AMP on the Aden ine  Nucleo t ide  and 
Metabol i te  Levels o f  Liver Slices a 

Metabol i te  or No addi t ion  D ib u ty ry l  cyclic 
me tabo l i t e  rat io b ( # m o l / g )  AMP (btmol/g) 

A T P  0.41 • 0 .06  0.37 + 0.02 
ADP 0.22 • 0 .02 0.22 • 0 .04  
AMP 0.09 • 0 .02 0.12 + 0.02 
l~ A T P  r A D P +  AMP 0.72 + 0.07 0.71 + 0.06 
Inorganic  phospha te  2 .16  +- 0 .54  2 .64  • 0 .44 
Lac ta te  1.4 + 0.3 0 .66  • 0 .20  c 
Pyruva te  0 .12 • 0.01 0.05 �9 0 .06 c 
Malate 0.34 • 0.07 0.25 • 0 .05 c 
Citrate  0 .10  • 0.02 0 .08  • 0.01 
cx-ketoglutarate 0 .06  • 0.01 0 .04  • 0.01 
free [ N A D ] / [ N A D H ] c y t o  878 • 120 969 • 303 

a T h e  initial c o n c e n t r a t i o n  o f  d ibu ty ry l  cyclic adenos ine  m o n o p h o s p h a t e  (AMP) was 
0.05 raM. Concen t r a t i ons  of  me tabo l i t e s  are expressed  as /.tmol/g we t  wt  o f  slices, as means  
• S.E.M. for liver slices p r epa red  f r o m  4 animals  i ncuba ted  for  30 min.  

b A T P  ~ adenos ine  t r i phospha te ;  ADP = adenos ine  d iphospha t e ;  NAD = n i co t i namide  
aden ine  d iphospha te .  

CValues which  are s ignif icant ly  (P <" 0 .05 )  d i f fe ren t  f r o m  cont ro l s  by the S t u d e n t ' s  t test 
for pai red data.  

T A B L E  V 

Effect  o f  5 ' -AMP, Cyclic AMP, ADP,  ATP,  Adenos ine  and Dibu ty ry l  Cyclic  
AMP on Fa t ty  Acid Synthes is  by Isolated Cells a 

Add i t i on  Rate  o f  f a t ty  acid synthes is  
(raM) n m o l e s / m i n / g m  wet  wt  

None  260  + 40 
5 ' -AMP (0.1)  170 + 30 
5 ' -AMP (0.5)  20 :1 :10  
Cyclic AMP (0.1)  100 • 10 
Cyclic AMP (0.5)  60 4- 10 
A D P ( 0 . 1 )  1 4 0 •  10 
A D P  (0 .5)  20 • 10 
A T P ( 0 . 1 )  100 + 50 
A T P  (0.5)  10 • 5 
Adenos ine  (0 .1)  100 + 20 
Adenos ine  (0 .5)  20 + 10 
Dibu ty ry l  cyclic AMP (0 .05)  50 • 10 

aAMP = adenos ine  m o n o p h o s p h a t e ;  ADP = adenos ine  d i p h o s p h a t e ;  ATP  = adenos ine  
t r i phospha te .  Rates  o f  l ipogenesis are expressed  as nmoles  of  " C 2 "  units i n c o r p o r a t e d  into 
f a t ty  a c i d s / m i n /g  wet  wt  o f  cells, as means  -+ S.E.M. for  isolated cells p repa red  f r o m  3 
animals .  Rates were  d e t e r m i n e d  for  the last 30 min  of  60 min incuba t ions  wi th  the addi t ions  
listed. All values are s tat is t ical ly (P < 0 .05)  d i f fe ren t  f rom the  no  add i t ion  con t ro l  by the 
S t uden t ' s  t test for  pai red data.  
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TABLE V1 

Effect of Cyclic AMP, 5'-AMP, Adenosine, and Dibutyryl Cyclic AMP on 
the Adenine Nucleotide Content of Isolated Liver Cells a 
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XATP + 
ATpb ADP b AMP ADP + AMP 

Addition (mM) (#mol/g) (/~mol/g) (#mol/g) 0zmol/g) 

None 2.46 -+ 0.11 1.09 + 0.07 0.38 + 0.18 3.93 + 0.21 
Cyclic AMP (0.5) 3.76 -+ 0 . 3 7  c 1.57 -+ 0.08 c 0.50 -+ 0.04 5.83 -+ 0.42 c 
5'-AMP (0.5) 4.37 + 0.49 c 1.54 -+ 0.19 0.48 + 0.03 6.39 -3- 0.69 c 
Adenosine (0,5) 3.96 -+ 0.39 c 1.67 -+ 0.05 c 0.50 + 0.03 6.13 • 0.41 c 
Dibutyryl cyclic AMP (0.05) 2.33 -+ 0.03 1.17 • 0.04 0.45 -+ 0.04 3.95 + 0.07 

aAMP = adenosine monophosphate; values are expressed as ~tmol/g wet wt of liver ceils, as means + 
S.E.M. for liver cells prepared from 3 animals and incubated for 45 rain. 

bATP = adenosine triphosphate; ADP = adenosine diphosphate. 
CValues which are significantly (P < 0.05) different from no addition controls by the Student's t- 

test for paired data. 

sion).  Nevertheless ,  i t  can be c o n c l u d e d  t h a t  the  
cells o f  liver slices take  up  at least  t he  aden ine  
m o i e t y  of  5 ' -AMP and cyclic AMP and  t h a t  this  
u p t a k e  leads to  an  increase  in the  poo l  size of  
aden ine  nuc leo t ides  wi th in  l iver slices. 

As r e p o r t e d  by  o t h e r  inves t iga tors  (3)  and  
previous ly  (7),  d i b u t y r y l  cyclic AMP i n h i b i t e d  
l ipogenesis  at m u c h  lower  c o n c e n t r a t i o n s  t h a n  
cyclic AMP (Table  II). At  such  low concen t r a -  
t ions ,  d i b u t y r y l  cyclic AMP was no t  f o u n d  to  
affect  the  aden ine  nuc leo t ide  c o n t e n t  of  l iver 
slices (Table  IV). However ,  s ignif icant  decreases 
in the  c o n c e n t r a t i o n s  of  lacta te ,  py ruva te ,  and  
mala te  were p r o d u c e d  by  d i b u t y r y l  cyclic AMP. 

Studies with Isolated Liver Cells 

Conce rn  as to  w h e t h e r  the  above  s tudies  
r ep resen ted  an  ar t i fac t  o f  t he  l iver slice prepara-  
t ion  p r o m p t e d  an inves t iga t ion  of  the  e f fec t  of  
aden ine  nuc leo t ides  on  i so la ted  hepa t ocy t e s .  As 
s h o w n  in Table  V, f a t t y  acid syn thes i s  was ef- 
fec t ively  i n h i b i t e d  w i th  th i s  p r e p a r a t i o n  b y  
c o m p a r a b l e  c o n c e n t r a t i o n s  o f  5 ' -AMP, 

3 ' ,5 ' -cyc l ic  AMP, ADP, ATP,  and  adenos ine .  
The  isola ted cells, however ,  were cons ide rab ly  
more  sensi t ive to  these  inh ib i to r s  t h a n  the  l iver 
slice p repa ra t ion .  Fo r  example ,  0.5 mM 5 ' -AMP 
p r o d u c e d  only  38% i n h i b i t i o n  w i th  l iver slices, 
bu t  p r o d u c e d  92% i n h i b i t i o n  wi th  i so la ted  liver 
cells. The  obse rva t ion  t h a t  ADP,  ATP,  and  
adenos ine  have the  same ac t ion  as 5 ' -AMP 

makes  i t  un l ike ly  t h a t  the  i n h i b i t o r y  effect  is 
caused by  some c o n t a m i n a n t  of  t he  5 ' -AMP 
used in these  s tudies .  As r e p o r t e d  previous ly  
(7) ,  d i b u t y r y l  cyclic AMP was f o u n d  to be a 
very  effect ive  i n h i b i t o r  of  f a t t y  acid synthes i s  
b y  i so la ted  liver cells (Table  V) and  was con-  
s iderably  more  ef fec t ive  t h a n  the  o t h e r  nuc leo-  
t ides.  

As r e p o r t e d  above  for  slices, 3 ' ,5 ' -cyc l ic  
AMP and  5 ' -AMP increased  d ramat i ca l ly  the  

aden ine  nuc l eo t ide  c o n t e n t  of  the  i so la ted  liver 
cells (Table  VI). Because adenos ine  also was 
f o u n d  to  inh ib i t  l ipogenesis  (Tab le  V), the  
s tudy  was e x t e n d e d  to  inc lude  th is  nuc leos ide  
wh ich  was f o u n d  t o  great ly  e x p a n d  t he  aden ine  
n u c l e o t i d e  poo l  size (Table  VI). D i b u t y r y l  
cyclic AMP, however ,  did n o t  have  th is  effect  
(Table  VI)  at  a c o n c e n t r a t i o n  w h i c h  p r o d u c e d  a 
s t r ik ing  i n h i b i t i o n  o f  l ipogenesis  (Tab le  V). 
Hence,  the  resul ts  o b t a i n e d  w i th  l iver cells are 
qua l i ta t ive ly  similar  to  those  r e p o r t e d  w i th  fiver 
slices. The  ra tes  of  l ipogenesis  were  grea te r  w i th  
liver cells as was the  sens i t iv i ty  of  th i s  process  
to  aden ine  nuc leo t ides .  In add i t ion ,  the  expan-  
sion p r o d u c e d  in t he  in t r ace l lu la r  nuc leo t ide  
poo l  size by  the  var ious  aden ine  der ivat ives  was 
more  p r o n o u n c e d  w i t h  l iver cells t h a n  w i th  liver 
slices. 

The poss ib i l i ty  t h a t  exogenous  5 ' -AMP af- 
fec ted  an  increase  in the  3 , 5  -cyclic AMP con-  
t en t  of  the  cells also was invest igated.  As s h o w n  
in Figure 1, g lucagon at  10 .6 M p r o d u c e d  a 
d rama t i c  biat t r ans i en t  increase  in 3 ' ,5 ' -cyc l ic  
AMP. A m u c h  smal ler  bu t  never the less  signifi- 

f t 
cant  increase  in 3 ,5 -cyclic AMP was observed  
wi th  exogenous  f - A M P .  The  increase  was sig- 
n i f i can t  (P ~ 0 .05)  at  15 min,  bu t  no t  at  30 and  
45 rain of  i n c u b a t i o n .  

DISCUSSION 

This s t u d y  deve loped  dur ing  an  i n v e s t i g a t i o n  

of  the  m e c h a n i s m  respons ib le  for  cycl ic  AMP 
i n h i b i t i o n  of  l ipogenesis .  I n c u b a t i o n  of  liver 
slices w i th  th is  nuc l eo t ide  was f o u n d  to  increase  
the  n o n c y c l i c  aden ine  nuc leo t ide  c o n t e n t  of  the  
slices. This  obse rva t i on  suggested t h a t  t he  
aden ine  nuc leo t ide  der ived by  the  hydro lys i s  of  
cyclic AMP might  be involved in t he  i n h i b i t i o n  
of  l ipogenesis .  There fore ,  s tudies  were con-  
d u c t e d  w i th  5 ' -AMP w h i c h  also was f o u n d  to 
inh ib i t  l ipogenesis  a n d  to  increase  the  aden ine  
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FIG. I. Effect of 5'-AMP (adenosine monophos- 
phate) and glucagon on the cyclic AMP content of 
isolated liver cells, o = no additions; �9 = 5'-AMP at 
0.5 mM; and �9 = glucagon at 10-6 M. The results are 
given as means • S.E.M. for 5-7 liver cell preparations. 
The increase caused by glucagon was statistically (P < 
0.05) significant at all time points; 5'-AMP only at 15 
min. 

nucleotides of liver slices. These observations 
would suggest that one mechanism by which 
cyclic AMP inhibits lipogenesis is by the gen- 
eration of 5'-AMP or adenosine, which in turn 
increases the adenine nucleotide content of the 
cell to bring about an inhibition of lipogenesis. 
The mere slicing of liver is well established to 
cause a dramatic decrease in the adenine 
nucleotide content of this tissue (25). Hence, at 
first inspection, it might seem paradoxical to 
suggest that an expansion of the pool size of 
the adenine nucleotides of  the cells of liver 
slices would lead to an inhibition of a metabolic 
process such as lipogenesis. Indeed, exogenous 
5'-AMP and cyclic AMP failed to increase the 
a p p a r e n t  intracellular content of adenine 
nucleotides back to the level of the intact liver. 
Hence, it might be argued that exogenous 
adenine nucleotides should tend to restore 
normal metabolic activity. However, this re- 
quires the assumption that a l l  cells of liver slices 
are deficient in adenine nucleotides. From the 
results reported above with isolated liver cells 
and below with succinate oxidation to malate 
by liver slices, it can be suggested that this 
assumption is not valid. A more likely explana- 
tion is that part of the cells are damaged and 

completely void of adenine nucleotides, where- 
as, other cells are intact and contain a complete 
complement of adenine nucleotides. Thus, the 
only cells which would be competent  to 
respond to exogenous adenine nucleotides 
would be the intact cells which already contain 
a full complement of adenine nucleotides. By 
this analysis, the increase in adenine nucleotides 
of liver slices caused by exogenous 5'-AMP or 
cyclic AMP would represent a considerable 
expansion of the pool size of the intact cells of 
tile tissue. This interpretation is supported by 
the results obtained with isolated liver cells. 
Most of the cells of this preparation are intact, 
i.e., > 95% exclude trypan blue, and contain a 
full complement of adenine nucleotides (26) 
(Table VI). Exogenous cyclic AMP, 5'-AMP, 
and adenosine were observed to expand greatly 
the adenine nucleotide pool size of these cells 
and to inhibit concurrently fatty acid synthesis. 
Although the percentage is difficult to estimate, 
it is recognized that liver slices contain a great 
number of damaged cells. With the proposal 
stated above that only intact cells of liver slices 
contain significant quantities of adenine nucleo- 
tides, it can be calculated from the adenine 
nucleotide content of intact liver, 4 #moles/g 
wet wt (26), that only ca. 25% of the cells of 
liver slices used in this study and that of Krebs 
(25) would meet this criterion of intactness. 
The notion discussed by Krebs (25), that the 
adenine nucleotides of liver slices might be 
confined to the mitochondrial compartment,  is 
untenable. Liver cells which lacked cytoplasmic 
adenine nucleotides would be unable to main- 
tain transmembrane ion gradients. The resulting 
influx of Ca ++ would lead to swelling and dis- 
ruption of the mitochondria with a resulting 
loss of intramitochondrial adenine nucleotides. 
The viability of  isolated liver ceils can be esti- 
mated by either trypan blue exclusion or suc- 
cinate oxidation to malate (14). Although the 
former method cannot be applied to liver slices, 
the latter method can be used to give a mini- 
mum estimate of the number of cells damaged. 
Succina te  is oxidized to malate only by 
damaged cells of a liver preparation because 
intact cells are nearly impermeable to succinate 
and malate (14). It was determined that the 
liver slices used in this study produced malate 
f r o m  s u c c i n a t e  at a r a t e  o f  7.1 + 
0.3 #moles/min/g wet wt (mean -+ S.E.M. for 
liver slices prepared from 4 animals and incu- 
bated under the conditions described above). 
Homogenates of these livers produced malate 
f r o m  s u c c i n a t e  at a r a t e  o f  19.5 +- 
0.5 #moles/min/g wet wt. Hence, by this analy- 
sis, at least 36% of the cells of the slices were 
not intact. In contrast to the estimate based on 
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ATP content, malate production probably gave 
a minimal estimate of the percentage of dam- 
aged cells. This is because cells which are 
damaged, yet not accessible to exogenous sue- 
cinate and/or oxygen, would not convert suc- 
cinate to malate. A considerably number  of 
such cells would be expected to exist within the 
interior of liver slices. Hence, the suggestion 
from this analysis is that liver slices consist of a 
mixed population of extensively damaged ceils 
and relatively intact cells, and that only the 
latter cells could be expected to respond like 
isolated cells to exogenous adenine nucleotides. 
Although it is clear that isolated liver cells 
should be used for metabolic studies in prefer- 
ence to liver slices, there is an important point 
to be made here. Slices represent the only sys- 
tem for studying human liver in which there is 
maintenance of structural integrity of the cells. 
The isolation of intact cells from human liver 
appears impossible. Therefore, as long as it is 
appreciated that the slice is composed of a 
mixed population of damaged and intact cells, 
meaningful studies can be carried out with 
slices of human liver. Such studies are currently 
in progress in this laboratory. 

Cyclic AMP may inhibit lipogenesis by 
limiting the activity of acetyl CoA carboxylase 
(5,6), either by phosphorylation of the enzyme 
into an inactive form (27) or by induced 
changes in established effectors of the enzyme 
(28-30). Another attractive possibility is that 
cyclic AMP limits substrate supply for lipogene- 
sis by suppressing glycolytic activity (7) and/or 
pyruvate dehydrogenase activity. However, no 
attempt is made here to define the mechanism 
responsible for cyclic AMP inhibition of lipo- 
genesis nor to explain why Raskin, et al., (8) 
failed to observe inhibition of fipogenesis by 
cyclic AMP in the perfused liver. Instead, this 
report makes it clear that studies attempting to 
deal with the mechanism of action of cyclic 
AMP should be conducted under experimental 
conditions that preclude increases in intracellu- 
lar adenine nucleotides. This could be accom- 
plished most readily by the generation of 
intracellular cyclic AMP by hormonal activation 
of adenylate cyclase or by the judicious use of 
the dibutyryl derivative. 

This study should not be construed to sup- 
port the work of Raskin, et al., (8) in suggesting 
that cyclic AMP inhibition of lipogenesis is an 
artifact of the liver slice preparation. Glucagon 
and dibutyryl cyclic AMP now have been 
shown to inhibit lipogenesis by liver slices and 
isolated fiver cells without affecting the adenine 
nucleotide content of the cells. Indeed, studies 
in this laboratory now have demonstrated that 
dibutyryl cyclic AMP and glucagon effectively 

inhibit lipogenesis in the perfused fiver as well 
(R.A. Harris, J.P. Mapes, and C.S. Stewart, un- 
published data). 

The inhibition of lipogenesis by adenine 
nucleotides reported in this study suggests that 
some step in fatty acid synthesis per se or in 
substrate supply may be affected by changes in 
the balance of adenine nucleotides and/or in- 
o rgan ic  phosphate within the liver slices. 
Indeed, adenine nucleotides are recognized as 
important regulators of metabolic processes 
(31). On the other hand, exogenous 5'-AMP 
was found to lead to a significant increase in 
the cyclic AMP content of isolated liver cells. 
Although this increase was small compared to 
the increased caused by glucagon, it neverthe- 
less could be a factor in the inhibition of lipo- 
genesis caused by 5'-AMP. Exogenous adenine 
nucleotides have been shown in other studies 
to increase the cyclic AMP content of slices of 
guinea pig cerebral cortex (32) and cultured 
astrocytoma cells (33). Whether this response 
with liver cells was due to a surface receptor 
which activates adenylate cyclase or a second- 
ary effect caused by the increase in intraceUular 
adenine nucleotides is not known. 

In retrospect, it is not surprising that exog- 
enous 5'-AMP and cyclic AMP increase the 
a d e n i n e  nucleotide content of liver cells. 
Adenosine has been shown to increase the 
adenine nucleotide content of liver in vivo (34) 
and liver cells in vitro (P. Lund, N. Cornell, and 
H.A. Krebs, personal communication). In addi- 
tion, 5'-AMP at concentrations similar to those 
used in this study have been shown to increase 
the adenine nucleotide and inorganic phosphate 
content of perfused and sliced kidney (35) and 
to exert strong metabolic effects in both kidney 
(35) and liver (36). Evidence has been pre- 
sented in other studies that exogenous nucleo- 
tides such as 5'-AMP are degraded rapidly by 
enzymes located at the outer surface of the 
plasma membranes of liver cells (37) and gran- 
ulocytes (38). Presumably cyclic AMP, 5'-AMP, 
ADP, and ATP are all degraded to the neutral 
molecule adenosine prior to penetration into 
liver cells in quantities sufficient to expand the 
adenine nucleotide pool size. The lack of an 
effect of dibutyryl cyclic AMP on the adenine 
uucleotide content of liver slices can be ex- 
plained on the basis that this compound must 
be a poor substrate for the external enzymes, as 
well as the phosphodiesterases that hydrolyze 
cyclic AMP (39). Also, very low concentrations 
of dibutyryl cyclic AMP were used in these 
studies because of its greater effectiveness as an 
inhibitor of lipogenesis. The mechanism re- 
sponsible for the action of adenosine, adenine 
nucleotides, dibutyryl cyclic AMP, and gluca- 
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gon on lipogenesis is being investigated further 
with the isolated cell and perfused liver prepara- 
tions. 
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Lipoxygenase I sozymes of Peanut 
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ABSTRACT 

Lipoxygenase was isolated and par- 
t i a l ly  purified from peanut seed by 
ammonium sulfate precipitation, gel fil- 
tration, and ion exchange column chro- 
matography. Three isozymes of lipoxy- 
genase were identified. Two had pH 
optima of 6.2, and the other an optimum 
of 8.3. Molecular weight of each isozyme 
was 7.3 x 104, as determined by gel filtra- 
tion. The alkaline opt imum isozyme was 
not inhibited by NaCN and was inhibited 
b y  CaC12 except at very low concentra- 
tions. The acid opt imum isozymes were 
inhibited by NaCN and were stimulated 
by CaC12 concentrations up to ca. 0.7 
mM. 

INTRODUCTION 

Lipoxygenase (E.C. 1.13.1.13) catalyzes the 
oxidation of cis, cis-l,4-pentadiene systems in 
the presence of molecular oxygen and has been 
implicated in flavor production in several com- 
modities. It is present in a variety of plants, 
with soybean lipoxygenase receiving the most 
attention. Investigations have shown that crude 
and purified lipoxygenase from various sources 
differ in pH optima, substrate specificity, num- 
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FIG. 1. Elution of peanut lipoxygenase from 
Sephadex G-150; 878 mg applied to 2.5 X 75 cm col- 
umn. ( . . . . . .  ) - protein absorbance at 280nm; 
( -  - - )  = lipoxygenase activity. 

ber of isozymes, and other characteristics (1-4). 
Siddiqi and Tappel (1), using crude extracts 

and a pH 7.0 assay, reported that peanuts con- 
tained only 1% of the lipoxygenase activity 
found in soybeans. This perhaps has contrib- 
uted to the lack of investigation of peanut lip- 
oxygenase. Dillard, et al., (2), using crude pea- 
nut lipoxygenase, found two pH optima with 
linoleic acid, trilinolein, and cottonseed oil sub- 
strates. This indicated that more than one 
isozyme of the enzyme might be present. A pH 
optimum of ca. pH 6 was reported by St. 
Angelo and Ory (5) who used ammonium sul- 
fate to fractionate the enzyme. Pattee, et al., 
(6) investigated pentane production by peanut 
lipoxygenase and attempted to isolate a sepa- 
rate pentane producing enzyme, purified pea- 
nut lipoxygenase wieth ammonium mlfate and 
column chromatography. Possibly due to a 
single pH assay of fractions and use of a rela- 
tively steep NaC1 gradient on DEAE-Sephadex, 
they did not observe the isozyme separation 
reported here. This paper reports the first iden- 
tification, purification, and characterization of 
peanut lipoxygenase isozymes. 

EXPERIMENTAL PROCEDURES 

Sources of Materials 

Peanuts (Arachis hypogaea L. var. NC-5): 
were obtained from the North Carolina Peanut 
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FIG. 2. Purification of peanut lipoxygenase on 
DEAE-Sephadex A-50; 118 mg applied to 2.5 X 35 cm 
column. ( . . . )  = protein absorbance at 280nm; 
( . . . . . .  ) = lipoxygenase activity pH 6.2; ( . . . . .  
= lipoxygenase activity pH 8.3. 
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Belt Research Station (Lewiston, NC), high 
purity grade linoleic acid from the Hormel 
I n s t i t u t e  (Austin, MN), Sephadex G-150, 
DEAE-Sephadex, and standard proteins for mol 
wt determination from Pharmacia Fine Chemi- 
cals (Piscataway, N J), and special enzyme grade 
a m m o n i u m  s u l f a t e  f r o m  Schwarz/Mann 
(Orangeburg, NY). 

Enzyme Assay 

Lipoxygenase activity was measured polarog- 
raphically in a reaction vessel fitted with a 
Clark oxygen electrode. The vessel contained 
3.3/ lmoles of linoleic acid and 0.08% Tween 20 
in 0.4 ml of 0.1 M borate pH 7.0, enzyme, and 
enough 0.05 M phosphate buffer pH 6.2 or 
0.05 M'Tris-HC1 buffer pH 8.3 for a total 
volume of 1.5 ml. Activity was calculated from 
the slope of the polarographic trace on assump- 
tion that the initial 02 concentration was 260 
nmoles/ml (7). Generally all experiments were 
repeated at least 3 times. 

Enzyme Purification 

Lipoxygenase was extracted from acetone 
powders prepared from peanut seed according 
to the methods of Pattee and Swaisgood (8) by 
stirring for 1 hr at room temperature in 20 vol- 
umes of 0.5 M Tris-HC1 buffer, pH 7.0. All 
other procedures were performed at 4 C; centri- 
fugations were performed at 11,700 x g for 10 
rain, and only 0.05 M Tris-HC1 buffer pH 7.0 
was used. The slurry obtained was centrifuged, 
and the supernatant filtered through Whatman 
No. 4 filter paper. Protein precipitating be- 
tween 40-65% ammonium sulfate saturation 
was pelleted by centrifugation, and the super- 
nant was discarded. The precipitate was redis- 
solved in a small volume of buffer and placed 
on a Sephadex G-150 column (2.5 cm X 75 
cm), which then was eluted with buffer using a 
flow rate of  16 ml/hr. Active fractions were 
combined and placed on a DEAE-Sephadex 
A-50 column (2.5 cm X 35 cm) that had been 
equilibrated with buffer. The column was devel- 
oped at 32 ml/hr with an 800 ml linear gradient 
of 0.04-0.25 M NaC1 in buffer. Aliquots of 4.2 
ml were collected, and protein elution was 
monitored continuously at 280 nm. Generally, 
the peak activity fraction (tube) was used for 
characterization studies of each of the 3 iso- 
zymes. Single observations were made using the 
fraction 2-3 tubes removed to the outside of 
the peak activity fraction to verify results 
where cross contamination of isozymes might 
occur in the peak activity fraction. 

Mol wt was determined by reverse flow gel 
filtration on a Sephadex G-150 column (2.5 cm 
X 35 cm). Protein content was determined 

LIPIDS, VOL. 10, NO. 1 1 



LIPOXYGENASE ISOZYMES OF PEANUTS 683 

5 5 0  

300 

.c_ 
E 
~- 250 

200 

c~ 

150 

E 

iO0 

50 

~'~ Lipoxygenase 3 

i 
I 

I ~ \  \ I I 
kip~ - - t  k \" [ ~ . ~  

--:2 
. . '  ,/. . / % " ,  . 

5 6 7 8 9 10 

pH 

aT~ 

c i 
a0o 

N 
== 

ZZ5 
c 

7$ 

s 

" x \  

': 

CALC;UM CHLORIDE (/~m) 

FIG. 4. Effect of CaC12 on activity of peanut lip- 
oxygenase isozymes, lsozyme 1 = 39.1 /~g/assay, Iso- 
zyme 2=53.7 t~g/assay, lsozyme 3=8 #g/assay. Data 
plotted on 3 cycle semilogarithmic paper. 

FIG. 3. Effect of pH on activity of peanut lipoxy- 
genase isozymes, lsozyme 1, = 26.9 ug/assay; Isozyme 
2, 38.5 ug/assay; Isozyme 3 = 8 ug/assay. 

spectrophotometrically as described by Layne 
(9). 

RESULTS AND DISCUSSION 

Purification 

Lipoxygenase isozymes have been purified 
to various degrees with up to 4 isozymes in peas 
identified by disc-gel electrophoresis (4). Pea- 
nut, like soybean (3), appears to have three 
isozymes. Purification by Sephadex G-150 
column chromatography resulted in 3 major 
protein peaks; and lipoxygenase activity was 
concentrated in the small middle peak (Fig. 1). 
A 19.8-fold purification of pH 6.2 activity and 
a 43-fold purification of pH 8.3 activity was 
achieved through this step (Table I). Purifica- 
tion on DEAE-Sephadex A-50 provided further 
purification and revealed the presence of 3 
isozymes (Fig. 2). The isozymes are numbered 
as the soybean lipoxygenase isozymes, that is, 
in the reverse order of their elution (3). Table I 
indicates the effectiveness of the various steps 
in purification of the isozymes. 

pH Optima 

Optimum pH's of the isozymes of peanut 
lipoxygenase resemble those of soybean lipoxy- 
genase isozymes, 2 acid and one alkaline (3,10) 
(Fig. 3). The pH optima reported here of 6.2 
and 8.3 are similar to those reported for crude 
peanut lipoxygenase by Dillard, et al., (2) using 
linoleic acid substrate. Some reports (3,11) in- 
dicate that isozyme 1 (ptt 9.0) is the most 

active of the 3 soybean isozymes; whereas, our 
data indicate that isozyme 3 (pH 6.2) is the 
most active of the peanut isozymes. 

Stability 

Activity of the enzyme in acetone powders 
stored at -20 C appeared to be very stable dur- 
ing the 10-month duration of the study. After 
DEAE-Sephadex purification, stability of the 
isozymes varied. Held at 5 C, isozymes 1 (pH 
8.3) and 2 (pH 6.2) lost activity in 2-3 days, 
while isozyme 3 (pH 6.2) remained relatively 
active for 5-6 days. Sephadex G-150 purified 
enzyme taken to 70% ammonium sulfate satu- 
ration and stored at 5 C lost < 30% of its pH 
6.2 activity in 60 days. 

Effect of CaC12 

The effects of calcium concentration on the 
lipoxygenase isozymes of peanuts (Fig. 4) and 
of soybeans were not the same. Soybean 
isozyme 1 (pH 9.0) was activated by calcium 
(12), while peanut isozyme 1 (pH 8.3) was 
progressively inhibited by increased calcium 
concentrations. Isozymes 2 and 3 of soybeans, 
pH 6.8-7.0, respectively were activated and 
inhibited by calcium (3,12,13), while peanut 
isozymes 2 and 3, both pH 6.2, were activated 
by 40-400/aM calcium and inhibited by higher 
concentrations (Fig. 4). The mechanism by 
which calcium activates lipoxygenase has re- 
ceived considerable attention, and recently 
Zimmerman and Snyder (13) presented con- 
vincing evidence that calcium interacts with the 
linoleate substrate rather than directly with 
soybean lipoxygenase 2. Because actual sub- 
strate availability was concerned, such a mecha- 
nism may hold true for inhibitory effects. 
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oxygenase isozymes. Isozyme 1 = 39.1 #g/assay; Iso- 
zyme 2 = 53.7 #g/assay; Isozyme 3=8 #g/assay. 

Effect of NaCN 
When added to the reaction mixture before 

e n z y m e  addit ion,  NaCN inhibited peanut 
lipoxygenase isozymes 2 and 3, but concentra- 
tions below 14 mM had little effect on the ac- 
tivity of isozyme 1 (Fig. 5). A general inhibi- 
tion of isozyme 3 was noted, while isozyme 2 
activity decreased quickly and remained rela- 
tively constant at NaCN concentrations of up to 
7 mM. Haydar and Hadziyev (4) reported up to 
40% inhibition of pea lipoxygenase by cyanide 
concentrations up to 50 raM, but attributed a 
portion of the decrease to inhibition of other 
lipid oxidizing enzymes in the extract. St. 
Angelo and Ory (5) incubated peanut lipoxy- 
genase in 1 mM KCN for 1 hr at 4 C before 
testing at about pH 6.0, and found no influence 
on lipoxygenase activity. Siddiqi and Tappel (1) 
reported that incubation of crude peanut 
lipoxygenase in 1 mM cyanide produced no in- 
hibition at a reaction pH of 7.0. Cyanide gen- 
erally is not considered an inhibitor of lipoxy- 
genase activity (1); however, Johns (14)indica- 
ted that 3.3 mM NaCN inhibited the pH 7 
lipoxygenase isozyme of soybean by ca. 87%. 
This lends support to our data, because both 
pH 6.2 isozymes of peanut were inhibited. 
Isozyme purity may affect the inhibitory ef- 
fects of cyanide. Most reports on cyanide 
i n h i b i t i o n  are f r o m  r e l a t i v e l y  c rude  
lipoxygenase preparations, while the work of 
Johns (14) and that reported here are on rela- 
tively pure preparations. Therefore, it is quite 
possible that earlier reports overlooked specific 
isozyme effects. 

Molecular Weight 
Mol wts of the peanut isozymes purified by 

DEAE-Sephadex were determined by Sephadex 
gel filtration. All the isozymes had the same 
elution volume, which relative to the elution 
volumes of the protein standards, indicated a 

'o 
x 

x 

n- 
o 
t.d 
3: 
or" 

.J 

O 

IC 9 ~ s e  

8 
7 

4 �9 ~ u m i n  

rnotry psinogen A 

�9 \ Ribonuc|eose A 

0 012 0.4' 06t 0'.8 IiO 
RELATIVE ELUTION VOLUME (Kow) 

FIG. 6. Calibration curve for determination of 
peanut lipoxygenase mol wt. Column: 2.5 X 35 cm 
reverse flow Sephadex G-150 eluted at 16 ml/hr with 
0.05 M Tris - HC1 buffer pH 7.0; Standard proteins: 
8-10 mg each; lipoxygenase; 5-6 mg each. 

mol wt of 73,000 (Fig. 6). Mol wts of just over 
100 ,000  have been reported for soybean 
lipoxygenase (3,14-16). The value reported here 
agrees well with the mol wt of 74,000 for pea 
lipoxygenase reported by Haydar and Hadziyev 
(4). 

Further work on isolation, characterization, 
and  s t a b i l i z a t i o n  of peanut lipoxygenase 
isozymes is in progress pursuant to studies in- 
volving product identification and possible 
physiological relationships of the isozymes. 
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Comparison of Phospholipid Composition of Aedes aegypti 
and Aedes albopictus Cells Obtained from Logarithmic 
and Stationary Phases of Growth 
H.M. JENKIN, E. MCMEANS, L.E. ANDERSON, and T.-K. YANG, 
The Hormel Institute, University of Minnesota, Austin, Minnesota 55912 

ABSTRACT 

Aedes aegypti and Aedes albopictus 
cells were grown in tissue culture and har- 
ves t ed  at logarithmic and stationary 
phases of development. The phospholip- 
ids were extracted, separated into lipid 
classes, and fatty acid composition of 
each fraction determined. The phospha- 
tidylethanolamine fraction was the major 
lipid (42-54%). With aging, the A. aegypti 
cells showed an increase in polyenes in 
the phosphatidylcholine and phospha- 
tidylethanolamine fractions and in mono- 
enes and polyenes in the phosphatidylino- 
sitol fraction. The lysophosphatidylcho- 
line fraction had an increase in chain 
length of the fatty acids with aging of the 
A. aegypti cells. The A. albopictus cells, 
with aging, showed increases in chain 
length and in the relative percentage of 
polyenes in the lysophosphatidylcholine, 
phosphatidylcholine, and phosphatidy- 
lserine fractions. In the phosphatidylino- 
sitol fraction, chain elongation of fatty 
acids occurred as the cells aged. In the 
ceramide  phosphorylcholine fraction, 
there were increases in saturation and 
chain elongation of the fatty acids from 
the logarithmic to the stationary phase of 
the A. albopictus cells. An increase in 
polyenes was observed with aging of the 
cells in the phosphatidylethanolamine 
fraction. 

INTRODUCTION 

It has been shown in studies of changes of 
fatty acid composition of lipids of insects 
through various stages of development that 
greater amounts of unsaturated acids developed 
with aging (1). Municio, et al., (2,3), using 
labeled homogenates of larvae and adults of the 
insect Ceratitis capitata, reported differences in 
chain elongation and desaturation of fatty acids 
at two stages of development of the insect. 

Sedee (4) demonstrated that saturated and 
unsaturated fatty acid synthesis in insects takes 
place by two separate pathways without inter- 
conversion by dehydrogenation. Wakil (5) pre- 
sented evidence of two distinct systems for 

synthesis of fatty acids in mammals; the mito- 
chondrial system for elongation of existing 
f a t t y  acids and the non-mitochondrial or 
malonyl CoA pathway: Fast (6) reviewed publi- 
cations that indicated both systems were pres- 
ent in insects. 

Mosquitos as well as some other insects of 
the Dipteran order have been found to have 
phosphatidylethanolamine as the main compo- 
nent of the phospholipids (7), whereas, the 
major fraction of the phospholipids of mam- 
mals and other insects was phosphatidylcholine 
(6). Other unique features of the Diptera were 
associated with the sphingophospholipids (8,9) 
and the larger amounts of 16:0 and 16:1 acids 
(7). 

Two species of mosquito cells, A. aegypti 
and A. albopictus, were selected for in vitro 
studies. The phospholipid fractions were analy- 
zed at two phases of growth for changes in the 
fatty acid composition that could occur with 
aging. 

MATERIALS AND METHODS 

Preparation of Cells 

A. albopictus larval cells, Singh's strain (10), 
were obtained from F. Paul (Naval Medical Re- 
search Institute, Bethesda, MD). The A. aegypti 
larval cells, Singh's strain (10), were supplied by 
S.H. Hsu (Naval Medical Research Unit No. 2, 
Taipei, Taiwan). The cells were grown in sus- 
pension culture and harvested as reported previ- 
ously by McMeans, et al., (1 1). 

Lipid Extraction and Fractionation 

The lipids from mosquito cells were extrac- 
ted as described by Makino, et al., (12), and 
fractionated into neutral lipids and phospho- 
lipids by column chromatography (13). The 
total phospholipid was chromatographed on 
plates coated with Silica Gel H using the sol- 
vent system, chloroform: methanol: acetic acid: 
water (25:15:4:2) to separate the lipids (14). 
Known quantities of standard compounds and 
the sample were applied to lanes on each plate. 
Positions of the classes of phospholipid were 
determined by spraying the reference lanes on 
the developed plate with molybdenum blue 
reagent (15). Separated lipids were scraped 
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f rom the plates. For  a be t ter  separat ion o f  the 
phosphat idylser ine and p h o s p h a t i d y l i n o s i t o l  
fractions,  compounds  were ex t rac ted  f rom the 
silica gel and rechromatographed  on a Silica Gel 
G plate using the  same developing solvent sys- 
t em and spray as in the original separation.  

Methylation 

Silica gel bands containing separated phos- 
phol ipid  classes were scraped f rom the  plate 
and transesterif ied with  5% HC1 in me thano l  
(16). 

Gas Liquid Chromatography 

The gas l iquid chromatographic  (GLC) ana- 
lyses were made on a Fisher-Victoreen gas 
chromatograph  mode l  4000. The me thy l  esters 
were analyzed on columns 8 ft  by 1 [8 in. (inter- 
nal diameter  [ ID] ,  244 cm x 0.32 cm), packed 
with  15% EGSS-X on Gas Chrom P, 100-120 
mesh (Appl ied  Science Laboratories ,  State Col- 
lege, PA). 

Standards 

Authen t ic  phosphol ip id  standards were ob- 
ta ined f rom the Lipid Preparat ion Labora tory ,  
The Hormel  Ins t i tu te  (Austin,  MN), Applied 
Science Laborator ies  (State College, PA), or 
Supelco,  Inc. (Bel lefonte ,  PA), or prepared in 
our  laboratory.  The methyl  ester standards for 
GLC references were purchased f rom the  Lipid 
Preparat ion Labora tory ,  The Hormel  Inst i tute .  

RESULTS 

Results were obta ined  f rom two exper iments  
conduc ted  at logar i thmic  and s ta t ionary phases 
of  growth of  the insect cells. The fa t ty  acid 
composi t ions  of  the  classes of  phosphol lpids  in 
the species of  mosqu i to  cells and in the  mam- 
malian source in the original g rowth  med ium 

were compared.  Also repor ted  were the  differ- 
ences occurr ing be tween  species and phases of  
growth of  each type  o f  mosqu i to  cell. 

The relative percentages of  the classes of  
phosphol ipids  are shown in Table I. Ca. 50% 
phospha t idy le thanolamine  and 30% phospha-  
t idylchol ine  were present in the to ta l  phospho-  
lipid fract ion of  bo th  species at the two phases 
of  development .  There were increases in the  
amount  of  the ceramide phosphory lchol ine  
fract ion in bo th  species and of  the  phospha- 
t idyl inosi tol  f ract ion in A. aegyp t i  cells, and a 
decrease in the amount  of  the phosphat idyle th-  
anolamine fract ion in A.  a lbop ic tus  cells wi th  
aging. 

A. aegFpti Cells: Fatty Acid Profiles from 
Logarithmic and Stationary Phases of Growth 

Changes occurred in the fa t ty  acid profiles 
of  the lysophosphat idylchol ine  f ract ion (Table 
II) as the  A. aegypt i  cells aged. There  were 
smaller amounts  of  16:1 and 18:1 and larger 
amount s  of  20:0 fa t ty  acids in the s tat ionary 
phase of  growth.  Chain e longat ion with aging 
was demonst ra ted  by the  increase of  C-20 acids 
f rom 15 to 40%. The amount  of  saturated acids 
increased, and the monoenes  decreased in the  
lysophosphat idylchol ine  fract ion of  the mos- 
qui to  cells wi th  aging. 

The fa t ty  acid profi le  and relative percentage 
of  saturated acids were approx imate ly  equal  in 
the ceramide phosphorylchol ine  f ract ion at the  
two phases of  growth of  the  mosqu i to  cells 
(Table III). There was an increase in the  
amount  of  18:2 and a decrease in 18:1 in the  
fa t ty  acids of  the phosphat idylchol ine  f ract ion 
with aging of  the mosqui to  cells (Table IV). An 
increase in polyenes  of  13 to  23% was observed 
in the  cells. 

In the phosphat idylser ine,  phosphat idyl ino-  
sitol, and phospha t idy le thanolamine  fract ions 

TABLE I 

Distribution of Phospholipids of Aedes aegypti and Aedes albopictus 
Cells in Late Logarithmic and Stationary Phases of Growth 

Phospholipid classes 
Leafhopper A edes aegypti 

medium Log a Star b 

Aedes albopictus 

Loga Star b 

Lysophosphatidylcholine 8.2 • 1.2 c 0.4 +- 0.1 0.2 + 0.0 0.3 • 0.1 0.2 + 0 .0  
Ceramide phosphorylcholine 16.0 • 1.2 1.7 -+ 0.4 3.4 + 0.1 3.2 • 0.4 5.7 • 0.5 
Phosphatidylcholine 71.8 • 0.8 37.4 • 0.6 27.9 -+ 5.1 30.7 +- 1.2 34.6 • 2.3 
Phosphatidylserine 0.3 • 0.1 3.7 • 1.2 4.1 • 0.3 3.0 • 0.6 5.6 • 1.0 
Phosphatidylinositol d 2.0 -+ 0.3 8.3 • 1.0 15.9 -+ 0.3 9.9 + 0.6 12.0 • 2.2 
Phosphatidylethanolamine 1.7 • 0.3 48.8 -+ 0.2 48.6 • 4.3 53.6 • 2.0 42.0 • 1.7 

aLogarithmic phase of growth. 
bStationary phase of growth. 
CRelative percentage of lipid classes; mean • differences from the mean. 
dIncludes ceramide phosphatidylethanolamine. 
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T A B L E  II  

Cons t i t uen t  F a t t y  Acids  o f  the  L y s o p h o s p h a t i d y l c h o l i n e  Frac t ion  

A edes aegypti L e a f h o p p e r  
F a t t y  acid m e d i u m  Log  a Stat  b 

A edes albopictus 

Log a Stat  b 

14:0  c 0.6 • 0.1 d 1.7 • 0 .6 2.2 • 1.2 1.5 • 1.2 2.5 • 0.7 
15:0  0.5 -+ 0.1 Tr  e 0.7 • 0.3 
16:0  28 .6  • 2.3 23 .6  • 3.1 24.7 • 1.2 35.7 + 0.6 25 .8  • 1.7 
16:1 2.3 • 1.3 11.4 + 2.9 3.8 • 0.4 10.8 • 0 .4 6.4 • 2 .8 
17:0  1.6 • 0.2 Tr 0.8 -+ 0 .4  
18:0  39.5 • 0.5 13.7 _+ 0.3 i l . 8  • 1.5 21.2 • 0.6 15.5 • 2 .9 
18:1 19.5 • 1.8 28.7 + 6.6 8.2 • 2.1 24 .4  • 2.2 22 .0  • 2 .8 
18:2 2 . 4 •  0.5 2.8 + 0.1 2.5 • 0.5 1.5 • 0.1 6.2 • 1.2 
18:3  2~9 • 1.1 1.0 • 0.9 0.7 • 0.7 Tr  
2 0 : 0  13.0 • 2.5 39.4 • 0.6 3.8 • 1.8 9.3 • 0.6 
20 :3  0.5 • 0.1 
2 0 : 4  1.0 + 0.1 1.0 • 0.9 Tr  0.7 • 0 .0 3.3 + 1.2 
20 :5  0.7 • 0.6 0.6 • 0.6 1.7 • 1.6 
2 2 : 0  f Tr  2.6 • 0.5 5.6 • 1.0 Tr  5.8 + 4.4 
Sa tura tes  70 .8  54 .6  83.7 62.2 60 .4  
Monoenes  21 .8  40.1 12.0 35.2 28 .4  
Polyenes  6.8 5.5 3.8 2.2 11.2 

a L o g a r i t h m i c  phase o f  g rowth .  

b S t a t i o n a r y  phase o f  g rowth .  

CNumber  o f  c a r b o n  a t o m s  in acid:  n u m b e r  o f  double  bonds .  

dRela t ive  pe rcen tages  o f  f a t t y  acid;  m e a n  • d i f ferences  f r o m  the  mean .  

eTr  = t race ,  <0 .5%.  

f22 c a r b o n  f a t t y  acid series. 

T A B L E  II I  

Cons t i tuen t  F a t t y  Acids  o f  the  Ceramide  Phosphory l cho l ine  Frac t ion  

L e a f h o p p e r  Aedes aegypti 

Fa t ty  acid m e d i u m  Log  a Stat  b 

A edes albopictus 

Loga  Stat  b 

12:0  c Tr  d Tr 
14 :0  0 . 6 ~ 0 . 1  e Tr  0 . 9 •  1 . 4 •  1 . 7 •  
14:1 Tr  Tr  Tr 
15:0  Tr  
16:0  3 6 . 1 •  1 0 . 7 •  7 . 6 •  4 0 . 0 •  1 4 . 0 •  
16:1 1 . 7 •  1 . 0 •  5 . 8 •  1 . 7 •  
17:0  0 . 9 •  Tr  Tr  Tr  
18:0  1 1 . 4 •  5 . 8 •  5 . 0 •  8 . 8 •  5 . 3 •  
18:1 4 . 0 •  4 . 2 •  1 . 8 •  4 . 8 •  3 . 1 •  
18:2 0 . 5 •  0 . 6 •  0 . 9 •  Tr  1 . 5 •  
2 0 : 0  1 . 2 •  6 1 . 3 •  6 1 . 3 •  1 2 . 9 •  5 1 . 0 •  
2 2 : 0  8 . 7 •  1 0 . 0 •  1 1 . 7 •  9 . 1 •  1 1 . 6 •  
22:1  0 . 7 •  
2 3 : 0  5 . 0 •  1 . 2 •  2 . 0 •  2 . 4 •  1 . 9 •  
23:1 0 . 7 •  1 . 8 •  0 . 5 •  
2 4 : 0  1 0 . 1 •  1 . 1 •  4 . 5 •  5 . 6 •  3 . 6 •  
24:1  2 0 . 3 •  2 . 5 •  2 . 0 •  9 . 2 •  3 . 2 •  
Sa tura tes  74 .0  90.1 93.0 80.2 89.1 
Monoenes  25.7 8.4 6.6 19.8 8.5 
Polyenes  0.5 0.6 0.9 0.0 1.5 

a L o g a r i t h m i c  phase o f  g rowth .  

b S t a t i o n a r y  phase o f  g rowth .  

CNumber  o f  ca rbon  a t o m s  in acid: n u m b e r  o f  double  bonds .  

dTr  = t race ,  < 0.5%. 

eRela t ive  pe rcen tages  o f  f a t t y  acid; m e a n  -+ d i f ferences  f r o m  the  mean .  

(Tables V-VII) there was an increase in the rela- 
tive percentage of 18:2 fatty acid from the 
logarithmic to stationary phase of growth. The 

phosphatidylinositol fraction also showed a de- 
crease in the 20:0 acid, and the phosphatidyl- 
ethanolamine showed a slight decrease in the 
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T A B L E  IV 

Cons t i t uen t  Fa t ty  Acids  o f  the  Phospha t idy lcho l ine  F rac t i on  
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L e a f h o p p e r  A edes aegyp ti 
Fa t ty  acid m e d i u m  Log  a Stat  b 

A edes alboptctus 
Log a Sta~ b 

12:0  c Tr  d Tr  0.8 • 0.1 e Tr  0.6 • 0.1 
14:0  Tr  3.1 • 0.2 4.1 • 0 .4 2 .8  + 0.2 3.9 + 0.1 
14:1  1.1 + 0.2 1.0 • 0.1 0 .7  • 0.0 
15 :0  0.9 + 0.3 0;5 • 0.1 1.0 + 0.1 0.9 + 0.5 0.5 + 0.1 
16:0  15.4 + 2.2 22.7 • 0.6 21 .9  + 0.5 21.7 + 1.3 18.7 • 0 .4 
16:1 1.9 + 0.7 12.9 + 0.4 12.7 • 0.3 14.3 + 0.6 11.5 + 0.4 
17:0  0.9 + 0.2 0.9 + 0.1 0.9 • 0.1 1.8 + 0.9 0.9 + 0.1 
17:1 0.7 :~ 0.3 
18 :0  2 1 . 4  + 0 .3  7 ,9  • 0.5 5.8 + 0.2 10.8 • 0.3 6.2  • 0.0 
18:1 31.2 + 3.7 36.9 • 0.1 28.5 • 0.7 37 .3  • 0.3 29 .8  + 0.3 
18:2 10.5 + 0.9 6.5 • 0.3 14.2 • 1.4 4.8 + 0.8 15.2 • 0 .0 
18:3 0.9 :~ 0.4 0.7 • 0.1 1.0 • 0.3 0.5 • 0.0 1.2 • 0 .0 
2 0 : 0  0.9 • 0.3 0.8 • 0.2 Tr  0.9 • 0.1 
20:1  Tr  0.8 + 0.0 
20 :2  0.9.4- 0.5 0.6 • 0.2 0.9 • 0.3 0.6 + 0.6 
2 0 : 3  4.1 • 0 .4 0,9 • 0 .2 0.5 +- 0.5 0.5 • 0,0 0.5 • 0.0 
2 0 : 4  6,8 + 0.5 3.8 • 0.8 5.6 • 1.6 2.7 +- 0.1 6.3 :i: 0.1 
20 :5  0.6 ~ 0.1 0.6 • 0.5 0.7 • 0.7 0.8 • 0.1 1.9 +0.2 
22 :5  1.5 ~ 1.0 
2 2 : 6  1,7 • 0.1 
Sa tu ra tes  38.6 36.0 35,3 38.0 31.7 
Monoenes  33.8 50.9 42 .2  51.6 42 .8  
Polyenes  27 .0  13.1 22 .9  9.3 25 .7  

a L o g a r i t h m i c  phase o f  g rowth .  

bS t a t i ona ry  phase o f  g rowth .  

CNumber  o f  ca rbon  a t o m s  in acid:  n u m b e r  o f  doub le  bonds .  

dTr  = t race ,  < 0.5%. 

eRela t ive  pe rcen tages  o f  f a t t y  acid;  m e a n  • d i f fe rences  f r o m  the  mean .  

T A B L E  V 

Cons t i tuen t  F a t t y  Acids  o f  the  Phospha t idy l se r ine  F rac t ion  

L e a f h o p p e r  A edes aegypti 
Fa t ty  acid m e d i u m  Log  a Stat  b 

Aedes albopic tus 

Log a Stat  o 

14:0  c 1.0 • 0 .3 d 0.9 -+ 0.2 0.6 + 0.1 1.0 • 0.2 
15:0  0.7 • 0.3 Tr  e Tr  
16 :0  15.7 • 2 .4 5.7 +- 0.5 7 .4  + 0 .4  9.1 • 0.2 7 .0  • 0.7 
16:1 1.1 • 0.0 8.3 • 3.0 9.1 -+ 1.0 10.9 -+ 0.4 6.6 • 0 .3 
17 :0  1.2 • 0.0 Tr  0.8 • 0.1 0.6 • 0.0 
17:1 1.2 • 1.2 
18 :0  35.8 • 2.5 16.9 +,0.7 15.2 + 1.0 21 .0  -+ 1.6 10.5 • 0.5 
18:1 20 .9  • 1.5 59.7 • 0 .4 55.8 • 3.0 53.2 + 1.1 51 .4  • 2 .4  
18:2 3.0 • 0.2 3.5 • 0.7 6.6 • 0.3 2 .3  -+ 0.4 10.2 • 0.7 
18:3  0.6 • 0.1 Tr 1.3 • 0.6 t . 0  • 0,2 
2 0 : 0  2.6 0.8 1.8 • 0.6 1.3 + 0.1 1.1 • 0.2 2.4 • 0.1 
20 :1  Tr  Tr  0.9 • 0 .8  
2 0 : 2  Tr  1.4 • 0.0 
2 0 : 3  4.7 3.2 0.8 • 0.2 0.5 • 0.3 0.6 • 0.1 1.4 • 0.5 
2 0 : 4  7.1 0.7 0.7 • 0.7 1.1 • 1.0 0.8 • 0.0 4.2 _+ 0.6 
20 :5  0.6 + 0.6 1.6 + 0.2 
2 2 : 4  5.0 4.9 
Sa tu ra tes  57.0 24 ,4  25 .6  31.8 21.5 
Monoenes  23.2 68 .0  64.9 64.1 58.9 
Polyenes  20 .4  5,6 9.5 3.7 19.8 

a L o g a r i t h m i c  phase o f  g rowth .  

bS t a t i ona ry  phase o f  g rowth .  

CNumber  o f  c a r b o n  a t o m s  in acid:  n u m b e r  o f  double  bonds .  

dRela t ive  pe rcen tages  o f  f a t t y  acid; m e a n  • d i f fe rences  f r o m  the  mean .  

eTr  = t race ,  < 0.5%. 
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T A B L E  VI  

Cons t i t uen t  F a t t y  Acids  o f  the  Phospha t idy l inos i to l  F rac t ion  a 

L e a f  h o p p e r  ,4 edes aegyp ti 
F a t t y  acid m e d i u m  Logb  Stat  e 

A edes albopictus 

Log b Sta tc  

14 :0  d Tr  e Tr 
16 :0  1 0 . 4 •  6 . 1 •  
16 :0  1 . 5 •  5 . 2 •  
17 :0  1 . 4 •  
18 :0  3 3 . 5 •  7 . 1 •  
18:1 1 9 . 8 •  1 7 . 9 •  
18:2  3 . 0 •  5 . 7 •  
18 :3  2 . 3 •  Tr  
2 0 : 0  Tr 4 2 . 3 •  
2 0 : 2  Tr Tr  
2 0 : 3  6 . 3 •  8 . 2 •  
2 0 : 4  1 6 . 9 •  4 . 9 •  
20 :5  Tr 1 . 4 •  
2 2 : 4  0 . 7 •  
2 2 : 5  1 . 8 •  
2 2 : 6  0 . 8 •  
Sa tura tes  45 .3  55.5 
Monoenes  21 .3  23.1 
Polyenes  31.8 2 0 . 2  

0 . 8 •  f Tr 0 . 5 •  
8 . 0 •  1 0 . 0 •  5 . 7 •  
6 . 7 •  7 . 7 •  3 . 4 •  

7 . 1 •  1 0 . 9 •  5 . 8 •  
1 9 . 5 •  3 7 . 5 •  1 6 . 6 •  

9 . 1 •  5 . 9 •  8 . 6 •  
I . I  • 1.1 1 . 7 •  1 . 2 •  

3 1 . 5 •  1 3 . 0 •  3 6 . 2 •  
1 . 6 •  
5 . 6 •  4 . 8 •  8 . 4 •  
7 . 0 •  6 . 8 •  9 . 6 •  
2 . 2 •  1 . 7 •  3 . 9 •  

47 .4  33.9 48 .2  
26.2 45 .2  20 .0  
26 .6  20 .9  31.7 

a Inc ludes  ce r amide  p h o s p h a t i d y l e t h a n o l a m i n e  f rac t ion .  

bLogarithmic phase o f  g rowth .  

CStat ionary phase o f  g rowth .  

d N u m b e r  o f  c a r b o n  a t o m s  in acid:  n u m b e r  o f  doub le  bonds .  

eTr  = t race ,  < 0.5%. 

fRela t ive  pe rcen tages  o f  f a t t y  acid;  m e a n  • d i f fe rences  f r o m  the  mean .  

T A B L E  VI I  

Cons t i tuen t  Fa t ty  Acids  of  the  P h o s p h a t i d y l e t h a n o l a m i n e  Frac t ion  

L e a f h o p p e r  A edes aegyptT" 
Fa t ty  acid m e d i u m  Log  a Stat  b 

A ecles albopictus 

Log a Stat  b 

12:0  c 1.4 +- 0.1 Tr  e 
14:0  0.7 • 0.1 d Tr 3.0 • 0.1 
14:1 Tr Tr  
15:0  2.9 • 1.2 Tr 
16:0  7.7 -+ 0.0 18.6 -+ 0.6 19.6 + 2.2 
16:1 1.4 + 0.0 13.0 • 1.6 11.6 + 0.0 
17:0  1.1 • 0 .6 1.8 • 0.9 0.8 • 0.1 
17:1 1.0 • 0.1 
18 :0  19.8 + 0.2 7.0 • 0.1 5.2 + 0.1 
18:1 26 .8  • 1.1 44 .6  • 0 .6 39.9 • 1.4 
18:2  9.7 • 1.2 6.9 • 1.3 11.9 • 0.3 
18:3  0.7 • 0.5 Tr 0.6 • 0.6 
2 0 : 0  0.8 • 0 .0 1.7 -+ 0.5 1.3 • 0.2 
20:1  Tr  
20 :2  1.8 • 1.4 0.5 + 0.5 Tr  
2 0 : 3  2.9 -+ 0.9 0.5 + 0.2 Tr 
2 0 : 4  15.7 • 1.1 2.2 • 0.5 3.1 + 0.2 
2 0 : 5  0.9 • 0.9 1.0 +0.2 1.2 • 0.2 
2 2 : 4  1.4 • 0.3 
22 :5  4.1 -+ 1.7 
2 2 : 6  1.2 • 1.2 
Sa tura tes  33 .0  30.5 29 .9  
Monoenes  29 .2  57 .6  51.5 
Polyenes  38.4 11.1 16.8 

1 . 1 •  

1 . 2 •  
2 0 . 1 •  
1 1 . 1 •  

1 . 4 •  

7 . 3 •  
4 4 . 6 •  

5 . 1 •  
0 . 7 •  
4 . 4 •  

1 . 2 •  
1 . 6 •  
0 . 7 •  

35.5 
55.7 

9.3 

Tr 
3.1 -+ 0.2 

Tr 
Tr  

17.4 • 0.4 
9.9 • 0.2 
0.8 + 0.0 

5.8 • 0 .0 
40 .4  + 0.2 
1 3 . 2  + 0.0 

1.2 • 0 .0 
1.1 + 0.4 
0.7 • 0 .0 

0 . 5 •  
3 . 7 •  
1 . 6 •  

28 .2  
51.0 
20 .2  

a L o g a r i t h m i c  phase o f  g r o w t h  

b S t a t i o n a r y  phase o f  g r o w t h  

CNumber  o f  c a r b o n  a t o m s  in acid:  n u m b e r  o f  double  bonds  

dRela t ive  pe rcen tages  o f  f a t t y  acid;  m e a n  -+ d i f fe rences  f r o m  the  mean .  
eTr  = t race ,  < 0.5%. 
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amount of 18:1 acid with aging. 
Chain elongation of the fatty acids occurred 

in the lysophosphatidylcholine fraction as the 
cells aged. The average chain length of the acids 
in the other phospholipid fractions examined 
was approximately the same in the logarithmic 
and stationary phases of growth of the A. 
aegypti cells. 

The l y s o p h o s p h a t i d y l c h o l i n e  fraction 
showed an increhse in saturation from the loga- 
rithmic to stationary phase of growth. The 
phosphatidylcholine and phosphatidylethanola- 
mine fractions had an increase in the percentage 
of polyenes and the phosphatidylinositol frac- 
tion showed an increase in monoenes and 
polyenes as the cells aged. In the other phos- 
pholipid fractions analyzed, there were small or 
no changes in the amount of unsaturation of 
the fatty acids with aging of the cells. 

A. albopictus Cells: Fatty Acid Profiles 
From Logarithmic and Stationary Phases of Growth 

In the fatty acid profiles of the lysophospha- 
tidylcholine fraction (Table II). the A. albo- 
pictus cells have smaller percentages of 16:0 and 
18:0 acids and greater percentages of 18:2 and 
20:0 fatty ac.ids in the stationary phase in com- 
parison to the logarffhmic phase of growth. An 
increase in unsaturated fatty acids was observed 
by a 2 to 11% increase in total polyenes with 
aging of the cells. 

Changes occurred in fatty acid profiles of 
the ceramide phosphorylcholine fraction (Table 
III) with aging of the mosquito cells. A. albo- 
pictus cells had smaller amounts of 16:0, 18:0, 
and 24:1 fatty acids and larger amounts of 20:0 
acid in the stationary phase than were found in 
the logarithmic phase. As the cells aged, there 
was a 20 to 9% decrease in monoenes and an 
increase in chain elongation. 

The amounts of 18:2 and 20:4 acids became 
greater, and the amounts of 16:1, 18:0, and 
18:1 acids decreased in the fatty acid profile of 
the phosphatidylcholine fraction (Table IV) as 
A. albopictus cells aged. Results from the com- 
parison of the logarithmic and stationary phases 
of growth of the cells showed a 9 to 26% in- 
crease in polyenes, and the average chain length 
of acids increased with aging. 

There were decreases in the percentages of 
16:1 and 18:0 acids and increases in the per- 
centages of 18:2 and 20-carbon unsaturated 
acids in the fatty acid pattern of the phospha- 
tidylserine fraction (Table V) as the A. albopic- 
tus cells aged. The cells showed a 32 to 22% 
dec rease  in total saturated acids and an in- 
crease in polyenes of 4 to 20% with aging. 
There was an increase in the average chain 
length of fatty acids in the phosphatidylserine 

OF MOSQUITO CELLS 691 

fraction from the logarithmic to stationary 
phase of growth of the cells. 

In the fatty acid profile of the phospha- 
tidylinositol fraction (Table VI), cells in the sta- 
tionary phase had greater relative amounts of 
18:2, 20:0, and 20-carbon unsaturated acids 
and smaller amounts of 16:0, 16:1, 18:0, and 
18:1 than were observed in the logarithmic 
phase. There were increases from 34 to 48% in 
the amounts of saturated acids and polyenes (21 
to 32%),and a decrease of 45 to 20% in the 
amount of monoenes with aging of the cells. 

A. albopictus cells in the stationary phase 
had less 18:1 acid and more 18:2 acid in the 
fatty acid profile of the phosphatidylethanola- 
mine fraction (Table VII). The total amount of 
polyenes, 9-20%, was greater in the stationary 
phase. The average chain length of fatty acids at 
both stages of growth of the cells was approxi- 
mately the same. 

Comparison of Profiles of Fatty Acids 
of A. aegypti and A. A/bopictus in 
Logarithmic and Stationary Phases of Growth 

There were species differences in both 
phases of growth in the lysophosphatidylcho- 
line fraction (Table II). In the logarithmic 
phase, A. aegypti cells contained less 16:0 and 
18:0 and more 20:0 fatty acids than A. albopic- 
tus cells. In the stationary phase, A. aegypti 
cells had less 18:1 and 18:2 acids and more 
20:0 fatty acid than A. albopictus cells. A. 
aegypti cells had a larger amount of saturated 
acids and a smaller amount of monoenes in the 
stationary phase than A. albopictus cells. 

In tile ceramide phosphorylcholine (Table 
liD, species differences occurred in the logarith- 
mic phase of growth with A. aegypti cells hav- 
ing smaller percentages of 16:0, 24:0, and 24:1 
fatty acids and a larger percentage of 20:0 acid. 
Also, in the logarithmic phase, A. aegypti cells 
had a smaller amount of monoenes and a larger 
amount of saturated acids than A. albopictus 
cells. In the stationary phase of growth, A. 
aegypti cells had a smaller percentage of 16:0 
acid than A. albopietus cells. 

In the phosphatidylcholine fraction (Table 
IV) there was more 18:0 acid found in the log- 
arithmic phase of A. albopietus cells than in A. 
aegypti cells at the same growth phase. At the 
stationary phase, fatty acid profiles of the phos- 
phatidylcholine fraction of the two species 
were similar. However, there was some increase 
in average chain length of A. albopietus cells 
with aging. 

Fatty acid profiles of the phosphatidylserine 
fraction (Table V) showed A. aegypti cells hav- 
ing smaller percentages of 16:0 and 18:0 fatty 
acids and a greater percentage of 18:1 acid than 
A. albopietus cells in the logarithmic phase, and 
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smaller amounts of 18:2 and 20-carbon unsatu- 
rated acids and more 16:1 and 18:0 acids than 
A. albopictus cells in the stationary phase. A. 
aegypti cells contained a smaller percentage of 
saturated acids than A. albopictus cells in the 
logarithmic phase of growth. 

Species differences occurred in the logarith- 
mic phase of growth of cells in the phospha- 
tidylinositol fraction (Table VI). A. aegypti 
cells had less 16:0, 18:0, and 18:1 and more 
20:0 acids in the fatty acid profile than A. 
albopictus cells. A. aegypti ceils also contained 
more saturated acids and less monoenes at the 
logarithmic phase than A. albopictus cells at the 
same growth phase. 

In the phosphatidylethanolamine fraction 
(Table VII), fatty acid profiles of the two 
Aedes cells at either phase of growth were ap- 
proximately the same. 

Whenever changes in the amounts of 16:1, 
18:0, 18: 1, and 24:1 fatty acid occurred in one 
or several fractions of phospholipids, there was 
a decrease in the amount of these fatty acids 
with aging in both types of mosquito cells. 
When the amounts of 18:2, 20-carbon unsatu- 
rated, and 22:0 fatty acids changed in any frac- 
tion of phospholipid with aging of the mos- 
quito cells, the acids were found in larger 
amounts in the stationary phase. 

The lysophosphatidylcholine fraction of the 
A. aegypti cells showed an increase in amount 
of saturation of acids in the fatty acid profile as 
cells aged, whereas, the lysophosphatidylcho- 
line fraction of A. albopictus cells showed an 
increase in the amount of polyenes with aging 
of cells. The ceramide phosphorylcholine frac- 
tion from A. aegypti cells at both growth 
phases and from A. albopictus cells, stationary 
phase, contained approximately the same per- 
centages of saturated, monoene, and polyene 
acids. A. albopictus cells in the logarithmic 
phase had less saturates and more monoenes 
than the A. aegypti cells. The amount of poly- 
enes is < 2% in either cell at either growth 
phase in the ceramide phosphorylcholine frac- 
tions. In the phosphatidylserine fraction, the 
amounts of saturated acids monoenes, and pol- 
yenes were approximately the same at both 
growth phases in A. aegypti cells, but there was 
an increase in polyenes with aging of A. albo- 
pictus cells. There was an increase in monoenes 
and polyenes in the phosphatidylinositol frac- 
tion of A. aegypti cells with aging. Variations in 
the amounts of saturated acid, monoenes, and 
polyenes occurred in the fatty acid profile of 
the phosphatidylinositol fraction with small 
changes in total unsaturafion of the acids as A. 
albopictus cells aged. Phosphatidylcholine and 
phosphat idyle thanolamine fractions showed 

increases in polyenes in both Aedes cells from 
the logarithmic to sationary phase of growth. 

As A. aegypti cells aged, there was an in- 
crease in the average chain length of the fatty 
acid profile of the lysophosphatidylcholine 
fraction, but the chain length of acids remained 
about the same in the other phospholipid frac- 
tions analyzed. The average chain length of the 
fatty acids increased with aging of A. albopictus 
cells in all phospholipid fractions, except phos- 
pha t idy le thano lamine ,  which was approxi- 
mately equal at both stages of growth. 

Fatty Acid Profiles of Mosquito 
Cells and Growth Medium 

L ysophospha t idy lcho l ine  fraction. Fatty 
acid profiles of the lysophosphatidylcholine 
fractions are listed in Table II. In comparison 
with the growth medium, A. aegypti cells had a 
larger percentage of 16:1 fatty acid in the loga- 
rithmic phase, a smaller percentage of 18:1 in 
the stationary phase, and less 18:0 and more 
20:0 acids in both phases. A. albopictus cells 
showed more 16:0 and 16:1, and less 18:0 
fatty acid in the logarithmic phase, and less 
18:0, more 18:2 and 20:0 acids in the station- 
ary phase than were found in the medium. 

Ceramide phosphorylcholine fraction. Table 
III illustrates the fatty acid profile of the cera- 
mide phosphorylcholine fraction. A. aegypti 
cells, in both phases of growth, had smaller 
amounts of 16:0, 18:0, 23:0, 24:0, and 24:1 
fatty acids and larger amounts of 20:0 acid 
than were found in the leafhopper medium. A. 
albopictus cells, in both phases of growth, had 
smaller amounts of 23:0, 24:0, and 24:1 fatty 
acids and a larger amount of 20:0 acid than in 
the medium. In addition, A. albopictus cells 
after 2 days of growth had more 16:1 acid, and 
after 10 days of growth had smaller amounts of 
16:0 and 18:0 than were found in the medium. 

Phosphatidylcholine fraction. Fatty acid 
profiles of both species of mosquito cells at log- 
arithmic and stationary phases had larger per- 
centages of 16:1 acid and smaller percentages 
of 18:0 acid than the growth medium (Table 
IV). Aedes cells had smaller percentages of 18:2 
in the logarithmic phase and larger percentages 
of 18:2 in the stationary phase than the medi- 
um. A. aegypti ceils, at both growth phases, and 
A. albopictus cells, at the logarithmic phase, 
had larger percentages of 16:0 and smaller per- 
centages of 20-carbon unsaturated acids than 
the medium. 

Phosphatidylserine fraction. In comparing fatty 
acid profiles of the two mosquito cells with the 
growth medium (Table V), larger amounts of 16:1 
and 18:1 acids were found in the logarithmic and 
stationary phases, and also larger amounts of 
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18:2 acid were found in the stationary phase of 
the species. There were smaUer amounts of 
16:0 and 18:0 acids in both phases of growth 
of the 2 cells than occurred in the medium. In 
comparison to the medium, there were smaller 
amounts of 20-carbon unsaturated acids in both 
phases of growth of A. aegypti cells and in the 
logarithmic phase of A. albopictus cells. 

Phosphatidylinositol fraction. Fatty acid 
profiles of both Aedes cells, logarithmic and 
stationary phases (Table VI), differed from the 
leafhopper medium by having larger percent- 
ages of 18:2 and 20:0 acids, larger or a slight 
increase in 16:1 acid, and smaller percentages 
of 18:0 and 20:4 acids. In addition, A. aegypti 
cells, in the logarithmic phase, contained a 
smaller percentage of 16:0 acid than the medi- 
um. Also, A. albopictus cells in the logarithmic 
phase contained more 18:1 acids and in the 
stationary phase less 16:0 acid than the medi- 
um. 

Phosphatidylethanolamine fraction. Table 
VII shows fatty acid profiles of the phospha- 
tidylethanolamine fractions. Both species of 
mosquito cells had larger percentages of 16:0, 
16: 1, and 18:1 fatty acids and smaller percent- 
ages of 18:0 and 20:4 acids than found in the 
medium. A. albopictus cells at the logarithmic 
phase contained less 18:2 acid and at the sta- 
tionary phase contained more 18:2 acid than 
the medium. 

DISCUSSION 

Sphingolipids of Diptera have been found to 
be different from those found in mammals (8) 
Luukkonen, et al., (9) examined cultured A. 
albopictus cells and found the sphingophospho- 
lipid fraction composed of ceramide phospho- 
rylthanolamine and ceramide phosphorylcho- 
line. Yang and co-workers (17) investigated the 
sphingophospholipids of species of Aedes and 
Culex mosquito cells grown in ceil culture. Two 
components of the sphingophospholipids, cer- 
amide phosphorylcholine, and  ceramide phos- 
phorylethanolamine, were isolated and identi- 
fied. The unique fatty acid composition of 
sphingophospholipids and increases in the 
amount of the ceramide phosphorylcholine 
fraction with aging of cells may be associated 
with differences in metabolic functions of 
sphingophospholipids specific for each genus. It 
has been reported that sphingomyelin (ceram- 
ide phosphorylcholine) was not present in 
species of Diptera (8). The presence of ceram- 
ide phosphorylcholine could be characteristic 
of a certain genus of mosquitos and not of 
Diptera in general. 

Fatty acid composition of the various phos- 

pholipid classes of the mosquito cells differed 
from those found in insects and mammals when 
phosphatidylcholine was the major phospho- 
lipid (7). De Gier and van Deenen (18) reported 
the changing of fatty acid composition of mem- 
brane phospholipid could alter the permeability 
of the membrane. Diptera, with a different 
p h osphatidylcholine-phosphatidylet hanolamine 
ratio than other insects, could be used for 
further study of membrane permeability, other 
phospholipid function, and the role of fatty 
acid in phospholipid fractions. 

There was some tendency for A. albopictus 
cells to show greater changes in fatty acid com- 
position than A. aegypti cells from logarithmic 
to stationary phases of growth. Whether the 
changes were due to species differences of fac- 
tors in selecting the exact phase of development 
of cells had not been shown. 

There is no doubt that the mosquito cells 
can synthesize their own phospholipids, be- 
cause the medium and the mosquito cell fatty 
acid profiles of the phospholipids differed 
greatly. 

Increases in the chain length of long chain 
fatty acids, when observed, were found in the 
older cells. An investigation of the activity of 
chain elongating enzymes of fatty acids should 
be examined to correlate such activity with 
aging of cells. This may be an attempt of the 
cell to stabilize its cell membrane. Mammalian 
cells we have used do not show the same magni- 
tude of results. The reason for cell death in 
arbovirus infection in mammalian cells versus 
the increase in time it takes to kill mosquito 
cells may be associated with capacity of the 
mosquito cell to repair its lipid membranes 
more rapidly than mammalian ceils with aging. 

It is apparent also that studies of fatty acid 
analyses of mosquito cell profiles must be per- 
formed at different stages of cell development 
to be meaningful, because a variety of profiles 
can be observed which is dependent on the age 
of the cell. Further, age of these cells may be 
associated with differences in cell susceptibility 
and yield of arboviruses. 

Although there were some differences found 
in the patterns of the fatty acids of the phos- 
pholipid fractions between the two species of 
mosquito cells in this study, it is doubtful if 
these could be used as a means of identification 
of species. 
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Furanoid Fatty Acids from Fish Lipids 1 
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ABSTRACT INTRODUCTION 

Fatty acids, recently reported as con- 
st i tuents of  certain fish lipids, were 
identified to be derivatives of furan 
(furanoid fish fatty acids). 12,15-Epoxy- 
1 3,14-dimethyleicosa-12,14-dienoic acid 
is predominant among the furan acids and 
is associated with bis-homologs in regard 
to chain length. Monomethyl acids, such 
as 12,1 5-epoxy-13-methyleicosa-12,14- 
d i e n o i c ,  are  present in appreciable 
amounts. The structures were concluded 
from oxidative degradations, from mass 
spectrometry of methyl esters of  the 
novel acids and fatty acids derived from 
them by opening the ring, and from 
nuclear magnetic resonance, infrared, and 
Raman spectra. The results from chemical 
p r o c e d u r e s  and  f rom spectrometric 
methods were in agreement with those 
obtained with authentic methyl 9,12- 
epoxyoctadeca-9,11-dienoate. The num- 
ber of substituents at the furan ring 
greatly influences hydrogenation, hydro- 
genolysis, and hydrolysis reactions of the 
ring. 

1 Scientific Journal Series 9154, Agricltural Exper- 
iment Station, University of Minnesota, St. Paul, MN 
S 5101; Hormel Institute Publication No. 749. 

A new series of fatty acids recently has been 
discovered by Glass and coworkers (1) as con- 
stituents of lipids from northern pike (Esox 
lucius) and other fish species. They are found 
primarily in the liver and testes lipids, and wide 
seasonal fluctuations of  their amounts have 
been observed. For example, at spawning time 
of  northern pike in early spring, the new acids 
are <5% of all acyl moieties in liver lipids, but 
they may reach levels of 65% in testes lipids. 
However, in late fall, they have been found in 
amounts up to 25% of the acids in the total 
liver lipids, where they may represent >90% of 
the acids bound in cholesteryl esters. 

Altogether, eight memebers of the new series 
of acids have been detected so far. Their simi- 
larities in thin layer chromatography (TLC), gas 
liquid chromatography (GLC), and mass spec- 
t rometry (MS) indicated close structural rela- 
tionships (1). It now has been established that 
they have a furan ring in common and it is 
expedient to use the term furanoid fatty acids 
for them, abbreviated F 1 to F 8. Abbreviations 
previously used (1), P or PMFA for pike or pike 
male fatty acids, respectivety, are too narrow, 
as these acids have since been detected in many 
other fish and, at low levels, in some female 
specimens (Glass, et al., unpublished data). A 

TABLE I 

Structures of Furanoid Acids from Fish 

HOOC-(CH2)m [ ~  O ~  (CH2)n-CH3 

R1 R2 

Empirical 
Compound a formula m n R 1 R2 

F 1 C 18H3003 8 2 CH 3 CH3 
F 2 C19H320 3 8 4 CH 3 H 
F 3 C20H3403 8 4 CH 3 CH3 
F 4 C20H3403 10 2 CH 3 CH3 
F5 C21 H3603 10 4 CH 3 H 
F 6 C22H3803 10 4 CH 3 CH3 
F7b C23H40 O3 12 4 CH3 H 
E 8 C24H4203 12 4 CH 3 CH3 

Reference c C 18H3003 7 5 H H 

aThe esters are numbered in the sequence of gas liquid chromatography retention times. 
bR 1 = CH 3 is suggested for F 7 by inference from F 2 and F 5. 
c9,12-Epoxyoctadeca-9,11-dienoic acid, semisynthetic from ricinoleic acid (3). 
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furanoid fat ty  acid also has been described 
from Exocarpus cupressiformis seed oil (2). 

The furanoid acids, F1 to F8, represent a 
homologous series, with F3 and F 4 being iso- 
mers. F 6 was the predominant  furanoid acid in 
all materials and was used in most of the struc- 
ture investigations. The formula of  this acid, 
C22H3sO3, had been verified by high resolu- 
t ion MS, and elemental analysis was in agree- 
ment (1). According to the results, the new 
fat ty  acids from fish lipids contain a furan ring 
with 3 or 4 substituents. Specific structures as 
listed in Table I are proposed for F 1 to Fs .  For  
example, furanoid fish acid F 6 is 12,15-epoxy- 
13,14-dimethyleicosa- 12,14-dienoic acid. 

EXPERIMENTAL PROCEDURES 

Thin Layer Chromatography 

Thin layer chromatography (TLC) was car- 
ried out on layers of Silica Gel H (E.C. Merck, 
D a r m s t a d t ,  Germany) with hexane:diethyl  
ether:acetic acid (85:15:1)  as developing sol- 
vent. In argentation chromatography,  the ad- 
sorbent contained 5% AgNO3. The plates were 
activated at 110 C for 16 hr. 

The mixture of F esters, as well as pure F 6 
and pure F s esters, gave, with 50% H2SO 4 + 
K2C207,  a red color on the chromatograms 
which appeared sooner than the red color of 
cholesterol or its esters. The semisynthetic ref- 
erence compound,  9,12-epoxyoctadeca-9,11- 
dienoate (3), gave a yellow-orange stain prior to 
charring. 

Gas Liquid Chromatography 

Gas liquid chromatography conditions were 
(a) for analysis of fat ty acid methyl esters and 
fat ty  alcohol acetates or tr imethylsi lyl  ethers: 
10% Silar 10C on Gas Chrom Q, 100/120 mesh 
(Applied Science Labs, Inc., State College, PA), 
in an aluminum column, 3.2 mm internal diam- 
eter (ID) and 240 cm long, at 190 C; (b) for 
preparative separation of F methyl esters: 6% 
SE-30 (Fisher Scientific Co., Chicago, IL) on 
Chromosorb W 60/80 mesh (Johns Manville, 
Celite Division, New York, NY), in a column, 
7.9 mm ID and 180cm long, at 212 C; (c) for 
analysis of  short chain monoesters: as for fat ty 
acid methyl esters, but at 105 C; (d) for analy- 
sis of diesters: 15% HI-EFF-2BP (ethylene 
glycol succinate) on Gas Chrom P, 100/120 
mesh (Applied Science Labs) in a column, 
3.2 mm ID and 180 cm long, at 180 C. 

Furanoid Fish Acid Methyl Esters 

According to previously described proce- 
dures (1), lipids were extracted from tissues in a 
Waring Blendor by chloroform:methanol  (2: 1) 

and recovered as usual. Alkaline methanolysis 
yielded the methyl esters which were subjected 
to hydrogenation in chloroform for 20 min by  
H 2 at atmospheric pressure with PrO2 catalyst. 
Under these conditions, only the common fat ty  
acid methyl esters were hydrogenated,  and they 
were removed by crystallization as urea com- 
plexes (1). GLC and MS showed that F methyl 
esters were not changed by these procedures. 
Unsaturated straight chain fat ty  esters also can 
be removed by argentation-TLC, where the F 
esters migrate closely behind saturated fa t ty  
esters which are in the mixtures. 

Individual F esters were obtained by GLC 
after the above purification or enrichment. 
Minor amounts of saturated straight chain es- 
ters  did not interfere with GLC of the F esters. 
However, F3 and F4 methyl esters have similar 
retention times so that  their preparative separa- 
tion was not efficient. 

A reference compound,  methyl 9,12-epoxy- 
octadeca-9 ,11-dienoate ,  was prepared from 
ricinoleic acid according to published proce- 
dures (3). 

Hydrogenations 

Hydrogenation of F6 methyl ester with 10% 
Pd on charcoal (ICN-K&K Laboratories, Inc., 
Plainview, NY) in chloroform yielded a product  
which had, in TLC, an approximate Rf value of 
0.6. However, GLC indicated that this was a 
mixture of at least two compounds,  I and II, in 
about equal amounts. They emerged as well 
separated peaks with equivalent chain length 
(ECL) values (4) 24.2 (I) and 25.7 (II) on Silar 
10C, while the F 6 ester had ECL 24.8. MS in- 
dicated the uptake of 4 H for each fraction, and 
their fragmentation patterns were not distin- 
guishable. Therefore, te t rahydro F6-I and II 
must be stereoisomers, but  each of them may 
still represent a mixture of stereoisomers. When 
hydrogenating F 6 methyl  ester with PrO2 
(Engelhardt Industries, Inc., Chemical Division, 
Newark, NJ) in acetic acid, the ratio of I and II 
was greatly changed in favor of the latter, so 
that te trahydro F6-I represented <5% of the 
hydrogenated product .  

Hydrogenation of F 5 ester and of  the lower 
homologs with Pd on charcoal in chloroform 
yielded a mixture that was analogous in TLC, 
GLC, and MS to the mixture of isomers ob- 
tained from F6 ester. However, hydrogenation 
of F5 ester with PtO2 in acetic acid yielded a 
more complex mixture which could be frac- 
t ionated by TLC. A rapidly migrating fraction, 
Rf 0.6, consisted according to GLC and MS of 
stereoisomers as had been encountered in 
hydrogenation of F 6. A slow migrating frac- 
tion, Rf 0.3, represented about half of the 
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product  from hydrogenation of  F 5. This Rf was 
very close to that of  12-hydroxystearate.  

Hydrogenation of the reference compound,  
9,12-epoxyoctadeca-9,11-dienoate,  with the Pd 
catalyst under nonacidic conditions,  led to the 
product  of Rf 0.6, which, according to GLC, 
consisted of isomers, EeL  22.1 and 22.5. 
Hydrogenation of the compounds with PrO2 in 
glacial acetic acid yielded mainly the slow 
migrating TLC fraction, Re 0.3, but some tetra- 
hydrofuranoid ester, Rf 0.6, also was formed. 

The saturated compound,  9,12-epoxyocta-  
decanoic acid, also was prepared directly from 
9,12-dihydroxystearic acid by cyclization (3) 
and its methyl ester had the expected Re 0.6. 
GLC indicated that  the product  was a mixture 
of esters similar to  that obtained from 9,12- 
epoxyoctadeca-9,11-dienoate by hydrogenation 
with Pd. Mass spectra of  the te t rahydro com- 
pounds obtained by the different routes w e r e  

identical. 

Oxidative Degradations 

Methyl esters of F4, Fs ,  Fd,  and the refer- 
ence compound were oxidized by O3-H202 as 
described for olefinic straight chain fat ty  esters 
(5), but they were exposed to ozone twice as 
long as necessary for reaction with common 
olefinic fat ty  esters. The products were recov- 
ered by cautious removal of H202 and solvents, 
and then were esterified with diazomethane or 
diazobutane (6) before analysis by GLC and 
MS. 

The same esters, as well as te t rahydro Fd-I 
p lus  II and 9,12-epoxyoctadecanoate were 
oxidized by CrO3 in glacial acetic acid (7) for 
16 hr at room temperature.  Excess oxidant was 
destroyed by NaHSO3, and the resulting acids 
were recovered and esterified for analysis as in 
the foregoing. 

Conversion of Tetrahydro F to Alkanoic (F') Acids 

Ca. 50 mg of te t rahydro F6 methyl  ester 
consisting mainly of isomer II or 50 mg of the 
corresponding mixed te t rahydro F 1.6 esters, Rf 
0.6, was dissolved in 3 ml absolute ethanol and 
treated with a stream of purified HBr at 0 C by 
bubbling the gas through the solution (8). After 
at least 6 hr under saturation conditions at that 
t empera tu re ,  the material was poured on 
crushed ice, and the lipid was extracted. TLC 
revealed two major spots, Rf 0.6 consisting of 
original esters, and Rf 0.7 which is similar to 
that of straight chain fatty esters. Unreacted 
esters (ca. 35%) were recovered and treated 
again with HBr to increase the amount of 
product.  Fractions having Rf 0.7 were isolated, 
and elemental analysis of samples originating 
from both te t rahydro F 6 and from mixed tetra- 

H3COOC-(CH2) 10 -C/" O~'C-(CH2)4-CH3 
II II 
C ~  C 

~H 3 I CH3 

F 6 ester (Rf 0.7) 
H2/PtO2 I acetic acid 

Tetrahydro F 6 S I and II (Rf 0.6) 
HBr / ethanol 

Brominated esters (Rf 0.7) 
LiAIH4 I tetrahydrofuran~ 

Unsaturated alcohols (Rf 0.2) 
H2/PtO 2 [ methanol 

Saturated alcohol (Rf 0.2) 
CrO 3 [ acetic acid 

F' 6 acid 
CH2N 2 ~ diethyl ether 

F' 6 ester 

H3COOC-(CH2) 10"CH2"CH-CH-CH 2-(CH 2)4-CH3 
I I 
CH 3 CH 3 

SCHEME I. Reactions leading from methyl 12,15- 
epoxy - 13,14 - dimethyleicosa- 12, 14- dienoate (F6) to 
13,14-dimethyleicosanoate (F'6). 

hydro F esters showed a content of ca. 1.7 
Br/molecule. GLC of the residual te t rahydro F 6 
esters indicated that  the relative amount of 
isomer II had decreased considerably. 

Treatment of the brominated fractions with 
excess LiA1H 4 in refluxing te t rahydrofuran for 
4 hr (9) yielded mono- and dialcohols, accord- 
ing to Rf's in TLC. The monoalcohol  fractions 
were purified by TLC and did not contain any 
bromine. MS of aliquots as acetates and tri- 
methylsflyl (TMS) ethers showed that  they were 
u n s a t u r a t e d .  Hydrogenation with PtO 2 in 
methanol yielded the saturated fa t ty  alcohols. 

Oxidation of 10-15 mg alcohols with 16 mg 
CrO3 in 2 ml acetic acid for 7.5 rain at room 
temperature yielded fat ty  acids, F '  6 and F '1 .6 ,  
wh ich  were recovered and esterified with 
CH2N 2 (10) for purification by TLC. GLC 
showed for F'6 methyl  ester E e L  20.8. The 
range of EeLs  of the mixture F ' l - 6  was 17.1 to 
20.8. 

The sequence of reactions and intermediates 
which led for F to F '  esters is summarized in 
Scheme I with F 6 as example. 

Spectrometry 

MS was carried out  using an LKB-9000 
spectrometer,  when necessary in conjunction 
with GLC (1). 

NMR spectra were recorded with a Varian 
CFT-20 instrument (Varian, Inc., Palo Alto, 
CA) equipped for proton observance at 80 
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FIG. 1. Mass spectra of methyl 12,15-epoxy-13,14-dimethyleicosa-12,14-dienoate (F6); its product of hydro- 
genation, 12,15-epoxy-13,14-dimethyleicosanoate (tetrahydro F 6 isomer II); and authentic reference esters, 
9,12-epoxyoctadeca-9,1 l-dienoate and 9,12-epoxyoctadecanoate.  

MHz. Spectra were obtained on 5-10 mg sam- 
ples dissolved in CDC13 at ambient tempera- 
ture. Signals are reported in reference to TMS. 
Varian CFT-20 and XLFT-100 instruments 
were used for recording natural abundance 13 C 
NMR spectra at 20 and 25.2 MHz, respectively, 
using CDC13 solutions. 

IR spectra were measured with a Perkin 
Elmer instrument Model 21 (Perkin Elmer 
Corp., Norwalk, CT) equipped with a NaC1 
prism. Samples were in the form of liquid film 
between NaC1 plates. 

UV spectra were taken with a Beckman 
DK-2 ra t io  r e c o r d i n g  spectrophotometer 
(Beckman Instrument Co., Fullerton, CA) using 
purified hexane as solvent. 

Raman spectra were obtained with a Laser 
Raman Spectrophotometer (Japan Electron 
Optics Laboratory, Tokyo,  Japan, JRS-SL) 
using the 4880 A exciting line from an argon 
ion laser. Samples were placed neat in a sealed 
capillary tube. 

Optical rotation was not detectable with a 
mixture of F or with pure F 6 ester. 

R E S U L T S  

Degradation of F 6 and of F5 methyl esters 
by O3-H202 and subsequent procedures yield- 

ed dodecanedioate and hexanoate. Accordingly, 
these compounds have a CI 1 chain with a ter- 
minal carboxyl group, a C5 chain with a ter- 
minal methyl group, and double bonds between 
C-12 and C-13 and between C-6o6 and C-co7. 

Degradation of F6, Fs,  and F 4 methyl esters 
with CrO 3 and subsequent procedures yielded 
from each, dodecanedioate plus undecanedioate 
in ca. equal amounts. F 6 and F 5 also yielded 
hexanoate plus pentanoate. The anticipated 
smaller fragments from F 4 were not identified. 
Apparently, oxidation proceeds not only at 
C-12, but also at C-11, and the same applies to 
C-w6 and C-w5. 

A mixture of tetrahydro F6-I plus II methyl 
esters yielded with CrO3 the same homologous 
pairs of  fragments in relative amounts similar to 
those obtained from nonhydrogenated F 6. The 
identical oxidation products from F 6 and tetra- 
hydro F 6 indicate that, besides a double bond, 
an additional function is located on C-12 and 
on C-co6 which leads to oxidation and partial 
loss of these C atoms. 

The reference compound was oxidized by 
the same methods and yielded with O3-H202,  
nonanedioate and heptanoate, whereas, with 
CrO3, nonanedioate plus octanedioate and 
heptanoate plus hexanoate were obtained. The 
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FURANOID FATTY ACIDS FROM FISH 

TABLE 1I 

Characteristic Ions in Mass Spectra of F a and Tetrahydro F Methyl Esters b 
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Molecular M{alkyl~C Furan 
Compound ion M -(alkyl) ~,~st er/  fragment 

F 1 308(15.5) 279(15.8) 151 
F 2 322(17.9) 265 (7.4) 165 
F 3 336(23.0) 279(34.5) 179 
F 4 336(19.2) 307(22.7) 151 
F 5 350(21.8) 293 (8.2) 165 
F 6 364(25.0) 307(31.8) 179 
F 7 378(23.8) 321 (8.1) 165 
Flq 392(28.2) 335(27.7) 179 

Referenced 308(23.0) 237(20.3) 165 
Tetrahydro FS-II 354 (0.3) 283(17.4) 155 
Tetrahydro F6-I 368 (0.3) 297(26.8) 169 
Tetrahydro F6-II 368 (0.4) 297(23.3) 169 
Tetrahy dro- 

r e f e r e n c e l + l l  e 312 (0. I) 227(40.5) 155 

123(10.7) 
109(14.6) 
123(18.3) 
123(12.4) 
109(14.1) 
123(16.2) 
1o9(18.0) 
123(2o.7) 
95(46.0) 

aFor structures, see Table I. 
bValues in parentheses are intensities 
CBase peak. 
d9,12-Epoxyoctadeca-9,1 l-dienoate. 
e9,12-Epoxyoctadecanoate. 

as percentages of base peaks. 

results are in agreement with the foregoing 
interpretations. 

The oxidations of F 6 and F5 accounted for 
16C  atoms as members of two aliphatic 
straight chains, including a carboxyl group. 
Specific reagents for carbonyl groups failed to 
identify the third O atom, and spectrometric 
methods did not indicate the presence of a free 
hydroxyl group. However, similarities in the 
mass spectra of F, tetrahydro F, and the re- 
spective reference esters made likely the pres- 
ence of a furan ring, which would account for 
this oxygen. Pertinent spectra are shown in 
Figure 1. 

The oxygen in the unsaturated ring exerts a 
stabilizing effect which leads to a pronounced 
molecular ion peak and virtually eliminates 
peaks characteristic of straight chain methyl 
esters. Allylic cleavage of the alkylcarboxyl 
chain leads to the base peaks, m/e 165 (M-143) 
of 9,12-epoxyoctadeca-9,11-dienoate and 179 
(M-185) of F 6 ester. Allylic cleavage of the 
alkyl chain gives m/e 237 (M-71) from the 
reference and 307 (M-57) from F 6 ester. A 
metastable peak, 258.9 of F6, confirms the 
interpretation. 

The reference compound shows a peak at 
m/e 95 which also has been reported for the 
identical methyl ester from Exocarpus cupres- 
siformis (2). The fragment originates from the 
furan ring by cleavage of both allylic positions 
with H rearrangement and equivalent peaks for 
F 5 and F 6 esters are found at m/e 109 and 123. 
The increments of 14 units suggest for F 5 one 
methyl and for F 6 two methyl or one ethyl 

substituent of the ring. 
Upon hydrogenation, cleavage next to the 

ring becomes prominent. The reference ester 
gives the base peak m/e 155 (M-157) by elimi- 
nation of the alkylcarboxyl chain and the peak 
227 (M-85) by elimination of the alkyl chain. 
The respective peaks from tetrahydro F 6 ester 
are m/e 169 (M-199) and 297 (M-71). 

These and corresponding MS data with in- 
tensities are listed in Table II for all F com- 
pounds. The results are in accord with those 
from chemical degradations. 

The alkanoate F'  6 was obtained from tetra- 
hydro F 6 by treatment with HBr and subse- 
quent reactions to confirm the foregoing de- 
ductions and to characterize the substituents. 
The molecular ion m/e 354 of F '  6 methyl ester 
shows that all C atoms have been retained. The 
fragmentation is typical for methyl branched 
fatty esters. Peaks at 213, 214, 241, 242, and 
269, and barely detectable peaks at 227 and 
255, indicate a chain with methyl branches at 
C-13 and C-14. This structure is confirmed also 
by the characteristic ions at 209 (241-32), 191 
( 2 4 1 - [ 3 2 + 1 8 ] ) ,  237 (269-32), and 219 
(269-[32+18]) (11). The spectrum of F' 6 
pyrrolidide (12) shows large peaks at 252, 280, 
and 308 with very small peaks at 266 and 294, 
which again indicates methyl branches at C-13 
and C-14. 

To obtain such information for other F es- 
ters, a mixture of FI_ 6 was converted into 
F'1. 6 esters, which then were subjected to 
GLC-MS. As expected, the peak for F' 6 of this 
mixture gave a mass spectrum identical to that 
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of F' 6 derived from pure F 6 ester. The frag- 
mentation patterns of F ' I ,  F '3,  and F' 4 are 
very similar to that of F' 6. It can be concluded 
that F'  1 and F' 3 have two methyl group,s, one 
located on C-11 and one on C-12; F 4 has 
methyl groups on C-13 and 14. In the spectrum 
of F 's ,  only the peak m/e 227 is missing, while 
large peaks appear at 241, 209 (241-32), and 
191 (241-[32+18]). This indicates one methyl 

at C-13. The spectrum of F',2 conforms group 
with the pattern exhibited by F s, but the 
methyl group is at C-11. The methyl substi- 
tuents are placed accordingly at the furan ring 
of the structures listed in Table I. Further con- 
firmation of the substituted furan structures is 
found in other spectral data. 

The proton NMR spectrum of methyl 
9,1 2-epoxyoctadeca-9,1  1-dienoate shows a 
single peak at 5.8 ppm which can be assigned to 
the olefinic protons in ring positions 3 and 4. 
This signal appears also in F s ester at 5.7 ppm, 
but is not found in F 6 ester, where the ring is 
tetrasubstituted. The protons of the methyl 
groups on the unsaturated ring in F s and F 6 
cause a singlet at 1.8 ppm. After hydrogenation 
with Pd, the methyl signals overlap with those 
of the terminal methyl group in the 0.8 ppm 
region. Protons next to an ether bond are re- 
vealed in 9,12-epoxyoctadecanoate and tetra- 
hydro F6-! plus II esters by signals in the region 
of 3.8 ppm which are close to and partially 
obscured by the methoxy signal at 3.7 ppm. 
Reference and unsaturated F 6 esters do not 
show absorption in the 3.8 ppm region. The 
methylene protons next to the furan ring cause 
a triplet at 2.6 ppm in the spectrum of the ref- 
erence ester and at 2.5 for F s and F 6. All com- 
pounds discussed in the foregoing also show the 
triplet for the methylene next to the ester 
group at 2.3 ppm. 

Chemical shifts in the proton-decoupled 13C 
NMR spectra also agree with the structures 
proposed. The pertinent features are a signal at 
5(ppm) 154.4 for ring C-2 and C-5, and at 
104.6 for ring C-3 and C-4 for the reference 
methyl ester; corresponding to them are ~ 148.7 
and 114.8 in F 6 methyl ester. F 6 ester also 
shows a signal at 58.5 for the methyl substitu- 
ents at ring C-3 and C-4. Other shifts are as 
expected for fatty acid methyl esters and are 
not listed here. 

The IR spectrum of 9,12-epoxyoctadeca- 
9,11-dienoate shows strong sharp peaks at 
770 cm -1 (out-of-plane deformation vibrations 
of the ring [13]) and 1010 cm -1 (ring breathing 
[ 13]). They are found with 2,5-dimethylfuran 
(14) and several other 2,5-dialkylfurans (15). 
The trisubstituted ring of F5 shows weaker 
peaks at 785 cm -1 and 1025 cm -1, but such 
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peaks are absent from the spectrum of the 
tetrasubstituted ring of F 6. 

Symmetrical and asymmetrical C=C stretch- 
ing vibrations appear at 1565 and 1610 cm-1 
for the model compound. These frequencies are 
raised to 1570 and 1630 for Fs and to 1590 
and 1645cm -l for F6, suggesting increased 
double bond strength with additional substitu- 
tion. 

The frequency of the C-O stretching vibra- 
tion of ethers normally is near 1100 cm -l ,  and 
it appears as a strong peak in the hydrogenated 
reference and F esters. Adjacent double bonds 
shift this peak near 1250 cm-1, where it is in 
the range of the methoxy absorption. The peak 
is recognized without interference when the 
ester group of F 6 is reduced to an alcohol by 
LiA1H4, and to a methyl group by further re- 
duction with LiA1H4 of the derived methylsul- 
fonate (16,17) (not described in the Experi- 
mental Procedures section). Other parts of the 
molecule are not changed by these reactions. 

The UV spectrum of F 6 has a maximum at 
227 nm, molar absorptivity 7400. The refer- 
ence compound shows the absorption maxi- 
mum at 2 2 2 n m ,  molar absorptivity 8990. 
Several substituted furans have been reported 
to absorb between 222 and 227 nm with molar 
absorptivities between 6000 and 8000 (18,19). 

The Raman spectra of the reference, F s and 
F 6 esters, show absorption at 1752, 1575, and 
1598 for double bonds. Absorption at 3120 nm 
indicates olefinic protons in the reference and 
Fs esters, but is missing in F 6 ester. These 
bands are not observed with hydrogenated 
materials. 

DISCUSSION 

The furan ring is the characteristic feature of 
the newly identified fatty acids (Table I). The 
double bonds of the ring are distinct from ole- 
finic bonds by their aromatic character. They 
are more resistant to hydrogenation, and selec- 
tive saturation of olefinic bonds is possible in 
alkenylfurans (20-24). This difference can be 
used in separating the furanoid from the ac- 
companying straight chain olefinic fatty esters 
by hydrogenating the latter for subsequent 
separation in the form of urea complexes (1). 
Similarly, the aromatic character greatly dimin- 
ishes the interaction of the double bonds with 
silver ions so that furanoid fatty esters can be 
separated by argentation chromatography from 
the common unsaturated fatty esters. They 
then are to be fractionated only from the sat- 
urated esters originally present. 

The reactivity of the furan ring is modified 
by the number of alkyl substituents. Differ- 

LIPIDS, VOL. 10, NO. 11 



FURANOID FATTY 

ences become apparent when comparing re- 
actions of methyl 12,15-epoxy-13,14-dimethyI- 
eicosa-12,14-dienoate (F6) , of 12,15-epoxy-13- 
methy le icosa-12 ,14-d ienoa te  (Fs),  and of 
9,12-epoxyoctadeca-9,11-dienoate which served 
as reference compound. 

All furanoid fatty acid methyl esters can be 
hydrogenated in chloroform with Pd on char- 
coal to tetrahydrofuran compounds. When 
hydrogenating with PtO2 in acetic acid, F6 
yields the tetrahydro F 6 esters, but F s yields 
tetrahydro F s together with ca. equal amounts 
of  1 2(1 5 ) - h y d r o x y -  1 3-methyle icosanoate  
formed by hydrogenolysis of the ring. The ref- 
erence ester yields predominantly the product 
of  h y d r o g e n o l y s i s ,  9(12)-hydroxystearate. 
Hydrogenolysis of the furan ring is well known 
as a reaction which may be concurrent with, 
even  p r e d o m i n a n t  over ,  hydrogena t ion  
(20-22,25). In our examples, hydrogenolysis 
becomes the major reaction as the number of 
alkyl substituents at the ring decreases from 4 
to 3 and to 2. Similar observations were made 
in attempts to open the ring by hydrolysis. 

Opening the ring was important in the se- 
quence of reactions which led to identification 
and location of the substituents (Scheme I). 
9,12-Epoxyoctadeca-9,11-dienoate as well as 
9 ,12 -epoxyoc tadecanoa t e  were hydrolyzed 
readily by concentrated HC1 in dioxan and 
further reactions led from both starting mater- 
ials to methyl stearate with overall yields of 
25-60% (not described in the Experimental Pro- 
cedures section). However, the same conditions 
failed to hydrolyze F6 and FI_ 6 esters to any 
appreciable extent. 

Hydrogen bromide is a more effective re- 
agent for opening the tetrahydrofuran ring (26) 
and gave products from tetrahydro F esters in 
yields which made further reactions feasible. 
The reaction rate of HBr with tetrahydro F 6 
esters seems to be greater with isomer II than I. 
Mass spectra of these compounds do not  reveal 
any structural differences. Therefore, the dif- 
ferent reactivities cannot be explained by 
isomer I being a tetrahydropyran derivative, 
which would be more difficult to hydrolyze 
(27), but must be due to steric factors inherent 
to the substituted tetrahydrofuran ring. The 
product from tetrahydro F 6 and HBr seems to 
be a mixture of mono- and dibromo com- 
pounds. However, all bromine is eliminated in 
the  alcohols  obtained by reduction with 
LiA1H 4. 

The alcohols derived from F 6 contain, ac- 
cording to molecular ions in MS, one and two 
double bonds. Unsaturation may have been 
introduced by HBr when converting the tetra- 
hydrofuran ring into a monobromo compound 

ACIDS FROM FISH 701 

(28), but examples for dehydrohalogenation by 
metal hydrides, including LiA1H4, also are 
known (29,30). Hydrogenation of the alcohols 
is achieved easily and provides the saturated al- 
cohol which is prerequisite for oxidation to the 
fatty acid F'  6 and subsequent mass spectrom- 
etry as methyl ester or pyrrolidide. 

The series of fish furanoid acids which we 
are describing here probably will be further 
supplemented. For example, higher homologs, 
F 9 and F10, also a F 6 methyl ester with one 
additional double bond, are detectable in some 
materials by GLC-MS. When encountered, the 
amounts of such components are minimal. 

9,12-Epoxyoctadeca-9,11-dienoic acid from 
E. cupressiformis seed oil is the only natural 
furanoid fatty acid so far reported (2). It does 
not have methyl substituents and has the 
double bond closest to the terminal methyl 
group in 6o7 position, while the furanoid fish 
acids have methyl substituents and 6o6 or 6o4 
unsaturated structures. Disregarding their cyclic 
structure, the furanoid acids have a divinyl 
ether group. Two acids of such noncyclic struc- 
ture have been described as products from lino- 
leic and linolenic acids by action of Solanum 
tuberosum (potato tuber) lipoxygenase and 
sequential reactions (31,32). Methylated divinyl 
ether acids have not been reported from natural 
materials. 

Substitution of a 5-membered ring by an 
alkyl and an alkylcarboxyl chain is reminiscent 
of the structure typical for prostaglandins. A 
physiological role of the furanoid fish acids may 
be indicated by their preferential esterification 
to cholesterol and by the fluctuations in 
amounts which reach a maximum at the time of 
reproduction and are at a minimum after that 
period. It is of interest in this connection that 
physiological activity resembling that of some 
prostaglandins has been claimed for several 
synthetic 2-furan- and 2-tetrahydrofuranocta- 
noates having a variety of aliphatic substituents 
in position 5 of the ring (33,34). 

Similarly, the biosynthesis and catabolism of 
the furanoid fish acids presently are a matter of 
speculation. In regard to the biosynthesis, it 
seems significant that their unsaturation has 6o6 
or 6o4 structure. This may be due to precursors 
of linoleic-a)6 or 9,12-I6:26o4 type. However, 
cyclization of 1,4-dioxo compounds to furans is 
very common (35,36) and the co double bond 
of a F acid is not necessarily the same as in an 
unsaturated precursor fatty acid. The occur- 
rence of F acids substituted with one and with 
two methyl groups, but otherwise of equal or 
very similar structure, suggests separate methyl- 
ation steps in the course of their biosynthesis. 
However, a nonmethylated F acid, which one 
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might expect as an intermediate,  has not been 
found yet in fish lipids. Specific search for such 
and radioactive syntheses prerequisite for study 
of the metabolism and physiological role of F 
acids are under way. 
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Unsaturated C18 ~-Hydroxy Acids in Salvia nilotical 

M.B. BOHANNON and R. KLEIMAN, Northern Regional Research Laboratory, 
ARS, USDA, Peoria, Illinois 61604 

ABSTRACT 

The oi l  of  Salvia nilotica Jacq. 
(Labiatae) seed contains 0.6% (x-hydrox- 
yoleic, 4.2% 0e-hydroxylinoleic, and 5.4% 
a-hydroxylinolenic acids. The first two 
have not been found previously in seed 
oils. In addition to the common fatty 
acids, also identified were small amounts 
of three unsaturated C17 acids and one 
branched chain C17 acid. Methyl esters of 
the component fatty acids were fraction- 
ated by both column and thin-layer 
chromatography. These esters were iden- 
tified by combination of gas chromatog- 
raphy, GC-mass spectrometry, ozonolysis- 
GC, infrared, and nuclear magnetic reson- 
ance. 

INTRODUCTION 

Many oxygenated fatty acids have been re- 
ported as constituents of seed oil from a variety 
of plants. However, only a few acids with a 
hydroxyl group alpha to the carboxyl function 
have been reported as naturally occurring con- 
stituents in seed oils (1,2). 

When the methyl esters derived from Salvia 
nilotica Jacq. (Labiatae) were investigated, 
components that had structures similar to the 
a-hydroxylinolenic in Thymus vulgaris were 
found (1). In this paper we report the isolation 
and proof of structure for two new a-hydroxy 
acids, a-hydroxyoleic, and a-hydroxylinoleic, in 
addition to a-hydroxylinolenic acid. 

EXPERIMENTAL PROCEDURES 

Methyl esters were prepared with 10% boron 
trifluoride in methanol by the procedure de- 
scribed by Metcalfe, et al., (3). The esters were 
analyzed by gas liquid chromatography (GLC) 
and thin layer chromatography (TLC) (4). The 
nonoxygenated esters were separated from the 
oxygenated esters on a 25-ram internal diam- 
eter (ID) column packed with a slurry of 75 g 
Hi-Flosil support 60/200 mesh in 250 ml of 
20% ether in benzene. Before sample introduc- 
tion, 200 ml of 2% ether in benzene was passed 
through the column. Nonoxygenated esters 

1presented at the Second Annual National Confer- 
ence for the Professional Advancement of Black 
Chemists and Chemical Engineers, Washington, DC, 
April 1975. 

were eluted from the column with benzene; the 
oxygenated esters, with diethyl ether (5). 

The esters were fractionated according to de- 
gree of unsaturation by preparative TLC on 10 
X 36 cm plates coated with Silica Gel G con- 
taining 20% silver nitrate (6). Benzene was used 
as the developing solvent for the nonoxygena- 
ted esters and a 50:50 mixture of benzene and 
ether for the oxygenated esters. After develop- 
ment, all plates were sprayed with an alcoholic 
solution of dichlorofluorescein so that the 
bands could be observed under ultraviolet (UV) 
light. Each band, fractions I-IV [Table I] of the 
nonoxygenated esters and fractions A, B, and C 
of the oxygenated esters, was scraped from the 
plates and the esters were recovered with ether. 
The esters in fraction IV were fractionated ac- 
cording to chain length by preparative GLC on 
a 6 ft X 1/4 in. 5% LAC-2-R446 column. 

Infrared (IR) absorption was measured from 
carbon disulfide solutions in 1-mm NaC1 cells 
on a Perkin-Elmer Model 137 spectrophotom- 
eter. Optical rotatory dispersion (ORD) curves 
were recorded from a solution of the ester in 
either methanol or chloroform, or both, with a 
Cary Model 60 spectropolarimeter. Nuclear 
magnetic resonance (NMR) spectra were ob- 
tained from deuteriochloroform solutions of 
the samples containing 1% tetramethylsilane, as 
internal standard, with a Varian HA-100 spec- 
trometer. Ozonolysis-GC (7) was used to locate 
the sites of unsaturation in the nonoxygenated 
esters. The olefinic bonds in the oxygenated 
esters were determined by GC-mass spectrom- 
etry of methoxy derivatives (8). On these deriv- 
atives the original hydroxyl group, which did 
not enter into the methoxylation reaction, was 
silylated with bis(trimethylsilyl)-trifluoroace- 
tamide in acetonitrile and introduced into a Du- 
pont Model 21-492-1 mass spectrometer by a 
GC inlet system from a Packard 7401 gas 
chromatograph equipped with a 6-ft glass 
column packed with Dexsil 300 GC 9(0. The 
temperature of the column and of the source of 
the mass spectrometer was held at 200 C. The 
equivalent chain lengths (ECLs) of methyl 
esters and ozonolysis products were determined 
by GLC (6,10) on a Packard Model 7401. 
Tentative identification of these components in 
the fractions were based on their ECLs from 
two columns having dissimilar liquid phases 
(10). 

703 



7 0 4  M.B. BOHANNON AND R. KLEIMAN 

TABLE I 

Composit ion of  Mixed Esters and Isolated 
Fractions from Salvia nilotica 

Mixed 
Component  esters 

Fraction 

I II III IV A 

(% by gas liquid chromatography) 

C 

12:0 Tr f 0.I 
13:0 Tr 0.2 
14:0 Tr 0.2 
15:0 Tr 0.2 
15:1 . . . . .  
16:0 8.2 61.3 
16:1 0.1 --  
17:0 0.1 0.8 
17:0 a 0.1 1.1 
17:1 0.1 0.3 
17:2 . . . .  
17:3 0.4 --  
18:0 4.5 33.9 
18:1 10.1 0.7 
18:2 35.8 --- 
18:3 28.7 --- 
19:1 . . . . .  
20:0 1.0 1.6 
20:1 --- 0.2 
20:2 . . . . . .  
22:0 --- 0.3 

0.1 . . . . . . . . .  0.2 
Tr . . . . . . . .  0.2 
Tr . . . . . . . .  0.1 

Tr . . . . . . . . . . . .  
2.0 . . . . . .  1.0 0.2 
0.5 . . . . . . . . . . . .  
. . . . . . . . .  1.2 --- 
. . . . . . . . .  1.0 --- 
0.4 . . . . . .  0.5 --- 
- - -  0 . 8  - - -  0 . 3  - - -  

. . . . . .  2 . 3  . . . . .  

1.0 0.1 --- 0.4 0.2 
85.6 . . . . . .  0.3 0.1 

2.1 98.8 --- 0.2 0.1 
. . . . . .  95.7 1.3 0.3 
0.7 . . . . . . . . . .  
. . . . . . . . .  0.2 0.8 
1.6 . . . . .  0.2 0.5 
--- 0.2 --- 0.4 --- 

Unknown equivalent chain lengths 
R-446 APL 
12.4 --- 0.3 . . . . . .  
22.3 18.7 b 0.6 0.2 1.6 
23.8 18.7 c 4.3 0.3 2.4 
24.3 18.7 d 5.6 0.5 2.5 

--- 20.2 . . . . . . . . .  
--- 20.5 . . . . . . . .  

. k  

~  

~  

. . . . . . . . .  0.2 0.1 

. . . . . .  74.7 1.0 --- 
Tr Tr 14.2 96.0 2.6 
Tr Tr 0.4 Tr 95.2 

. . . . . . . .  1.0 --- 1.3 

. . . . . .  2.3 --- 0.6 

aA branch chain saturate.  
b~-Hydroxyoleic acid. 

C~-Hydroxylinoleic acid. 

d~-Hy droxylinolenic acid. 

eAPL = Apiezon L. 
fTr = trace. 

RESULTS AND DISCUSSION 

G L C  a n a l y s i s  o f  t h e  m i x e d  m e t h y l  e s t e r s  de- 
r i v e d  f r o m  t h e  seed  o i l  o f  Salvia nilotica re- 
v e a l e d  t h e  p r e s e n c e  o f  a t  l e a s t  4 u n u s u a l  c o m -  
p o n e n t s .  T w o  o f  t h e s e  h a d  E C L  va lues  
c o m p a t i b l e  w i t h  a - h y d r o x y l i n o l e n i c  a n d  
h e p t a d e c a t r i e n o i c  a c i d s  r e p o r t e d  b y  S m i t h ,  e t  

al . ,  (1) .  T L C  a n a l y s i s  o n  S i l i ca  Ge l  G p l a t e s  con-  
t a i n i n g  b o r i c  a c i d  s h o w e d  a m i g r a t i o n  p a t t e r n  
c o n s i s t e n t  w i t h  t h e  p a t t e r n  o f  n o n h y d r o x y  a n d  
h y d r o x y  es te r s .  T h e s e  e s t e r s  w e r e  s e p a r a t e d  ac- 
c o r d i n g l y  b y  c o l u m n  c h r o m a t o g r a p h y  (5) .  

I R  s p e c t r a  o f  t he  e s t e r s  e x h i b i t e d  n o  m a x i -  
m u m  b e t w e e n  9 0 0 - 1 0 0 0  c m  -1. T h e r e f o r e ,  no  

o l e f i n i c  b o n d s  w e r e  trans. 

Identification of Nonoxygenated Fatty Esters 

On t h e  bas i s  o f  G L C  d a t a ,  f r a c t i o n  1 is c o m -  

p o s e d  o f  96% n o r m a l  s a t u r a t e d  es te r s .  In  add i -  

t i o n ,  1% o f  t h e  f r a c t i o n  is a c o m p o n e n t  w i t h  

E C L s  o f  16 .7  ( A p i e z o n  L. c o l u m n )  a n d  16.6  

( L A C - 2 - R 4 6 6  c o l u m n ) .  T h e s e  E C L s  s u g g e s t  
t h a t  t h e  c o m p o n e n t  is a C17  fatty e s t e r  w i t h  an  
i so  s t r u c t u r e .  T h e  m a s s  s p e c t r u m  f r o m  t h i s  

c o m p o n e n t  s h o w s  a p a r e n t  i on  (M) a t  m / e  2 8 4 ,  

i n d i c a t i v e  of  a s a t u r a t e d  C17  m e t h y l  e s t e r ,  a n d  
o t h e r  f e a t u r e s  s i m i l a r  t o  t h e  s p e c t r u m  o f  m e t h -  

y l  h e p t a d e c a n o a t e ,  w h i c h  sugges t  t h a t  t h e  

b r a n c h  c h a i n  c o m p o n e n t  p r o b a b l y  has  a t e r -  

m i n a l  i s o p r o p y l  g r o u p  ( 1 1 ) .  

F r a c t i o n  II  c o n t a i n s  85% C18  m o n o e n e s  i n  
a d d i t i o n  t o  a s m a l l  a m o u n t  o f  a c o m p o n e n t  

t h a t  has  E C L s  c o n s i s t e n t  w i t h  t h o s e  o f  a C17  

m o n o e n e .  O z o n o l y s i s - G L C  (7)  o f  f r a c t i o n  II  

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

t e r i s t i c s  o f  a C8 a l d e h y d e - e s t e r  ( 8 A E ) ,  9 A E ,  
1 1 A E ,  and  C 9 a l d e h y d e  ( 9 A )  p r o d u c e d  f r o m  a 
m i x t u r e  o f  8 - 1 7 : 1 , 9 - 1 8 : 1 ,  a n d  1 1 - 2 0 : 1 ,  r e spec -  

t i ve l y .  
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ECLs of the major component in fraction III 
are identical to those of methyl linoleate; the 
remainder of that fraction was shown to be 
methyl heptadecadienoate. The major ozonoly- 
sis fragments observed from fraction III were 
8AE, 9AE, and 6A. These fragments established 
the parent esters as 8,11-17:2 and 9,12-18:2. 

The trienoic esters (fraction IV) exhibited 
ECLs consistent with those of methyl linolen- 
ate and norlinolenate (1). The trienes were 
separated according to chain length by prepara- 
tive GC before ozonolysis. Upon ozonolysis, 
the 17:3 ester yielded 8AE and the 18:3, 9AE. 
These fragments represent 8,11,14-17:3 and 
9,12,15-18:3. The short chain aldehydes and 
dialdehydes expected as ozonolysis products of 
the trienes are not observed under the ozonoly- 
sis-GLC conditions (7). The sharp triplet at 6 
0.96 in the NMR spectra from both the C17 
and C18 triene indicates they contain omega-3 
double bonds (12). 

Identification of the Oxygenated 
Fatty Esters 

ECLs of the esters in fractions A, B, and C 
(Table I) indicate that the major component in 
each is a hydroxy ester, differing only in degree 
of unsaturation. IR spectrum from each frac- 
tion exhibits prominent bands at 3550, 1265, 
1210, and 1110 cm -1. These bands are consis- 
tent with those of known a-hydroxy esters (1). 
NMR spectra revealed a signal at 6 4.1 (singlet) 
attributed to the methine proton and similar to 
that reported for t~-hydroxylinolenic acid (1). 
In addition, these structures were confirmed by 
the area of the olefinic signal at 8 5.3-5.4 (mul- 
tiplet). This area represented two protons or 
one double bond in fraction A, four protons or 
two double bonds in fraction B, and six protons 
or three double bonds in fraction C. Signals at 5 
2.3-2.4 representing a methylene group alpha to 
a carboxyl function were not observed. 

Mass spectra of the silylated a-hydroxy 
esters exhibit ions at M-15 (methyl), M-31 
(methoxyl),  M-43, and M-59, all of which are 
expected ions from silylated unsaturated mono- 
hydroxy esters (9). Also found is the ion at m/e 
161, which results from cleavage between C-2 
and C-3 (9). The molecular ions from the indi- 

vidual spectra were observed at m/e 384 for a 
fraction A, m/e 382 for fraction B, and m/e 
380 for fraction C; these ions corroborate NMR 
results that show the respective esters contain 
one, two, and three double bonds. 

The sites of unsaturation were defined by 
GC-MS of the silylated methoxy derivatives of  
these esters (8,9). The data shown in Figure 1 
indicate that each of the a-hydroxy acids is in 
the A9 series. The ORD analyses had the fol- 

o41(ydrq|falmat | nl �9 411 
0 OSiICH2tl OCH2 

11111.31 ~ 21I [ l l . I ]  11517.11 
313171.51 171 [Sl.I] 

a.iydr|xylia|l latl Ill = 441 
0 OSHCHIII I~CH3 |OH) 

11114.71 211111.2] 201111.01 31111.21 12|(43.|1 
3|2112,2] 117[I,4) 375[5.2] 11512|.4] 

a.Hf~ezTlinlmlall  II * 47|  
O 05 (CHill OCH~ OCa~ OCH1 
# I 1 k 

lit[4.$1 21|i).41 231(3.11 I|l[OJ 159[1~.71 43311] |TlTSTI 
302liT.6i 21712.11 llS(1.Y 145[10.$) 447'0.)) 12172.a) 

FIG. 1. Fragments from gas chromatography-mass 
spectrometry of sflylated methoxy derivatives of the 
unsaturated c~-hydroxy esters from Salvia nilotica 
esters. 

l o w i n g  characteristics:  a-hydroxylinolenate 
8125 _3.25 ~ ' [a]55o _3.75 ~ [ a ] 5 o o - 6 . 0 7  ~ , J589 

[C~]45 o -7.75 ~ [a]400 - 1 2 . 9  v (C. 0.0016 g/ml 
in methanol) ,  a-hydroxy-linolenate [a]58925 

-5.89 ~ , [a]550 -9.23 ~ , [a]5o o -12.9 ~ ' [a]450 
-17.0 ~ [a]4o 0 -24.3 ~ (c. 0.0016 g/ml in chlo- 
r o f o r m  a-hydroxyl inolea te  [a] 25 _6.9 ~ 

, 589 
[tx] 550 -8.4~ [a] 5o0 -11.85 ~ , [tx] 450 -15-6~ 
[a] 40o -23.0~ (c. 0.0016 g/ml in chloroform). 
The negative rotations observed for these acids 
are comparable to those reported by Smith, et 
al., (1) for a-hydroxylinolenic acid. No reliable 
ORD analysis of a-hydroxyoleic acid was made 
because the quantity of that component was 
insufficient. 
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Distribution of Cholesteryl Esters and Other Lipids in Subcellular 
Fractions of the Adrenal Gland of the Pig 

S.H.W. CMELI K and H. LEY, Department of Biochemistry, 
University of Rhodesia, Salisbury, Rhodesia 

ABSTRACT 

Total lipids from whole pig adrenal 
glands as well as from their mitochondria, 
microsomes, liposomes, and cell sap were 
extracted and fractionated first into neu- 
tral lipids and phospholipids. The highest 
percentage of neutral lipids was found in 
the cell sap, and the lowest in the micro- 
somal fraction. Neutral lipids were sub- 
fractionated into cholesteryl esters, free 
cholesterol, triglycerides, and free fatty 
acids. Cholesteryl esters were distributed 
throughout the liposomes. Free fatty 
acids represented a substantial part of cell 
sap lipids, but were present also in the 
mi tochondr i a ,  microsomes, and lipo- 
somes. Fatty acids of all fractions were 
analyzed by gas liquid chromatography. 
Free fatty acids and cholesteryl ester 
fatty acids from all cellular fractions were 
similar in composition and were charac- 
terized by considerable quantities of 
linoleic and arachidonic acid. Triglycer- 
ides were characterized by an increased 
percentage of palmitic and a low content 
of arachidonic acid. Phosphatidyl choline, 
phosphatidyl ethanolamine, diphospha- 
tidyl glycerol, and sphingomyelin plus 
phosphatidyl inositol were isolated from 
the  lipids by preparative thin layer 
chromatography, and their fatty acids an- 
alyzed by gas liquid chromatography. 
Phosphatidyl choline and phosphatidyl 
ethanolamine from mitochondria, micro- 
somes, and cell sap were very similar in 
respect of their fatty acid composition. 
Sphingomyelin plus phosphatidyl inositol 
was characterized by a high content of 
C22:2co6. Diphosphatidyl glycerol was 
present in mitochondria and in the cell 
sap. 

INTRODUCTION 

Work published in recent years (1-3) has 
shown large variations in total lipid and choles- 
teryl ester content in adrenal glands from vari- 
ous animal species. More recent work (4-6) has 
shed some light on the distribution of choles- 
teryl esters in the adrenal cells. It was estab- 
lished that cholesteryl esters were not only 

present in liposomes (7) but also in the mito- 
chondria, microsomes, and the cell sap. These 
findings considerably complicated attempts to 
explain the metabolism of cholesteryl esters in 
the adrenal gland. Because of the great variabil- 
ity from species to species with respect to cho- 
lesteryl esters, it seemed that a comprehensive 
picture about their role would have to be built 
from as much information as possible. To satis- 
fy this need, the present work on the pig adre- 
nal gland was carried out. 

MATERIALS AND METHODS 

Materials and Conditions 

These were described in previous papers 
(4-6). 

Animal Material 

Adrenal glands were obtained from the local 
abattoir. Animals were of the Landrace breed, 
7-month old baconers of mixed sexes with an 
average wt of 150 lb. Material was collected on 
ice and processed within 2 hr from the time the 
animals were slaughtered. After removal of the 
superficial fat, the average wt of the glands was 
2.2 g. Pooled samples of 10 glands were used 
for the extraction of the lipids. 

Preparation of Subcellular Fractions 

Mitochondria and crude microsomes were 
prepared as described previously (4,5). Lipo- 
somes were prepared from the supernatant after 
separation of the microsomal fraction. The 
cloudy part of the supernatant was siphoned 
off and spun in the rotor 40 of a Beckman 12 
ultracentrifuge at 100,000 x g for 2 hr. The 
fatty pellicle was removed mechanically and 
dissolved in chloroform: methanol (2:1 ). 

Extraction and Fractionation of Lipids 

The procedure for extraction and fractiona- 
tion of lipids was essentially the same as de- 
scribed previously (4-6). Preparative separation 
of phospholipids was carried out on one- 
dimensional Adsorbosil 5 thin layer chroma- 
tographic (TLC) plates (Applied Science Labo- 
ratories, State College, Pa.) using chloroform: 
methanol: water (65:35:4). 
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TABLE I 

Percent Composition in Various Cell Fractions from the Adrenal Gland of the Pig 

Cell Microsomal Cell 
homogenate Mitochondria fraction sap 

Fraction % (%) (%) (%) 

Chotesteryl esters 3.9 6.2 3.9 17.9 
Cholesterol 8.0 5.2 10.0 8.7 
Triglycerides 20.3 3.0 4.7 12.2 
Free fatty acids 3.3 5.1 7.6 26.5 
Phospholipids 64.5 80.5 73.8 34.7 

FIG. 1. Neutral lipids from various subcellular frac- 
tions of the adrenal gland of the pig on Silica Gel G 
d e v e l o p e d  in petroleum ether:ether:acetic acid 
(70:30:1). Detection of spots: 50% sulfuric acid and 
charring. 1, Cholesterol; 2, oleic acid; 3, neutral lipids 
from cell sap; 4, neutral lipids from the mitochondria; 
5, neutral lipids from the microsomal fraction; 6, 
glycerol trioleate; 7, cholesteryl palmitate; 8, methyl 
oleate. 

Gas Chromatography of Lipids 

F a t t y  acids were ana lyzed  as descr ibed  pre- 
viously (8). In  add i t ion ,  a 2 m c o l u m n  packed  
w i th  2.5% Silar 5 CP (App l i ed  Science Labora-  
tories,  S ta te  College, Pa.) was used. The  c o l u m n  
was o p e r a t e d  at  180 C and  a f low ra te  of  40  ml 
N2 /min .  F a t t y  acids were iden t i f i ed  b y  the  
c o m b i n e d  use of  r e t e n t i o n  t imes  of  s t andards  
relat ive to  m e t h y l  s teara te  and  the  c a r b o n  num-  
ber  values as desce ibed  by  W o o d f o r d  and  van  
G e n t  (9). 

RESULTS AND DISCUSSION 

Gas Chromatography of Fatty Acids 

The analysis  of  f a t t y  acids (FA)  f rom mi to-  
chondr i a l  and  m i c r o s o m a l  cho les te ry l  esters  re- 
vealed several fast  emerg ing  peaks  ind ica t ing  t he  
presence  of  F A  wi th  less t h a n  12 c a r b o n  a toms ,  
bu t  the  peaks  were  t o o  small  to  be  in tegra ted .  
Accura te  i den t i f i c a t i on  of  e icosad ienoic  acid 

FIG. 2. Total lipids from the liposomes of the pig 
adrenal gland. Development and detection of spots as 
in Fig. 1. 1, Phospholipids; 2, cholesterol; 3, free fatty 
acids; 4, triglycerides; 5, cholesteryl esters. 

f r o m  various f rac t ions  p roved  to  be  r a t h e r  diffi- 
cul t  because  of  t h e  smal l  d i f fe rence  in t h e  rela- 
t ive r e t e n t i o n  t imes  b e t w e e n  t h e  666 and  6o9 
isomers.  Docosad ieno ic  acid,  w h i c h  appea red  in 
all f rac t ions ,  a n d  r e p r e s e n t e d  a par t i cu la r ly  
large pe rcen tage  in some of  t h e  phospho l ip ids ,  
was t en ta t ive ly  iden t i f i ed  as C22:2606.  

Distribution and Composition 
of Neutral Lipids 

Whole  adrena l  glands c o n t a i n e d  54 mg  l ipids 
pe r  gram of  fresh tissue, of  wh ich  3.3% (1.8 
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TABLE III 

Percent Fatty Acid Composition of the 
Liposomal Lipids from the Adrenal Gland of the Pig 

Carbon number (%) 

C14:0 5.3 
C14:2 0.5 
C16:0 16.4 
C16:1 2.7 
C16:2 0.8 
C17:0 0.5 
C18:0 10.6 
C18:1 20.0 
C18:2 12.8 
C18:3to6 4.4 
C20:1to9 1.3 
C20:2to6 1.6 
C20:3t~6 5.7 
C20:4006 12.4 
C20:5co3 0.5 
C22:2co9 3.2 
C22:4to6 1.3 

mg/g fresh tissue) consisted of cholesteryl 
esters. This figure was considerably lower than 
figures given by Eberhagen and Jossiphov (1) 
for the cortex and medulla. Such variations 
could be explained by changes in physiological 
conditions and nutritional status (10). 

The distribution of cholesteryl esters and 
other lipids in the total lipids from various sub- 
cellular fractions is given in Table I (Fig. 1). It 
shows a high concentration of cholesteryl esters 
in the cell sap and smaller quantities in the 
mitochondr ia  and microsomal fraction. In 
terms of percentage of the total glandular 
lipids, these 3 cellular fractions comprised 94% 
of the total cholesteryl esters. Most of the unac- 
counted cholesteryl esters (0.1 mg/g fresh tis- 
sue) were found in the liposomal fraction, while 
a small quanti ty probably was present in the 
nuclei (11). The relative percentage figures were 
misleading if one thinks in terms of absolute 
quantities of various lipids in different parts of 
the cell. The highest yield actually was obtained 
from the microsomal fraction and the lowest 
one from the cell sap. 

The origin and metabolic role of the choles- 
teryl esters in the adrenal gland is still not com- 
pletely understood. It has been established ear- 
lier, on the basis of in vivo experiments, and in 
recent years with studies involving cell suspen- 
sions, that the metabolism of cholesteryl esters 
is under control of adrenocorticotropic hor- 
mone (ACTH) (10,12), and that they are pre- 
cursors of the corticosteroids (13-15). The 
question of why certain animal species, such as 
the elephant (5), produce enormous quantities 
of cholesteryl esters in the adrenal gland, while 
others like the bovine animals (7,16) produce 
very little or none at all, still remains open. 

AND H. LEY 

Fruhling, et al., (7) have been trying to corre- 
late the quanti ty of cholesteryl esters to the 
intensity of cholesterol biosynthesis. This is 
apparently dependent upon the volume of the 
endoplasmic reticulum in the cell and also upon 
the internal structure of the mitochondria. Ac- 
cording to these authors, animal species such as 
the guinea pig and the rat, whose adrenals can 
synthesize only part of the cholesterol neces- 
sary for the biosynthesis of the corticosteroids, 
draw the balance of the cholesterol from the 
plasma (17) and store it in form of esters in the 
liposomes. Indeed, the described species con- 
tained a considerable quantity of cholesteryl 
esters in their adrenal liposomes. 

As it could be seen from our own experi- 
ments,  cholesteryl esters were not always 
accumulated in the form of liposomes. The 
presence of large quantities of cholesteryl esters 
in the microsomal fraction (40% of the total in 
the cell) should not be considered as unusual 
because it has been established that cholesteryl 
ester synthetase appeared to be localized largely 
in this fraction (18). This also confirmed the 
assumption by Brecher, et al., (19) tha t  choles- 
teryl esters must be stored in different pools of 
the adrenal cells. 

The composition of the liposomes also 
seemed to be subject to considerable variation, 
not only from organ to organ (20,21), but in 
the same gland from species to species. In the 
elephant (6), they consisted exclusively of 
cholesteryl esters, while in other species (7), 
and in the pig as well (Fig. 2), they were a 
mixture of cholesteryl esters, free cholesterol, 
triglycerides, free fatty acids, (FFA), and phos- 
pholipids. The triglycerides in the liposomes 
apparently provided the source of fatty acids 
for the biosynthesis of cholesteryl esters (7). 
This seemed rather unlikely, because the FFA 
in the cell sap (6) would represent a far more 
reactive form. Besides, the composition of FFA 
showed a much greater similarity in comparison 
with those from cholesteryl esters than the FA 
from the triglyceride fraction. In recent experi- 
ments with adrenal cell suspensions (19), it was 
established that free oleic acid was being incor- 
porated into cholesteryl esters and other lipids. 

Cholesteryl esters from various cellular 
elements in the pig adrenal gland were very sim- 
ilar in their FA composition (Table II), except 
for one unsaturated acid which was only pres- 
ent in substantial quantities in the mito- 
chondria and which was tentatively identified 
as C22:2w6. Unfortunately, very few data were 
available for comparative purposes, because 
most of the studies on adrenal cholesteryl esters 
have dea l t  with whole glands (3,22,23). Al- 
though the presence of 7-linolenic, homo-7- 
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linolenic, and adrenic (C22:4606) acids seemed 
to be a common feature of the cholesteryl 
esters in adrenal glands from all investigated 
species (3,12,24-28), the ratios, particularly the 
one between homo~y-linolenic and arachidonic 
acid, varies within the cell. The low ratio be- 
tween these 2 acids in the mitochondria indi- 
cated a much faster rate of conversion than in 
the microsomal fraction where the ratio was 
considerably higher. The same seemed to be the 
case with the FAA fractions in the mitochon- 
dria and microsomes, but not with the triglyc- 
erides. In particular, the very low content of 
arachidonic acid in the triglycerides should be 
noted. 

The docosatetraenoic acid, which repre- 
sented a large part of the cholesteryl ester and 
phospholipid fractions of the rat adrenal gland 
(12) and also was found in the adrenals of the 
dog (25,26), the guinea pig (28), and the rabbit 
(3), was represented only in small quantities in 
the adrenal gland of the pig. It was localized in 
the cholesteryl esters of the mitochondria and 
the microsomes and was absent from all other 
lipid fractions. 

The FA composition of the liposomes (Table 
III)was very similar to the FA composition of 
the cholesteryl esters from other parts of the 
cell. Because cholesteryl esters and triglycerides 
were represented in the liposomes in more or 
less equal proportions, one might assume that 
triglycerides would have had the same or similar 
homo-7-1inolerlic arachidonic ratio as choles- 
teryl esters. This would mean that triglycerides 
from the liposomes could have a different com- 
position from those in other parts of the cell. 

When commenting on lipids of the cell sap, 
the high percentage of neutral lipids should be 
pointed out. This seemed to be a regular feature 
of cell sap lipids (6,19). In spite of this high 
perentage, the cell sap still held only 30% of the 
total neutral lipids in the cell, which was caused 
by the low absolute lipid content in the cell 
sap. The bulk of neutral lipids was located in 
the microsomal fraction which contained 50% 
of all the neutral lipids in the cell. It was rather 
difficult to speculate on the metabolic signifi- 
cance of the cell sap lipids because they were 
probably a mixture of substances synthesized in 
the cytoplasm, like the FA, and lipids in transit, 
like the cholesteryl ester and phospholipids. 

Distribution and Composition of Phospholipids 

P h o s p h a t i d y l  choline and phosphatidyl 
ethanolamine were the main phospholipids in 
all cellular fractions. Phosphatidyl choline had a 
higher percentage of palmitic and linoleic acids 
than phsophatidyl ethanolarnine, while the 
latter had a higher content of stearic and arachi- 

donic acid (Table IV). These features agreed 
very well with the FA composition of these 2 
compounds described in various organs of other 
species (30-32). 

Some differences were found in the sphin- 
gomyelis plus phosphatidyl inositol fractions, 
and it concerned mainly the content of stearic 
and docosadienoic acids. Phosphatidyl inositol 
was normally characterized by a very high con- 
tent of stearic acid (4,32), and, although this 
fraction was a mixture, the difference could not 
have been balanced out only by a low content 
of sphingomyelin in the mitochondria (21). The 
differences in the content of docosadienoic acid 
were particularly striking, and it seemed that 
this acid was replacing the adrenic acid. 

Even more striking were the differences in 
FA composition of diphosphatidyl glycerol. 
The compound isolated from the mitochondria 
and the typical features of diphosphatidyl 
glycerol isolated from other sources (31,33), 
were manifested in a very high content of lino- 
leic acid and a low content of arachidonic acid. 
Diphosphatidyl glycerol from cell sap had a 
rather unorthodox composition characterized 
by a very much reduced content of linoleic acid 
and increased quantity of stearic, oleic, and 
eicosadienoic acid. No diphosphatidyl glycerol 
was found in the microsomal fraction, although 
it had been isolated from the microsomes of the 
liver (34). 

A docosadienoic acid has been found earlier 
in the neutral and phospholipid fractions fof 
pig muscles, but only in smaller quantities (35). 
Whether it was an acid characteristic for the 
lipid metabolism of the pig is not absolutely 
certain. It should be borne in mind that certain 
dietary changes chould affect the fatty acid pat- 
tern in all organs of the pig, even over a rela- 
tively short period (36). 
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SHORT COMMUNICATIONS 

Subnanogram Detection of t-Butyldimethylsilyl Fatty Acid 
Esters by Mass Fragmentography 

ABSTRACT 

The mass spectra of t-butyldimethyl- 
silyl fatty acid esters all display a pro- 
nounced (M-C4H9) + ion. The proportion 
of the total ionization carried by this 
fragment, particularly for saturated and 
mono-, di-, and tri-unsaturated acid deriv- 
atives, facilitates their qualitative analysis 
at the subanogram level by mass frag- 
mentography. 

INTRODUCTION 

Gas chromatography-mass  spectrometry 
(GC-MS) is a technique widely used for the 
identification of fatty acids in biological mix- 
tures, usually as their methyl esters (1,2). These 
derivatives, however, are not considered satis- 
factory for unequivocal identification or sensi- 
tive detection purposes, as the mass spectra ob- 
tained are typically dominated by intense ions 
at low mass, characteristic of the ester moiety 
rather than the structure of the acid itself. 

~ ,  

FIG. 1. Mass spectrum of linoleic acid t-BDMS 
ester. 

We report here a study of the mass spectral 
properties of t-butyldimethylsilyl (t-BDMS) 
esters, whose characteristics facilitate specific 
analysis of fatty acids at very low levels. 

EXPERIMENTAL PROCEDURES 

Fatty acids were all purchasea Irom Applied 
Science Laboratories, Inc. (State College, PA), 
except Phytanic acid which was donated by A. 
Poulos (Adelaide Childrens Hospital, South 
Australia). t-Butyldimethylsilyl esters of refer- 
ence acids were prepared by adding 100/11 of a 
N,N-dimethylformamide solution (10 ml) con- 
taining 2 mmole imidazole and 1 mmole t- 
butyldimethylsilyl chloride to 500/ag acid. This 
procedure was reported originally by Corey and 
Venkateswarlu (3) for the formation of t-BDMS 
ethers as hydroxyl protecting groups. After 

heating the reaction mixture for 15 min in 60 C 
bath, brine was added, and the derivative was 
extracted into ether prior to GC-MS analysis. 

GC-MS was carried out with an AEI MS-30 
mass spectrometer, equipped with a multipeak 
monitor, and interfaced to a Pye 104 gas 
chromatograph using a single stage dimethyl 
silicone membrane separator. All spectra were 
determined at 25 eV. The gas chromatographic 
column was a glass coil (1 m x 2 mm internal 
diameter (ID) packed with 1% OV-225:Silar 
10C (9/1) on 100-120 mesh support. The heli- 
um flow was 30 ml/min and the column tem- 
perature was ! 80 C. 

TABLE I 

Retention Indices (I) and Major Mass Spectral Fragments of t - BDMS Esters 

t-BDMS ester I Mass Fragments a 

Palmitie 2430 
Phytanic 2535 
Oleic 2620 
Elaidic 2625 
Linoleic 2655 
Linolenic 2700 
cis- 5-Eicosenoic 2805 
Arachidonic  2855 

313 b (100),131(7),129(6),117(14),75(40). 
369 b (100),201(11),145(10),143(6),117(16). 
339 h (100,131(I1),129(3),75(26),73(6). 
339 b (100),131(8),129(2),75(18). 

335 b (100),131 (20),95(28),79(21),75(75). 
367 b (100,171(35),157(16),117(40),75(40). 
361 b (23),131 (23),129(35),93(40),91(40),81(35) 

79(60),75 (100),73(65),67(45). 

aExpressed as m/e value with relative intensity in parenthesis. 
b(M-C4H9) +ion. 
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RESULTS AND DISCUSSION 

All the acids investigated formed the respec- 
tive t-BDMS esters in quantitative yield as 
estimated by thin layer chromatography (TLC), 
gas liquid chromatography (GLC), and, in one 
case, isolation. The t-BDMS esters show good 
gas chromatographic properties, but expectedly 
have appreciably longer retention times than 
the corresponding methyl esters (Table I). 

The base peak in the electron impact spec- 
trum of nearly all the t-BDMS esters studied 
(Table I and Fig. 1), which is postulated to have 
the resonance stabilized cyclic Structure I 
(Scheme I), is formed by fission of a t-butyl 
radical from the molecular ion. Ions at m/e 129 
and 131 are characteristic of all the acids re- 
corded, except phytanic, in which the 2 ions 
are shifted to m/e 143 and 145. The probable 
structures of these ions are thus Structures II 
and III. 

It is apparent from the data in Table I that 
as the degree of unsaturation increases, the 
t-BDMS ester moiety is less able to direct the 
fragmentational mode of the molecule, and 
accordingly, the proportion of low mol wt 
hydrocarbon ions increases. A comparison of 
the t-BDMS and methyl ester (1) spectra of 
arachidonic acid shows many common ions, 
e.g., m/e 67, 79, 91, 93, 105, and 150. The 

640pg 
715 

E 
0 

a 

T 

m/e  283 

rn /e339 

638pg 

i I I I I 
0 1 2 3 4 

rain. 
FIG. 2. Mass fragmentogram of myristoleic (m/e 

283), palmitic (m/e 313) and elaidic (m/e 339) acids 
as their t-BDMS esters. 

structural information available from these 
hydrocarbon ion fragments has been discussed 
previously (1). 

Figure 2 shows the results of analysis of 3 
fatty acid t-BDMS esters by the technique of 
mass fragmentography (4,5). The very small 
amounts detected and the specificity for each 
individual acid are noteworthy points. Further- 
more. by monitoring the (M-C4H9) + ions, acids 
which differ in mol wt need not be resolved by 
GLC to be detected. 

Because the (M-57) peak is usually the most 
intense, the use of these derivatives facilitates 
the measurement of the mol wt of trace 
amounts of unknown acids with much greater 
confidence than is possible when using methyl 
ester derivatives. 

Work is now in progress to assess the scope 
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Mass Spectrometr ic  Local izat ion of Methyl  Branching 
in Fat ty  Acids Using Acylpyrro l id ines 

ABSTRACT 

Localization of a methyl branch in a 
fatty acid molecule by mass spectrometry 
is facilitated by using the pyrrolidide 
rather than the methyl ester. Branched 
fatty acid methyl esters are converted to 
pyrrolidides and are then analyzed by gas 
chromatography and mass spectrometry. 
The diagnostic fragments indicate posi- 
tion of the methyl branch. 

Mass spectra of  methyl esters of normal, 
methyl branched iso and'~nzeiso fatty acids are 
rather similar, and the structure must be de- 
duced from very small differences in intensity 
of diagnostic ions (1). Moreover, the isomers 

IHormel Fellow 1972-73. Present address: Insti- 
tute of Medical Biochemistry, University of Gothen- 
burg, S.400 33 Gothenburg 33, Sweden. 

must be separated by gas liquid chromatog- 
raphy (GLC), the bleed from which is a disturb- 
ing factor in interpreting mass spectra. As part 
of our investigation of mass spectra of  amides 
of fatty acids (2-4), the spectra of pyrrolidides 
of methyl branched fatty acids were studied. 
They were found to reveal readily the location 
of a methyl branch, and to distinguish between 
normal, iso, and anteiso structures. In this 
study, the pyrrolidides were prepared and the 
mass spectra measured under conditions identi- 
cal to those previously published for pyrrolidi- 
des of unsaturated fatty acids 2,4). 

Because the fatty acid pyrrolidides contain a 
nitrogen, it is very easy to deduce their frag- 
mentation patterns, for the nitrogen containing 
fragments yield even numbered ions, and the 
odd numbered ions contain only C, H, and O. 
The mass spectra of fatty acid methyl  esters 
contain mostly odd numbered masses to which 

SS  

I [ tt ? 
r S'0 ' ' ' 

113 

CZ 
g-oL-MET HYLOCTADECANOYLPYRROLIDINE 

I00 

I ~ Ca  C6 

1 5 0  

i ~ i~H~j 
70, Ig61 i 

g81 224L 

ICQS~ CH 

C~O 

2 2 4  

C9 Clz 

, ,  .,I, ,L I, 
200 250 

CI4 Ci6 CI8 
CI3 Chs CI7 

I, , .], L J, ,,,, 
3 ~  m,, 6 

FIG. 1. Mass spectra of 9-DL-methyloctadecanoyl-pyrrolidine. 
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several ion structures may contribute. 
In the mass spectrum of a methyl branched 

fatty acid pyrrolidide, the same very simple 
f ragmenta t ion  pattern occurs as with the 
straight chain ones (5). Beginning with the high 
mass region, the molecular ion (M) is accom- 
panied by the ion formed via elimination of the 
terminal methyl group, and a series of ions with 
successively one less CH2 group regularly 
spaced 14 a.m.u, apart, down to the McLafferty 
rearrangement ion m/e 113 (2-6). This latter 
ion is base peak in the spectra of all pyrro- 
lidides investigated. Each ion contains the 
pyrrolidide group and is formed by a direct 
cleavage of the molecular ion as is shown by 
appropriate metastable ions, as is also the case 
with pyrrolidides of unsaturated fatty acids (2). 
The differences between pyrrolidides of straight 
chain and methyl branched fatty acids are varia- 
tions in the intensities of the peaks correspond- 
ing to cleavages at either side of the branch. In 
Figure 1, the methyl branch is located on 
carbon 9 and the fragment (m/e 210) that cor- 
responds to cleavage at this carbon is of very 
low intensity compared with the fragments con- 
taining one more or one less CH 2 group (m/e 
196 and m/e 224). 

In the mass spectrum of 10-methyloctadec- 
anoyl pyrrolidine peaks of higher intensity, m/e 
210 and m/e 238, 14 a.m.u, below and above a 
low intensity peak at m/e 224, indicate a 
methyl branch at carbon 10. 

The same phenomenon was found in spectra 
of pyrrolidides of iso and an teiso 15: 0 and 17:0 
fatty acids. The high mass regions of the spectra 
of pyrrolidides of the 15:0 acids are presented 
in Figure 2. For n-15:0, a small peak is caused 
by the elimination of the terminal methyl 
group (m/e 280). The iso-15:0 has a peak of 
low intensity corresponding to elimination of 
C2H s. Anteiso-15:0 has a peak of similar tow 
intensity by elimination of the terminal C3H 7. 
The mass spectra of pyrrolidides of methyl 
branched fatty acids of other chain lengths and 
numbers of methyl groups confirmed that a 
minimum between two maxima in the fragment 
series [M - CH3(CH2)n] + indicates the position 
of the methyl group. 

Because it is necessary to separate the nor- 
mal, iso, and anteiso fatty acid pyrrolidides by 
GLC before mass spectral analysis, equivalent 
chain length (ECL) values are given. They were 
measured on SILAR I OC (Applied Science 
Labs, State College, PA) at 240 C and on 
DEGS-PS (Supelco, Bellefonte, PA) at 220 C, 
r e spec t ive ly :  iso-15:0, 14.28 and 14.43; 
anteiso-15:0, 14.62 and 14.75; iso-17:0, 16.40 
and 16.43; anteiso-17:0, 16.77 and 16.72. 
Most of the GLC stationary phases used for 
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FIG. 2. The high mass region of the spectra of 
normal, iso, and anteiso-15:0 fatty acid pyrrolidides. 

separation of fatty acid derivatives give back- 
ground mass spectra containing fragments .at 
odd masses. Because electron impact of pyrro- 
lidides produces many main fragments of even 
mass numbers, the background from the GLC 
bleed does not interfere with the interpretation 
of a mass spectrum of a branched fatty acid 
pyrrolidide. In thespectra of methyl esters, it is 
hard to distinguish between normal and iso 
structures because the latter is characterized by 
an extremely low intensity peak (<  1%) caused 
by loss of 65 a.m.u, from the molecular ion (7) 
and which may be obscured by ions formed 
from bleeding of the stationary phase (8). 
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Uptake and Metabolism of (~-Monopalmitin by 
Rat Lung In Vitro1 
M.C. WANG 2, and H.C. MENG 3, Department of Physiology, Vanderbilt University 
School of Medicine, Nashville, Tennessee 37232 

ABSTRACT 

CO2 production from and uptake of 
c~-glyceryl mono (palmitate-l-14C) were 
studied in an in vitro system using minced 
rat lung. Monoglyceride radioactivity was 
readily incorporated into lung tissue 
lipids. In a time course of 5-120 rain, ca. 
2.9-21.9% of the initial medium 14C- 
radioactivity was recovered in tissue 
lipids, including free fatty acid and mono- 
glyceride, per one g of tissue. From 93 to 
72% of the initial radioactivity remained 
in the medium during the same incuba- 
tion periods. The ratio of tissue neutral 
lipid to phospholipid radioactivity de- 
creased from 2:1 at 5 min to ca. 1:2.1 at 
120 re_in. Most of the phospholipid-14C 
was in phosphatidyl choline, and this 
accounted for 80% of phospholipid -14C. 
Analysis of the tissue lipid radioactivity 
pattern revealed that during early periods 
of incubation (5-15 rain) there was a 
rapid accumulation of 14 C in monoglyc- 
erides and free fatty acids, which de- 
creased with increasing incubation time 
concomitant with increase in radioactiv- 
ity of tissue phospholipids and triglyc- 
erides. During the same time course, 
6.5-85.3% of medium-14C was in free 
fatty acid, indicating the presence of an 
active cz-monopalmitin-hydrolyzing sys- 
tem. After 2 hr of incubation, only 1.8% 
of the initial medium-14C had been oxi- 
dized to CO 2. Under the same experi- 
mental conditions, 14C.a.monopalmitin 
and palmitate-l-14C were almost equally 
utilized and the patterns of lipid incor- 
porated from both substrates were simi- 
lar. It is suggested that rat lungs can 
utilize c~-monopalmitin in a similar man- 
ner as palmitate after the former is 
hydrolyzed. 

1presented at the AOCS Fall Meeting, 1971. 
2present address: Chemical Abstracts (Biochem- 

istry), Columbus, Ohio. 
3please send reprint requests to Department of 

Physiology, Vanderbilt University School of Medicine, 
Nashville, Tennessee 37232. 

INTRODUCTION 

Previous reports from our laboratory (1-3) 
demonstrated that perfusion or incubation of 
rat lung tissue with various substrates, acetate 
pyruvate, glucose, xylitol, or fatty acids re- 
sulted in the formation of complex lipids, 
especially phospholipids. It has been observed 
that the T 1/2 disappearance of 14C-~x-mono- 
palmitin from the blood circulation after its 
intravenous administration is similar to that of 
free fatty acid (Meng and England, unpublished 
data). This finding suggests a rapid uptake by 
tissues. Because monoglyceride (MG) is one of 
the products of hydrolysis of dietary fat and of 
chylomicron triglycerides, and because utiliza- 
tion of MG for the synthesis of higher glycer- 
ides, diglycerides, and triglycerides, occurs in 
intestine (4-6) and to a less extent in adipose 
tissue (7,8), it was thought interesting to study 
the uptake and metabolism of MG by the lung. 
In the present work, r mono (palmi- 
tin-1-14C) was added to the medium for the 
incubation of rat lung. CO2 production and 
14C incorporation into tissue complex lipids 
were used as criteria for ot-monopalmitin metab- 
olism. The utilization of *4C~-monopalmitin 
and palmitate-l-14C by rat lung in the same 
test system was also compared. 

MATERIAL AND METHODS 

Animals 

Normal male rats of the Sprague-Dawley 
strain weighing 250-300 g were used. The rats 
were maintained of Purina Laboratory Chow 
and tap water ad libitum. 

Preparation of Tissue and Incubation System 

The preparation of minced rat lung, incuba- 
tion system, and experimental procedures h a v e  
been reported (1). An emulsion of o~-mono- 
palmitin and albumin complex of 14C-l-palmi- 
tare were used as substrates, and a substrate 
concentration of 1.3 pmoles/ml was selected in 
order to compare with results obtained in pre- 
vious studies in which other substrates were 
used (1,2). The emulsion of o~-monopalmitin 
was prepared by mixing gum acacia with 
a-monopalmitin in a ratio of 4:1 (w:w). The 
mixture was sonicated with a Branson Sonifier 
(Branson Instrument Inc., Stranford, CN) tuned 
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T A B L E I  

T i m e C o u r s e o f O x i d a t i o n a n d U p t a k e o f l 4 c - a - M o n o p a l m i t i n b y  M i n c e d R a t L u n g  a 

I n c u b a t i o n  14C_Tissue l ipids  1 4 C O  2 

t ime  ( ra in)  (/~moles) (%)b (#moles )  (%)b 

5 0 .12  0 .91 • 0 .09  (6)  c t r ace  t r a c e  (5)  c 
15 0 .22  1 .17 -+ 0 . 1 0  (6)  0 .01  0 . 0 9  • 0 . 0 3  (4)  
30  0 .35  2 . 6 6  • 0 .18  (6)  0 . 0 4  0 . 2 7  + 0 .09  (6)  
60  0 . 6 6  5 .02  • 0 .25  (8)  0 . 1 0  0 . 7 6  • 0 .03  (8)  
1 2 0  0 . 8 8  6.71 • 0 .28  (6)  0 . 2 4  1 .85  • 0 .1S  (6)  

a l n c u b a t i o n  s y s t e m  was  a K r e b s - R i n g e r  b i c a r b o n a t e  b u f f e r ,  p H  7 .4 ,  c o n t a i n i n g  0 .3  g 
t i ssue ,  25  m g ] m l  b o v i n e  s e r u m  a l b u m i n  a n d  4 ~tmoles 1 4 C - l - ~ - m o n o p a l m i t i n  w i t h  a spec i f ic  
r a d i o a c t i v i t y  o f  0 .25  # C i / # m o l e .  The  f inal  v o l u m e  was 3 ml. I n c u b a t i o n  was  a t  37 C u n d e r  
95% O 2 ,  5% C O  2 fo r  va r i ous  t ime  in te rva ls  as i n d i c a t e d .  

b p e r c e n t  o f  in i t ia l  r a d i o a c t i v i t y  in m e d i u m .  

CFigures  in p a r e n t h e s e s  r e p r e s e n t  t he  n u m b e r  o f  an imals  a n d  the  resu l t s  are e x p r e s s e d  as 
m e a n s  -+ S.E. 

T A B L E  II 

T ime  Course  o f  L ip id  R a d i o a c t i v i t y  in I n c u b a t i o n  M e d i u m  a 

T ime  M o n o g l y c e r i d e  (MG)  Free  f a t t y  ac id  ( F F A )  O t h e r s  
(min )  (%)b (%)b (%)b 

0 (4)  c 99 .5  + 0 .2  0.5 + 0.1 < 0 , 1  
5 (4)  93 .3  + 0 .8  6.5 -+ 0 .6  < 1  

15 (4)  81 .7  +- 2 .2  17.3  -+ 2 .3  < 1  
30  (4)  60 .9  -+ 1.S 37 .8  + 1.8 < 1  
60  (4)  36 .5  • 2.1 62 .7  + 2 .2  < 1  

120  (4)  13 .9  + 2 .9  85.2  + 3.2 < 1  

a l n c u b a f i o n  m e d i u m  was  e x t r a c t e d  f o r  l ipids  b y  F o l c h ' s  m e t h o d  f o l l o w e d  b y  t h in  l a y e r  
c h r o m a t o g r a p h y  w i t h  a so lven t  s y s t e m  o f  p e t r o l e u m  e t h e r : e t h y l  e t h e r : a c e t i c  a c id  ( 6 0 : 4 0 : 1 ) .  

b% R a d i o a c t i v i t y  = (MG,  F F A ,  or  o t h e r  l i p i d s / M G  + F F A  + o t h e r  l ip ids)  x 100.  
CFigures  in p a r e n t h e s e s  r e p r e s e n t  the  n u m b e r  o f  an ima l s .  

to maximal output  for 1 min at 5-10 C. The 
emulsion thus prepared was stable for at least 1 
week, but was usually prepared 1 day prior to 
use in each experiment.  

Analysis of Lipids 

Lipid components,  CO2 production,  and 
radioactivity were measured by procedures 
reported previously (1). Free fat ty acid (FFA)  
production during incubation was determined 
either by the method of Dole (9) or by liquid 
scintillation counting of 14C-FFA. For the 
latter method,  14C-hydrolysates were extracted 
from the medium by the method of Folch, et 
al., (10) followed by separation by thin layer 
chromatography (TLC). The separated com- 
ponents were transferred from the TLC plates 
directly into the counting vials and the radio- 
activity was measured as reported previously 
(1). 1,2-Diglycerides and 1,3-diglycerides were 
identified using TLC by procedures suggested 
by Brown and Johnston (11) and Malins and 
Mangold (12). 

Synthesis of ~x-glyceryl mono (palmitate- 

1-14C) and a-monopalmit in  was done in our 
laboratory according to the method of Hartman 
(13). The purity of both products  was >99.5%. 
14C-l-palmitic acid was purchased from New 
England Nuclear Corp. (Boston, MA). Gum 
acacia and glycerol were obtained from Fisher 
Scientific Co. (Fairlawn, NJ). 

RESULTS 

CO 2 Production and Lipid Synthesis 

A time course of 14CO2 production and 
14 C incorporation into tissue lipid is shown in 
Table I. Ca. 0.10-5.9% of the initial radioactiv- 
i ty in the medium was oxidized to 14CO2 and 
2.9-21.9% of the initial 14C-radioactivity was 
recovered in lipids of one g of fresh minced 
tissue during a time course of 5-120 rain; from 
93 to 72.2% of the initial radioactivity re- 
mained in medium lipids during the same incu- 
bation periods. At the end of 2 hr of incuba- 
tion, 0 .24pmoles  and 0.88/amoles of initial 
~x-monopalmitin radioactivity were recovered as 
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l a C O 2  and  14Cqipids  in the  tissue, respec- 
t ively,  per  one  gm of fresh minced  lung;  of  the  
0 .88 / amo le s  of  l ipids in the  t issue, 0 .25 /1moles  
or 6.6% of  the  ini t ia l  r ad ioac t iv i ty  was calcu- 
la ted  to  be in c o m p l e x  l ipids o t h e r  t han  MG 
and  FFA.  

Distribution of Radioactivity in Lipids of the 
Incubation Medium 

Table  11 shows t h e  d i s t r ibu t ion  of  radio-  
ac t iv i ty  in m e d i u m  lipids dur ing  t he  2-hr  incu-  
b a t i o n  per iod.  The  relat ive pe rcen tage  of  a-  
m o n o p a l m i t i n  in the  i n c u b a t i o n  m e d i u m  de- 
creased f r o m  100 to  14%, whereas  t h a t  of  F F A  
increased  f r o m  0.5 to  85%. There  was on ly  a 
negligible a m o u n t  of rad ioac t iv i ty  in  o t h e r  
l ipids p resen t  dur ing  the  en t i re  i n c u b a t i o n  
per iod  of  2 hr. 

Fractionation of Tissue Lipids 

Tissue l ipids were sepa ra ted  in to  neu t r a l  
l ipids and  phospho l ip ids  by  silicic acid co lumn  
c h r o m a t o g r a p h y .  It  can be  seen in Figure 1 t ha t  
a f te r  5 rain of  i n c u b a t i o n  mos t  of 14C-radio- 
act ivi ty  in  the  t issue was in the  neu t r a l  l ipid 
f rac t ion .  As i n c u b a t i o n  was c o n t i n u e d ,  radio-  
act ivi ty  in  th i s  f r ac t ion  was increased gradual ly,  
while  the  rad ioac t iv i ty  in phospho l ip id s  was 
increased more  sharply.  The  rad ioac t iv i ty  in  
th is  f r ac t ion  exceeded  t h a t  in  the  n o n p h o s p h o -  
l ipid f r ac t ion  af te r  30 rain of  i ncuba t i on .  The  
synthes is  of  phospho l ip ids  was l inear  w i th  t ime  
dur ing  the  first  hr. 

Tissue lipids were f u r t h e r  separa ted  by  TLC 
using various so lvent  sys tems (Table  11I). Dur-  
ing t he  i n c u b a t i o n  per iods  of  f r o m  5 rain  to  2 
hr ,  t he  rad ioac t iv i ty  in p h o s p h a t i d y l  chol ine  
(PC) increased f r o m  25 to  58% and  t h a t  in tri- 

U9 
0 

__I 

J 

hl 

Z 

t~  
12) 

I1. 

0 
I 
[L 

0.7 

0,5 

0.3 

\ 

/ u ,DS 1 
/ T ( INCLUDING MGo.d  FFA ).L 

i i l i 

0 5 15 30 60 120 

INCUBATION (MIN) 

FIG. 1. Rate of cumulative incorporation of 
(~-14C-l-monopatmitate into phospholipids and neu- 
tral lipids. Neutral lipids included triglycerides, diglyc- 
erides, monoglycerides (MG), and free fatty acid 
(FFA). 

glyceride (TG)  increased f rom 2 to  10%; di- 
glyceride (DG) was also sl ightly increased w i th  
t ime.  However ,  a decrease in MG f r o m  25 to  5% 
and  in F F A  f rom 39 to 7% was observed.  Frac-  
t i o n a t i o n  of  phosphoI ip ids  by  TLC revealed 
t ha t  the  percen tage  of  14C in PC (76-80%) 
relat ive to  t ha t  in  o t h e r  phospho l ip id s  (PL) 
r ema ined  fair ly cons t an t  dur ing  t he  en t i re  
i n c u b a t i o n  period.  

T A B L E  111 

Percent Distribution of Radioactivity in Tissue Lipid Fractions a 

Incubation MG b DG b FFA b TG b pcb 'c  
time (min) (%) d (%)d (%)d (%)d (%)d 

5(6)  d 25 .4•  2 .9 •  38.8•  2 . 1 •  24 .8•  
15(6) 16.1 • 1.5 3 .9 •  26.8•  3 .4•  38.4• 1.7 
30(6) 9.1 ~0.6 5 .0 •  15.2•  7 .7 •  5 0 . 5 •  
60(6)  5 .2•  5 .6•  13.6•  9 .1 •  53 .6•  

120(6) 4 .7 •  5 .9•  7 .1•  10.1 • 58.0•  

aSeparated by thin layer chromatography. Solvent systems were: for neutral lipids, 
petroleum ether:ethyl ether:acetic acid (85:15:1); for phospholipids, chloroform:methanol: 
water :acetic acid (75 : 25 : 5 : 1). 

bMG = monoglyceride; DG = diglyceride; FFA = free fatty acids; TG = triglyceride; and 
PC = phosphatidyl choline. 

Cphospholipid fraction consisted of other phospholipids in addition to phosphatidyl 
choline. 

dpercent of total lipid radioactivity, calculated from individual lipid fraction/total lipids) 
x 100. 

eFigures in parentheses represent the number of animals. 
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TABLE IV 

Oxidation and Uptake of 14C-1-Palmitate and a-Glyceryl-Mono 
(palmitate-l-I 4C) by Minced Rat Lung Tissue a 

CO 2 Tissue lipids 

Substrata (#moles/g/hOb (%)c (umoles/g/hr)b (%)e 

14C-MG(4)d 0 .10 •  0 .73•  0 .75•  5 .61•  
14C-PA(4) 0 .12•  0 .89•  0.81 • 5 .94•  

alncubation system was a Krebs-Ringer bicarbonate buffer, pH 7.4, containing 0.3 g 
tissue, 25 mg/ml bovine serum albumin and 4 #moles of substrate with a specific radio- 
activity of 0.25 #Ci/~mole. The final incubation volume was 3 ml. Incubation was carried 
out at 37 C under 95% 02 5% CO 2 for one hr. 

b~Moles of substrate/g wet tissue/hr. 
Cpercent of the initial radioactivity in medium. 
dl4c-MG = a-glyceryl-mono (palmitate-l-14C); 14C-PA = 14C-l-palmitate-Na, Figures in 

parentheses represent number of animals. 

TABLE V 

Distribution of Radioactivity in 
Tissue Lipid Fractions a 

14C.Mpd 14C.pAd 
Lipid fraction d (%)b (%) 

MG 3.9• 1.2 c 1 .8•  
1,2-DG 4 .6 •  3 .4•  
1,3-DG 1 .3•  1 .1•  
FFA 18.1•  19.4•  
TG 11.7•  10.2•  
PC 47 .9•  47 .1•  
OtherPL 11.8•  12.1•  

aLipid fractions were separated by thin layer 
chromatography. 

bpercent of total tissue lipid radioactivity, calcu- 
lated from (individual lipid fraction/total l ipid)x 100. 

eResults are average of four experiments • standard 
error. 

dMp = a-monopalmitin; PA = palmitate; MG = 
monoglyceride; DG = diglyceride; FFA = free fatty 
acids; TG = triglyceride; PC = phosphatidyl choline; 
PL = phospholipids. 

Comparison of 14C.1.Palmitat e and O~-Monopalmitin 
Utilization 

A compara t ive  s tudy  of  the  u t i l i za t ion  and  
m e t a b o l i s m  o f  1 4 C - p a l m i t a t e  (PA) and  
1 4 C ~ _ m o n o p a l m i t i n  (MP) in  ra t  lung t issue was 
made  u n d e r  s imilar  e x p e r i m e n t a l  cond i t ions ,  
inc lud ing  subs t ra t e  c o n c e n t r a t i o n .  14CO 2 pro- 
duc t ion  and  t issue l i p idA4C were d e t e r m i n e d  
a f te r  1 h r  of  i n c u b a t i o n .  Table  IV shows t ha t  
0.7% (0.1 p m o l e )  of  the  in i t ia l  r ad ioac t iv i ty  of  
MP and  0.9% (0.12 pmoles )  of  PA were oxi- 
d ized to  C 0 2 ,  whereas  5.6% (0.75 pmoles )  of  
MP and  5.9% (0.81 pmoles/g/hr) of  pa lmi t a t e  
(PA),  respect ively ,  were recovered  in  t issue 
lipids. 

The  d i s t r ibu t ion  of  rad ioac t iv i ty  in neu t ra l  
l ipids (NL)  and  PL was c o m p a r e d  a f te r  the i r  

separa t ion  by  silicic acid c o l u m n  ch roma tog -  
raphy .  It  was observed  t ha t  40 a n d  42% of the  
t o t a l  l ipid rad ioac t iv i ty  f r o m  MP and  PA, 
respect ively,  were in NL, whereas  the  r ema in ing  
60 and  58% of  the  t o t a l  l ipid radioac t iv i ty ,  
f r o m  MP and  PA, respect ively,  were in PL frac- 
t ion .  The  recovery  of  r ad ioac t iv i ty  of  l ipid 
s t andards  f rom the  c o l u m n  in ou r  l a b o r a t o r y  
has been  be tween  90-95%. 

F u r t h e r  f r a c t i o n a t i o n  of  t issue lipids in  
expe r imen t s  using MP a n d  PA as subs t ra tes  
showed  no s ignif icant  d i f fe rence  b e t w e e n  the  
pa t t e rns  of  l ipid i n c o r p o r a t i o n  (Table  V)  excep t  
t ha t  the  rad ioac t iv i ty  in  MG was 3.9 and  1.8% 
of  the  t o t a l  l ipid rad ioac t iv i ty  w h e n  MP and  
PA, respect ively,  were used as subst ra tes .  Of  the  
to ta l  r ad ioac t iv i ty  in DG, ca. 70-80% was 
recovered  in 1,2-DG, whereas  the  r e m a i n i n g  
20-30% was f o u n d  in 1,3-DG frac t ion.  Ca. 80% 
of  PL rad ioac t iv i ty  f r o m  b o t h  subs t ra tes  was 
recovered  as PC. 

DISCUSSION 

This work was designed to  s tudy  if  m o n o -  
glyceride,  as a p r o d u c t  of  t r ig lycer ide  lypolysis ,  
is t a k e n  up and  me tabo l i z ed  by  t he  lung. The  
resul ts  show t h a t  this  is t he  case. The  resul ts  of  
a t ime  course s tudy  of  i n c u b a t e d  lung t issue 
(Tables  I and  III)  suggest the  presence  of  an 
active sys tem for  ox ida t i on  of  MP to  CO2 and  
i n c o r p o r a t i o n  in to  t issue lipids. Most  of  the  
newly  f o r m e d  c o m p l e x  l ipid rad ioac t iv i ty  was 
in PL, especially in  PC. The  high pe rcen tage  of  
14C in PC relative to o t h e r  l ipids and  its s t eady  
increase  dur ing the  t ime  course  s tudy  provide  
f u r t he r  c o n f i r m a t i o n  of  ou r  previous  f ind ing  
(1 ,2)  t ha t  the re  is an active PC synthes iz ing  
sys tem in lung  tissue. T o m b r o p o u l a s  (14)  has 
r e p o r t e d  the  i n c o r p o r a t i o n  of  pa lmi t a t e  in to  
l ipids by  lung subcel lu lar  f rac t ions .  Incorpora -  
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t ion  of  o the r  subs t ra tes  in to  lung lipids and  
l ipid me tabo l i sm in the  lung have also been  
r epo r t ed  by  o t h e r  workers  as reviewed by  
Na imark  (15).  

The  progressive decrease in rad ioac t iv i ty  of  
t issue MG and  F F A  and  co r r e spond ing  increase  
in PC, TG, and DG suggest t ha t  (a) MG is be ing  
hyd ro lyzed ,  (b)  F F A ,  a h y d r o l y t i c  p r o d u c t  of  
MP, shows some accumula t i on ,  (c) some F F A  is 
reester i f ied to  DG, TG,  and  PC, which  is 
appa ren t ly  ra te  l imit ing,  and  (d)  excessive F F A  
is released i n to  the  med ium.  

The ques t ion  conce rn ing  the  removal  and  
m e t a b o l i s m  of  c i rcula t ing  glycerides by  tissues 
is whe the r  the  i n t ac t  glycerides or the i r  hy-  

d ro ly t i c  p r o d u c t s  are r e m o v e d  by the  lung. 
There  are two  pa thways  by  which  MG are 
i n c o r p o r a t e d  in to  c o m p l e x  lipids: (a) the  glyc- 
erol  p h o s p h a t e  p a t h w a y  descr ibed  by  Kornbe rg  
and  Pricer (16)  and  Weiss and  K e n n e d y  (17)  
and  (b)  the  monog lyce r ide  p a t h w a y  r e p o r t e d  
b y  Clark and  Hubsche r  (4 ,18) ,  Senior  and  
coworkers  (6 ,20 ,21) ,  and  J o h n s t o n  and asso- 
ciates (5 ,7 ,8 ,19) .  In the  first  pa thway ,  fo rma-  
t ion  of  c o m p l e x  lipids f rom MG is p receded  by  
hydro lys i s  of  MG, while the  la t ter ,  c o m p l e x  
lipids are f o r m e d  via direct  acy la t ion  of  MG. 

The  rapid  increase in labeled F F A  in the  
m e d i u m  suggests the  ex is tence  of  an active MP 
hyd ro lyz ing  sys tem (22-28)  in the  lung. A pre- 
l iminary  repor t  conce rn ing  the  ex is tence  and  
charac ter is t ics  of  a MP lipase in rat  lung  has 
been  repor ted  (29) .  

The presence  of  an ex t r eme ly  act ive MG 
lipase sys tem d e m o n s t r a t e d  in th is  s tudy  indi- 
cates tha t  the  glycerol  p h o s p h a t e  p a t h w a y  is 
the  major  pa thway  for  c o m p l e x  lipid synthes is  
in the  rat  lung unde r  n o r m a l  phys io logic  condi-  
t ions.  The  c o n t r i b u t i o n  of  the  monog lyce r ide  
pa thway ,  if any,  mus t  be a m i n o r  one.  F u r t h e r  
ev idence  for the  f o r m a t i o n  of  c o m p l e x  lipids 
via glycerol  p h o s p h a t e  p a t h w a y  was s u p p o r t e d  
by  the  f indings  t ha t  in  the  analysis of  DG 
isomers,  70-80% of  DG rad ioac t iv i ty  was f o u n d  
in 1,2-DG, while the  1,3-DG a c c o u n t e d  for  on ly  
20-30% of DG rad ioac t iv i ty  (Tab le  V). 

There  were no s ignif icant  d i f ferences  be- 
tween  a - m o n o p a l m i t i n  and  pa lmi t ic  acid wi th  
regard  to the  ra te  of u t i l i za t ion  and  pa t t e rns  of  
t issue lipid i nco rpo ra t ion .  The s imi lar i ty  in the  
rate of  i n c o r p o r a t i o n  and  pa t t e rns  of  t issue 
l ipids be tween  these  two subs t ra tes  indica tes  
t h a t  the  p a t h w a y  for  com p l ex  lipid syn thes i s  
(TG,  PC) is ident ical .  A ppa r en t l y ,  a - m o n o -  

pa lmi t in  was h y d r o l y z e d  by  lung  MG lipase and  
the  resu l t ing  F F A  (pa lmi t i c  acid)  was t h e n  
rees ter i f ied  to  f o r m  higher  glycerides or PL. 
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Uptake and Metabolism of Exogenous Eicosa-8,11,14-trienoic 
Acid in Minimal Deviation Hepatoma 7288 C Cells 
G. GASPAR, M.J.T.,de ALANIZ,  and R.R. BRENNER 1 , C~tedra de Bioquirni~a, 
Instituto de Fisiologia, Facultad de Ciencias M~dicas, La Plata, Argentina 

ABSTRACT 

Minimal deviation hepatoma 7288 C 
cells were cultured in Swim's medium 
containing 10% serum for 48 hr. The 
growth medium was replaced with serum 
free media containing different concen- 
t ra t ions  of [1A4C]eicosa-8,11,14-trie - 
noic acid and the cells were incubated for 
24 hr. Incorporation into cell lipids, oxi- 
dat ion to CO2, and desaturation to 
arachidonic acid were studied. The oxi- 
dation of the acid was very low. It was 
preferentially incorporated into the polar 
lipids of the cell. The incorporation 
depended on the number of cells and 
fatty acid concentration. Saturation of 
the cells with the acid was reached when 
144.7 nmoles per mg of cellular protein 
were incorporated. The acid was desatu- 
rated readily to arachidonic acid. The 
nmoles of eicosatrienoic acid converted 
to arachidonic acid per mg of cellular 
protein were hyperbolic function of the 
acid incorporated. Maximal desaturation, 
23 nmoles per mg of cellular protein, was 
reached when the cells were saturated 
with the acid. The calculations of the 
desaturation capacity and of the endog- 
enous pool of eicosatrienoic acid available 
for desaturation in the cell are discussed. 

I N T R O D U C T I O N  

Cultured cells provide an excellent experi- 
mental system for the study of metabolic re- 
actions. This is due to their rather homoge- 
neous character, which allows the examination 
of different events separated from the complex 
physiological interactions encountered in vivo. 
Moreover, their lipid composition can be easily 
controlled by modification of their nutritional 
environment (1,2). 

Because established cell lines are often 
tumorigenic when transplanted in vivo (3), it is 
generally considered that cell transformations 
in vitro are analogous to the malignant process 
in vivo. For that reason, one can compare 
directly the metabolism in cultured tumor cells 
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with the metabolism in normal cells. 
It has been established that lipids containing 

particularly polyunsaturated fatty acids of the 
linoleic and a-linolenic series are involved inti- 
mately with metabolism and cellular structure 
and function, especially at the membrane level. 
Striking differences in lipid metabolism be- 
tween normal and neoplasic tissues have been 
shown to occur (4). Information regarding 
lipids and their metabolism can be pertinent in 
any attempt to develop and evaluate methods 
for the prevention and treatment of neoplasia. 

Cultured cells derived from Morris minimal 
deviation hepatoma (HTC) cells have little 
arachidonic acid (1). This is in accordance with 
their diminshed capacity to synthesize this acid 
from linoleic acid shown in the first paper of 
this series (1). For that reason, it has been sug- 
gested that some of the reactions involved in its 
synthesis could be altered. Eicosa-8,11,14-trie- 
noic acid is the immediate precursor of arachi- 
donic acid. Therefore, the objective of the 
present investigation was to do the ground 
work necessary for any other research on this 
line and to assess the ability of HTC cells to 
incorporate and metabolize exogenous eicosa- 
8,11,14-trienoic acid, studying particularly the 
kinetics of eicosa-8,11,14-trienoic acid incor- 
poration and desaturation to arachidonic acid. 

M A T E R I A L S  A N D  METHODS 

Culture Conditions 

HTC 7288 C cells were maintained and 
grown at 37 C in confluent layer attached to 
glass on Swim's 77 medium, supplemented with 
10% calf serum (5), using conventional sterile 
conditions as described previously (1). 

Radiochemicals 

[ 1 - 1 4 C ] E i c o s a - 8 , l  1 , 1 4 - t r i e n o i c  ac id  
(58 mCi/mmole) 98% pure was provided by 
New England Nuclear (Boston, MA). Eicosa- 
8,11,14-trienoic acid was purchased from Nu- 
Check-Prep, Inc. (Elysian, MN). 

Assay Procedure 

The cells were dislodged from the glass sur- 
face using a 0.25% trypsin solution and were 
counted in a hemocytometer .  When not speci- 
fied, 0.5 x 106 cells per bottle were cultured in 
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70 cm 2 flasks with 20 ml Swim's 77 medium 
supplemented with 10% calf serum as described 
elsewhere (1). After 48 b_r, when the cells were 
in the logarithmic phase of growth, the cultured 
medium was replaced by 10 ml of Swim's 77 
medium without serum, to which different 
amounts of labeled eicosa-8,11,14-trienoic acid 
were added. The acid was added as sodium salt 
bound to defatted albumin (6) according to 
Spector, et al., (7) in a ratio of 2 moles fatty 
acid to 1 mole albumin. 

After different periods of incubation, the 
attached cells were washed twice with 0.85% 
NaC1, removed from the container with a rub- 
ber policeman, collected in tubes, and leveled 
to 5 mI with 0.85% NaCt. An aliquot of  the 
suspension was used to determine the amount 
of cellular proteins by the method of Lowry, et 
al., (8), and the rest was centrifuged. The saline 
solution was decanted and the cells were sapon- 
ified with 2 ml of 10% KOH in ethanol for 45 
min at 85 C. The fatty acids were extracted 
from the acidified solution with light petroleum 
(bp 30 C-40 C) and esterified with 3 M HC1 in 
methanol .  The radioactivity of the recovered 
methyl esters was determined in a Packard Tri- 
Carb scintillation counter with 86% efficiency 
for 1 4C, using a scintillation solution prepared 
with 4 g of 2,5-diphenyl-oxazol (PPO) and 
100 mg of 1,4-bis-2 (5-phenyloxazolyl)-benzene 
(POPOP) per liter in toluene. The distribution 
of radioactivity between eicosatrienoic and 
arachidonic acids was measured by gas liquid 
radiochromatography in a Packard apparatus 
with a proportional counter. The column was 
prepared with 15% diethyleneglycol succinate 
on Chromosorb W (80-100 mesh) and the 
analysis was performed at 176 C. 

The labeled arachidonic acid formed from 
[ 1-14C] eicosa-8,11,14-trienoic acid was identi- 
fied by comparison with an authentic standard. 
It was also separated by gas liquid chromatog- 
raphy, collected, and the structure recognized 
by reductive ozonlysis (9). The products of 
o z o n o l y s i s ,  chromatographed in the same 
apparatus and column at 150 C, gave a labeled 
peak that corresponded to an aldehyde-ester of 
5 carbons. 

CO 2 Determination 
In some experiments, the production of 

labeled CO 2 was also measured. For this pur- 
pose the CO2 produced was collected in filter 
paper impregnated with Hyamine. After the 
incubation, the medium was acidified with sul- 
phuric acid and the paper was then introduced 
into a vial containing 20 mi of Bray's scintilla- 
t i o n  solution (10). The radioactivity was 
measured as described previously. The radio- 
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FIG. 1. Incorporation of [1-14C]eicosa-8,11,14- 
trienoic acid in hepatoma 7288 C cells (HTC) as a 
function of ceU concentration and substrate added. 
HTC ceils were incubated at 37 C for 24 hr with the 
labeled acid in Swim's medium. On each curve are 
indicated the mg of cellular protein incubated per 
flask. Results are the mean of two incubation flasks. 

activity remaining in the medium and the saline 
solution used to wash the attached cells were 
also measured in Bray's solution (10). The 
attached cells were dislodged from the glass 
surface with a rubber policeman, suspended in 
0.85% NaC1 solution, and the radioactivity 
measured in Bray's solution (I 0). 

Separation of Lipids 
The incorporation of the eicosa-8,11,14- 

trienoic acid into cellular lipids was studied by 
incubation of 2 .Snmoles  of [1A4C]eicosa- 
8,11,14-trienoic acid with HTC cells (5 mg of 
cellular protein) for 24 hr at 37 C in the usual 
way. 

The cellular lipids were extracted with chlo- 
roform:methanol  (2:1, v/v) by the procedure of 
Folch, et al., (11). Individual lipid classes were 
separated by thin layer chromatography (TLC) 
on 500/ l  plates of activated Silica Gel G. The 
solvent mixture used was chloroform:metha- 
nol:water (65:25:4, v/v/v). The spots of the 
lipids were scraped off and suspended in 10 ml 
of Bray's solution (10). Radioactivity was 
measured as usual in the Packard Tri-Carb 
Scintillation counter. 

RESULTS AND DISCUSSION 
Incorporation of Eicosatrienoic Acid in the Cells 

To determine to what extent the amount of 
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FIG. 2. Effect of cell concentration on total incor- 
p o r a t i o n  o f  [1-14C]eicosa-8,11,14-trienoic acid. 
Experimental conditions are the same as for Figure 1. 
nMoles of  labeled acid incubated are on the top of 
each curve. 
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FIG. 3. Saturation of [1-14C]eicosa-8,11,14-tri - 
enoic acid incorporation in hepatoma 7288 C (HTC) 
cells. HTC cells were incubated at 37 C for 24 hr with 
increasing concentrations of  the labeled acid in Swim's 
medium. Values are the means +_ SE of  3 incubation 
flasks. 

incubated acid and cell concentration affected 
eicosatrienoic acid uptake, a series of assay 
i n c u b a t i o n s  with [1-14C]eicosa-8,11,14-tri- 
enoic acid was carried out. The amount of 
incubated acid was varied from 1 to 10 nmoles, 
and the cell concentrations from 0.6 to 3.02 mg 
of cellular protein per flask. 

As is shown in Figure 1, [1-14C]eicosa- 

TABLE I 

Distribution of Labeling Among Lipid Fractions 
After Incubation of Hepatoma 7288 C Cells with 

[ 1-14C] Eicosa-8,11,14-trienoic acid 

Radioactivity (%)a 

Lysolecithin zone 11.8 
Phosphatidylcholine 49.0 
Pbosphatidylet banolamine 21.5 
Free fatty acids 7.3 
Neutral lipids 6.8 

aMinor fractions complete 100%. Results are the 
mean of two incubation flasks. 

8,11,14-trienoic acid was taken up by the cells 
and the amount incorporated into the cells in- 
creased with the concentration of the incubated 
acid. Moreover, when the lowest cell concen- 
trations (0.6 and 1.23 mg of cellular protein per 
flask) were incubated, a sigmoidal curve was 
observed. It is important to remark that a sig- 
moidal incorporation curve was also obtained 
when we analyzed the data published by Fulco 
(12) on the incorporation of palmitic acid in 
Bacillus megaterium. This type of curve can 
be explained in different ways. It may suggest 
the existence of a cooperative effect on the 
fatty acid incorporation in cells at low concen- 
trations of the acid. 

The amount of acid incorporated per mg of 
cellular protein increased when the amount of 
incubated cells was decreased (Fig. 1). When 
the lowest concentrations of labeled acid were 
incubated, the amount incorporated in the cells 
per bottle was almost independent of cell con- 
centration (Fig. 2). However, with high con- 
centrations of labeled acid, the incorporation 
increased slightly with cell concentration (Fig. 
2). 

Saturation of the cells with eicosatrienoic 
acid could be achieved by increasing the con- 
centration of the acid in the medium (Fig. 3). 
When 500 nmoles or higher amounts of acid 
were incubated with 0.6 mg of cellular protein 
per  f l a sk ,  t he  cells were saturated and 
144.7 nmoles per mg of cellular protein were 
taken up. The saturation curve followed a 
normal hyperbolic shape. 

The distribution of labeling among the dif- 
f e r e n t  lipid fractions after incubation of 
2.5 nmoles of [ 1-14C]eicosatrienoic acid with 
5 mg of cellular protein for 24 hr is shown in 
Table I. It is evident that the radioactivity is 
preferentially incorporated into the polar lipids. 

Oxidation of Eicosa-8,11,14-trienoic Acid 

The fate of exogenous eicosa-8,11,14-tri- 
enoic acid in HTC cells was studied by incuba- 
tion of the cells with the labeled acid and esti- 
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TABLE II 

Distribution of Radioactivity After Incubation of Different Amounts of 
[ 1-14C] Eicosa-8,11,14-trienoic Acid with Hepatoma 7288 C Cells 
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Distribution of radioactivity 

Incubated acid CO 2 Cells Medium 
(nmoles) (%)b (%) (%) 

0.4 0.9 28.3 70.8 
(0.6-1.1) (27.3-2.9.4) (69.5-72.2) 

0.9 0.2 36.8 63.0 
(0.1-0.2) (35.9-37.7) (62.1-63.9) 

2.0 0.6 48.3 51.1 
(0.2-1.0) (46.6-50.0) (49.0-53.2) 

4.0 0.4 43.6 56.0 
(0.3-0.4) (43.4-43.7) (56.0-56.1) 

10.0 0.5 40.9 58.6 
(0.4-0.6) (39.4-42.3) (57.3-60.0) 

aCellular protein (0.6 mg) of HTC cells were incubated with [1-14C]eicosa-8,11,14 - 
trienoic acid for 24 hr using the techniques described in methods. 

bResults are the mean of two determinations. Extreme values are between brackets. 

m a t i o n  of  label ing d i s t r i bu t ion  a m o n g  CO2,  ~ .~ 
i n c u b a t e d  cells, and  cu l ture  m ed i um .  The  re- G 
suits  are s h o w n  in Table  II. It is ev ident  t h a t  the  B_ 30 
abso lu te  a m o u n t s  of  labeled CO 2 by  t he  cells 
increased  wi th  t he  a m o u n t  of  i n c u b a t e d  acid. ~ ~ 
H o w e v e r ,  t h e  p r o d u c t i o n  of  CO 2 f r o m  o 
[1 -14C]e i cosa t r i eno i c  acid du r ing  t he  i ncuba -  &, ~ 20 
t i o n  was very low and  mos t  o f  the  labeled acid -* 
was i n c o r p o r a t e d  in to  the  cells r a the r  t h a n  "~ 
ox id ized  to  CO 2. Similar resul ts  were also ~ '~- -  
s h o w n  b y  Wiegand and  Wood  (2)  for  pa lmi t ic  o ~ ~ l0 
acid. Very  p robab ly ,  as these  a u t h o r s  p roposed ,  ~ o 
t he  energy  r e q u i r e m e n t s  of  the  HTC cells are ~ o 
sa t is f ied by  ca tabol iz ing  glucose  f r o m  the  ~ 
m e d i u m  in p re fe rence  to  oxid iz ing  the  exoge- *-' 
nous  or e n d o g e n o u s  f a t t y  acids. 

Conversion of Eicosa-8,11,14-trienoic Acid to 
Arachidonic Acid 

HTC cells no t  on ly  s to re  t he  f a t t y  acid in t he  
lipids, bu t  also desa tu ra t e  eicosa-8,1 1,14-tri-  
eno ic  acid act ively  to  a rach idon ic  acid,  as is 
s h o w n  in F igure  4. F igure  4 shows the  t ime  
curve of  [1-14C] e icosa t r ienoic  acid inco rpora -  
t ion  and  s imu l t aneous  d e s a t u r a t i o n  to  arachi-  
don ic  acid by  t he  HTC cells. I t  is evident  t h a t  
the  f a t t y  acid i n c o r p o r a t i o n  fol lows a hype r -  
bol ic  curve and  t h a t  the  ra te  of  i n c o r p o r a t i o n  
decl ines a f te r  12 hr.  However ,  t he  s i m u l t aneous  
de sa tu r a t i on  of  the  [ 1-14C] e icosa t r ienoic  acid 
has  a r a the r  c o n s t a n t  ra te  dur ing  t he  en t i re  24  
hr  per iod.  

The  ef fec t  of  subs t ra t e  c o n c e n t r a t i o n  and  
a m o u n t  of  ceils i n c u b a t e d  o n  the  d e s a t u r a t i o n  
o f  [ 1 - 1 4 C ] e i c o s a t r i e n o i c  acid is s h o w n  in 
Figure 5. At  the  low f a t t y  acid c o n c e n t r a t i o n  
i n c u b a t e d  per  mg  of cel lular  p ro t e in ,  the  
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FIG. 4. Effect of incubation time on eicosa- 
8,11,14-trienoic acid incorporation and desaturation 
to arachidonic acid. 0.6 mg of cellular protein of 
hepatoma 7288 C (HTC) ceUs were incubated with 
80 nmoles of [1-14C]eicosa-8,11,14-trienoic acid in 
the conditions described in methods. Values are the 
means +- SE of 3 incubation flasks. 

a r ach idon ic  acid p r o d u c e d  increased l inear ly  
w i th  t he  a m o u n t  of  acid i n c o r p o r a t e d  per  mg of  
cellular p ro t e in  i n d e p e n d e n t l y  of  cell concen-  
t r a t ion .  I t  is ev ident  t h a t  in these  cond i t i ons  the  
A5 de sa tu r a t i on  capac i ty  of  the  ceils is no t  yet  
sa tu ra ted  b y  t he  subs t ra te .  To reach  th is  sa tura-  
t ion ,  it was necessary  to  increase  the  concen-  
t r a t i o n  of  [ 1-14C] e icosa t r ienoic  acid i n c u b a t e d  
(Fig. 6). By compar i son  of  F igure  6 w i th  F igure  
3, i t  is s h o w n  t h a t  t he  s a t u r a t i o n  of  t he  desa tu-  
r a t i o n  r eac t i on  conver t ing  [1 -14C]e icosa t r i -  
eno ic  acid to  a r ach idon ic  acid was achieved 
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FIG.  5. I n c o r p o r a t i o n  and desaturation of 
[ 1-14Cleicosa-8,11,14-trienoic acid to aracbidonic 
acid. Different concentrations of hepatoma 7288 C 
(HTC) cells were incubated with the labeled acid 
during 24 hr at 37 C in the conditions described in the 
text. Cellular protein per flask; (o)= 0.6 mg; (A)= 
1.23 mg; (o) = 2.66 mg; and ( , )  = 3.02 mg. 
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FIG. 6. Desaturation of [1-14C]eicosa-8,11,14 - 
trienoic acid as a function of substrate concentration. 
Hepatoma 7288 C (HTC) cells (0.6 mg cellular pro- 
tein) incubated as in Figure 3 with increasing concen- 
trations of the labeled acid also were used to measure 
the conversion to arachidonic acid. Values are means _+ 
SE of 3 incubation flasks. 

appa ren t ly  w h e n  the  acid i n c o r p o r a t e d  in to  the  
cells r eached  the  pla teau.  This  p la t eau  corre- 
sponded  to ca. 145 nmoles  of  labeled  acid 
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FIG.  7. Relationship between [1-14C]eicosa - 

8,11,14-trienoic acid incorporated per mg of cellular 
protein (PI) and fraction of PI desaturated (D) in 
hepatoma 7288 C (HTC) cells. Data of Figure 6 plot- 
ted according to equation 2 in the text, so that the 
interception gives the value for the endogenous pool 
(PE) size in nmoles of eicosa-8,11,14-trienoic acid 
desaturated per mg of cellular protein and the slope 
gives the nmoles of eicosa-8,11,14-trienoic acid de- 
saturated per mg of cellular protein (K). 

i n c o r p o r a t e d  per  mg of  cellular p ro te in .  The  
t o t a l  a m o u n t  desa tu ra t ed  was ca. 23 nmoles  of  
labeled e icosa t r ienoic  acid per  mg of cellular 
p ro te in .  

However ,  it is obvious  t h a t  the  cell is no t  
on ly  desa tu ra t ing  the  exogenous  labeled  acid,  
bu t  is also conver t ing  the  e n d o g e n o u s  pool .  
There fore ,  it is i m p o r t a n t  to  measure ,  i f  pos-  
sible, t he  whole  desa tu ra t ing  capac i ty  of  the  cell 
t h a t  may  be  re la ted  to  precise  me tabo l i c  si tua- 
t ions .  At  t he  same t ime,  i t  is also very im- 
p o r t a n t  to  measure  the  e n d o g e n o u s  poo l  of  the  
acid available for  desa tu ra t ion .  Fu lco  (12)  has  
s h o w n  in his work  o n  pa lmi t a t e  i n c o r p o r a t i o n  
and  desa tu ra t ion  by  the  B. megaterium that it is 
possible  to  es t imate  the  t o t a l  de sa tu r a t i on  of  
th i s  acid,  as well as t he  e n d o g e n o u s  pool  in the  
bac ter ia ,  by  app l i ca t ion  of  a s imple equa t ion .  
The  e q u a t i o n  used,  a d a p t e d  to  our  uni t s ,  is: 

K = (D) (PI + PE) (I) 

where  K = nmoles  of acid de sa tu r a t ed  per  mg of 
cellular p ro te in ,  D = t he  f r ac t ion  of radioac t ive  
acid desa tu ra ted ,  PI = nmoles  of  [1 -14C]ac id  
i n c o r p o r a t e d  per  mg o f  cellular p ro te in ,  and  
PE = nmoles  of  acid per  mg of  cellular p ro t e in  
in the  e n d o g e n o u s  poo l  avai lable  for  desa tura-  
t ion,  
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Rear ranging  th is  e q u a t i o n  in the  same way as 
Fu lco  (12) ,  it gives: 

PI = K ( l /D) -  PE (II)  

If K and  PE are cons tan t s ,  t he  e q u a t i o n  is 
l inear.  When we t o o k  the  data  f rom Figure  6 
and  p lo t t ed  PI versus l / D ,  a s t raight  l ine was 
o b t a i n e d  (Fig. 7). By app l i ca t i on  of  s ta t is t ica l  
analysis ,  K and  PE were ca lcula ted  f r o m  the  
slope and  in t e rcep t  of t he  curve. 

A n  e n d o g e n o u s  p o o l  s i z e  ( P E )  o f  
48.8 nmoles  and  a c o n s t a n t  de s a t u r a t i on  level 
of  27.2 nmoles  of  e icosa-8 ,11 ,14- t r ienoic  acid 
per  mg of cellular p ro t e i n  were ob ta ined .  This  
last figure is no t  very d i f fe rent  f r o m  the  23 
nmoles  conve r t ed  by  t h e  cells w h e n  they  were 
sa tu ra t ed  wi th  t he  acid (Fig. 6). Obvious ly ,  
these  results  may  be  cons idered  as a p p r o x i m a -  
t ions  and  we c a n n o t  assure yet  t ha t  they  are 
real. However ,  th is  m e t h o d o l o g y  will be  t es ted  
wi th  o the r  f a t t y  acids and  it m ay  be  e x t r e m e l y  
i m p o r t a n t  to  s tudy  the  ef fec ts  of  d i f fe ren t  
r egu la to ry  fac tors  on  f a t t y  acid i n c o r p o r a t i o n  
and  desa tu ra t i on  in HTC cells. 

E i c o s a - 8 , 1 1 , 1 4 - t r i e n o i c  acid is general ly  
f o u n d  only  in t races  in HTC cells (1). There -  
fore,  t he  ex is tence  of an  e n d o g e n o u s  pool ,  
available for  desa tu ra t ion ,  of  ca. 48.8 nmoles  
per  mg of  cellular p ro t e i n  is at first sight rela- 
t ively large. I t  could  possibly m e a n  t h a t  th is  
poo l  is very specific for  de s a t u r a t i on  and  the  
l ipids tha t  i n c o r p o r a t e  th is  acid have a rapid  
tu rnover .  

In previous  work  (1)  i t  was s h o w n  t h a t  HTC 
cells i n c u b a t e d  wi th  1-14C l inoleic  acid incor-  
po ra t ed  t he  acid,  bu t  very  l i t t le  r ad ioac t iv i ty  
was f o u n d  in a rach idon ic  acid. In  t he  p resen t  
work ,  it is clearly s h o w n  tha t  the  d i f f i cu l ty  of  
HTC cells to  conver t  exogenous  1-14C l inoleic 
acid to  a rach idon ic  acid is no t  due to  t he  ab- 
sence or low act iv i ty  of  the  AS-desaturase .  
Because t he  convers ion  of  e icosa-8,11,14- t r i -  
eno ic  acid to  a rach idon ic  acid is the  last  s tep in 
t he  b iosyn thes i s  o f  a r ach idon ic  acid f r o m  l ino-  
leic acid, t h e  p r o b l e m  of  t he  ceil mus t  reside in 
a step of t he  b i o s y n t h e t i c  chain  p r io r  to  this  
reac t ion .  D u n b a r  and  Bailey (13) ,  c o n f i r m e d  
these  results  and  showed  t h a t  a series of  he te ro -  
p lo id  cells did no t  A6-desa tu ra te  l inoleic  acid,  
bu t  d id  A5-desa tu ra te  e icosa-8 ,11 ,14- t r ienoic  
acid. They  c o n c l u d e d  t h a t  the  cells suf fered  a 
loss or  mod i f i c a t i on  of  the  A6-desaturase .  How- 
ever, Alaniz ,  et al., (1)  and  th is  work  show t h a t  
HTC cells a p p a r e n t l y  have an  act ive A6-desatu-  
r a t ion  of  a q i n o l e n i c  acid and  the  c o r r e s p o n d i n g  
e longa t ing  enzymes ,  as t hey  readi ly  conver t  
a - l i n o l e n i c  acid to  oc t adeca -6 ,9 ,12 ,15 - t e t r a -  

enoic  acid and  eicosa-5,8,1 1 ,14 ,17 -pen taeno ic  
acid (1).  

All the  i n f o r m a t i o n  ga the red  un t i l  n o w  
es tabl ishes  t h a t  the  same A6-desa turase  desat-  
ura tes  oleic,  l inoleic,  and  a - l ino len ic  acids (14) .  
For  th is  reason,  it is di f f icul t  to  t h i n k  t ha t  in 
HTC cells t he re  are d i f fe ren t  A6-desa turases  for  
the  d i f fe ren t  f a t t y  acids, and  the  same may  be  
a d m i t t e d  for  the  e longa t ing  e n z y m e s  (15) .  The  
A6-desaturase  is a very i m p o r t a n t  r egu la to ry  
step in f a t t y  acid b iosyn thes i s  (16) .  There fore ,  
a l t h o u g h  the  i n h i b i t i o n  of  the  synthes is  of  
a r ach idon ic  acid mus t  very  p r o b a b l y  occur  at  
the  level of  t he  A6-desa turase ,  it is so specific 
t h a t  i t  on ly  decreases l inoleic acid de sa tu r a t i on  
and  no t  a - l inolenic  convers ion  to  oc tadeca-  
6 ,9 ,12 ,15- t e t r aeno ic  acid.  It is still d i f f icul t  t o  
es tab l i sh  the  m e c h a n i s m  of  t he  i nh ib i t i on ,  bu t  
it may  play an  i m p o r t a n t  role in living cells and  
tissues. 
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Stereospecific Analysis of Some Cruciferae Species 

R. OHLSON, O. PODLAHA, and B. TOREGARD, 
Research Laboratory, AB Karlshamns Oljefabriker, Karlsharnn, Sweden 

ABSTRACT 

Results of stereospecific analysis of 
nine Cruciferae seed oils are presented. 
The major fatty acids in the oils investiga- 
ted are nonrandomly distributed, not 
only between inner and outer positions, 
but also between sn-1 and sn-3 positions. 
When the positional data were plotted 
versus erucic acid content, a regular and 
characteristic distribution pattern for 
each fatty acid was obtained. Category I 
acids (saturated acids and acids with more 
than 18 carbon atoms) prefer either of 
the outer positions. Erucic acid, however, 
has a clear preference for the sn-3 posi- 
tion. When in the outer positions, Cate- 
gory II acids (unsaturated acids with 18 
carbon atoms) as a rule prefer the sn-1 to 
the sn-3 position. This tendency increases 
with decreasing unsaturation. 

INTRODUCTION 

Procedures for stereospecific analysis of tri- 
acylglycerols have been available since 1965 

(1,2). Before that date, a restricted positional 
analysis had been used which could only distin- 
guish between the sn-2 and the combined sn-1 
and sn-3 positions (a- and/3-positions) (3,4). 

Several results from analyses of triacylglyc- 
erols of Cruciferae species with respect to sn-2 
and the combined sn-l,3 positions have been 
published (5,6). The fatty acid distribution be- 
tween the sn-1 and sn-3 positions, however, has 
been investigated only by Brockerhoff and Yur- 
kowski (7) and by Podlaha and Toreg~rd (8). 
Brockerhoff and Yurkowski analyzed a single 
sample of Brassica napus; Podlaha and T6reg~rd 
studied four different samples of Brassica napus 
and B. campestris.  The results showed a clearly 
non-random distribution between the sn-I and 
sn-3 positions for most major acids. 

This paper presents further results of stereo- 
specific analysis of the Cruciferae species. 

MATERIALS AND METHODS 

Seeds were obtained from the Swedish Seed 
Association (Svalov, Sweden). The oil was cold- 
pressed from the grains and the triacylglycerol 

T A B L E  I 

Fa t ty  Acid Compos i t i on  in Cruciferae  Seed Oils 

Compos i t i on  (mole  %) 

Species and  var ie ty  16:0 18:0 18:1 18:2 18:3 20:1 22:1 Others  

Brassica napus ,  v. ' O r o '  4.8 1.2 62.6 18.9 9.5 1.6 0.6 0.3 
Brassica napus,  v. 'S inus '  5.0 1.0 45.2 18.1 11.1 8.0 10.7 0.9 
Brassica napus,  v. ' SV71-6 '  4.2 1.3 29 .0  17.2 10.9 14.0 21.5 1.6 
Brassica campest r is ,  v. 'Bele '  2.6 0.8 27.8 16.7 9.9 l 1.2 27 .8  2.7 
Brassica napus,  v. 'Gu i le '  4.4 0.9 19.6 15.2 10.8 13.8 33.6 2.1 
Brassica campest r is ,  v. ' D u r o '  2.2 0.8 15.6 14.5 10.6 10.1 43 .4  3.1 
Brassica napus,  v. ' P a n t e r '  3.3 0.7 I 1.7 13.7 10.6 7.1 50.2 2.4 
Sinapis alba 3.4 0.9 26.8 9.1 11.9 9.7 35.2 3.6 
Crambe  abyssinica 2.1 0.6 17.4 9.2 7.7 2.5 56.6 3.8 

T A B L E  ii 

Stereospecif ic  Analysis  o f  1 ,2-1) ipalmi toyl -3-myris toyl -g lycerol  

C14 :0  CI 6:0 

Mole % Theore t ica l  SD a Mole % Theore t i ca l  SD a 

sn-1 Position 3.7 0 0.5 96 .3  100 0.5 

sn-2 Position 1.9 0 0.2 98.1 100 0.2 

sn-3 Position 99.5 1 O0 0.5 0.5 0 2.0 

aSD = S tanda rd  devia t ion.  
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fraction isolated by chromatography on silicic 
acid column. Seed materials investigated and 
the fatty acid composition of their triacylglyc- 
erols are presented in Table I. 

Cleavage with ethylmagnesiumbromide was 
performed principally according to Brocker- 
hoff's procedure (1,2) adapted for mg quanti- 
ties by Christie and Moore (9) and Akesson 
(10). The same day thin layer chromatography 
(TLC) separation of diacylglycerols and synthe- 
sis of phosphatidylphenols was carried out. 

The next day, the phosphatidylphenols were 
isolated according to  the procedure of Akesson 
(10) and hydrolysis with phospholipase A (9) 
was started. Ether was evaporated with a stream 
of nitrogen the following morning. Thereafter, 
1 ml of water and 2.5 ml chloroform:methanol 
mixture (2:1) were added, and extraction of 
lipids and isolation of the reaction products by 
TLC t h e n  were  performed according to 
i~&esson (10). 

The zones of  interest on the TLC-plate were 
removed and the lipids transesterified with BF3 
immediately on silica gel adsorbent without 
previous extraction. 

Pancreatic lipase hydrolysis was carried out 
according to Luddy's procedure for 50 mg 
samples (3). 

Gas chromatography analyses were per- 
formed on a Varian A 2100 gas chromatograph 
equipped with a 6 ft x 2 mm internal diameter 
(ID) glass column packed with 6% butanediol 
succinate (BDS) on Anakrom ABS 110/120. 
Peak areas were integrated with a Hewlett- 
Packard, 3370 A Integrator. 

RESULTS AND DISCUSSION 

Table II shows results obtained from the 
analysis of the synthetized triacylglycerol, 
sn-l,2-dipalmito-3-myristin. If we accept that 
the triacylglycerol has that theoretical composi- 
tion, the figures indicate that the method is 
slightly inaccurate, particularly for the  sn-1 
position. The precision is fair and this compli- 
cated and laborious method can, on the whole, 
be regarded as satisfactory. 

Every actual stereospecific analysis was 
checked by calculating the fatty acid (FA) 
composition in position sn-3 in two independ- 
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en t  ways  ( f rom 1-acyl-3-1ysophosphatidyl- 
phenols  and from 2,3-diacyl-l-lysophospha- 
tidylphenols). Results which showed differ- 
ences > 2 mole % were rejected. 

Figures 1-5 show the distribution pattern for 
the major fatty acids among the sn-1, sn-2 and 
sn-3 positions in the investigated seed otis as a 
function of their erucic acid content. The y-axis 
represents the percent distribution in moles of 
the fatty acids between the three triacylglycerol 
positions. Thus, a random distribution of an 
acid is indicated by 33.3% in each of the three 
positions. More than 33.3% is an indication of 
an enrichment in that particular position and 
anything less than 33.3%, the opposite. The 
points  within brackets represent the non- 
Brassica species. 

Because of the relatively large method error 
for such small components as palmitic and 
stearic acids, no significant difference between 
the sn-1 and sn-3 positions cart be stated. How- 
ever, they are strongly accumulated in the outer 
positions (not shown in figure). 

Gadoleic acid has the same strong preference 
for the outer positions. However, between these 

positions it appears to be a systematic distribu- 
tion pattern in that the preference for sn-3 is 
changed to a preference for sn-1 when the 
erucic acid content in triacylglycerols rises 
above ca. 30 mole %. 

Erucic acid is almost completely concentra- 
ted at the outer positions, except for the very 
low erucic acid species. The concentration at 
the sn-3 position is clearly evident for the Bras- 
sica and Sinapis species, while for Crarnbe the 
distribution between sn-1 and sn-3 is symmetri- 
cal. The saturated C16, C18, and the C20:1, 
C22:1 fatty acids (Category I acids) are, accord- 
ing to the Evans distribution hypothesis (11), 
first esterified at the outer positions. According 
to the same theory, the unsaturated ClS-acids 
(Category II acids) then are distributed on the 
remaining positions. 

Oleic acid is concentrated on the inner posi- 
tion. The distribution between the sn-1 and the 
sn-3 positions is non-random and correlated to 
the erucic acid content. Oleic acid begins to be 
unequally distributed between sn-1 and sn-3 
with erucic acid content in triacylglycerols 
above 10 mole %, and again fairly equally distri- 
buted when the erucic acid reaches the highest 
levels. The sn-1 position is preferred, in some 
instances very strongly. 

Linoleic acid, mainly in the inner position, 
also shows random distribution between the 
outer positions in species high in erucic acid, 
but affinity for the sn-1 position in the others. 
Linolenic acid has the same overall distribution 
pattern as hnoleic acid, but the asymmetry is 
not so pronounced. 

A survey of the positional distribution of the 
Category II acids over sn-I and sn-3 is presented 
in Figure 6. The curves represent the deviations 
from random distribution, using mole % at sn-1 
minus mole % at sn-3. It is clearly evident that 
the non-random distribution decreases with in- 
creasing unsaturation. 
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Hepatoma, Host Liver, and Normal Rat Liver 
Phospholipids as Affected by Diet 
RANDALL WOOD, Division of Gastroenterology, Departments of Medicine and Biochemistry, 
University of Missouri School of Medicine, Columbia, Missouri 65201 

ABSTRACT 

Individual phospholipid classes derived 
from hepatoma, host liver, and normal 
liver of rats maintained on chow and fat 
free diets were examined in detail and the 
s p h i n g o m y e l i n  and phosphoglyceride 
structures compared. The concentration 
of hepatoma sphingomyelin was higher 
while phosphatidylcholine, phosphatidyl- 
ethanolamine, phosphatidylinositol, phos- 
phatidylserine, and diphosphatidylglyc- 
erol were only one-fourth to one-half 
normal liver concentrations, irrespective 
of diet. Hepatoma phosphatidylcholine, 
phosphatidylethanolamine, phosphatidyl- 
s e r ine ,  and phosphatidylinositol con- 
tained higher percentages of 18:1 and, 
except phosphatidylinositol, much lower 
percentages  of most polyunsaturated 
fatty acids than liver. The 1-position of 
host liver phosphatidylcholine and phos- 
phatidylethanolamine, normal liver phos- 
phatidylcholine and phosphatidylethanol- 
amine, and hepatoma phosphatidylcho- 
line from animals on both diets had the 
same approximate fatty acid composi- 

tion, but the percentage of 16:0 in hepa- 
t o m a  phospha t idy le thano lamine  was 
reduced dramatically. The low percentage 
of 16:0 at the 1-position of both phos- 
phatidylethanolamine and triglycerides 
suggests that the 1-position fatty acids of 
these two classes may have a similar ori- 
gin. The fat free diet reduced the percent- 
age of 18:2 in liver diphosphatidylglyc- 
erol 3-fold and the decrease was offset by 
increased percentages of 16:1 and 18:1; 
whereas the very low percentage of 18:2 
in hepatoma diphosphatidylglycerol was 
offset by increased percentages of 18:0 
and 16:0. Liver phosphatidylinositol and 
phosphatidylcholine from the animals fed 
the fat free diet contained the highest 
percentage of 20:3, which replaced 20:4. 
Hepatoma sphingomyelin contained a 
much higher concentration of 24:0 and 
24:1 than liver. The hepatoma sphingo- 
myelin also contained a C-24 dienoic 
acid, which was not detected in host and 
normal liver. Host liver contained a higher 
percentage of 22:6 than normal liver. The 

digiycerides derived from host liver PC 
contained a significantly higher percent- 
age of carbon number 38 than normal 
liver. Diglycerides derived from hepatoma 
phosphatidylcholine and phosphatidyl- 
ethanolamine exhibited a 1-random-2- 
random distribution of fatty acids, where- 
as diglycerides from liver phosphatidyl- 
choline and phosphatidylethanolamine 
showed pairing of specific fatty acids. 

INTRODUCTION 

The occurrence of hyperlipemia and loss of 
body lipid in tumor bearing animals (1) indicate 
that lipid metabolism in the host is affected by 
the tumor. On the other hand, the correlation 
between dietary fat and the incidence of some 
tumors (2-4) suggest that host lipids may affect 
the tumor. The few scattered reports that de- 
scribe the change or lack of change that occurs 
in the lipids of tumor bearing animals have been 
reviewed in the first paper of this series (5). 
This is the third in a series of papers that de- 
scribes the results of experiments designed to 
investigate the relationship between host and 
tumor lipid metabolism. The data reported here 
compare quantitatively the phospholipids de- 
rived from hepatoma 7288CTC, normal rat 
liver, and host fiver of animals maintained on 
normal and fat free diets. Preliminary reports of 
these studies have appeared (6,7). 

METHODS AND MATERIALS 

Hepatoma 7288CTC, livers from normal rats, 
and livers of rats bearing hepatoma 7288CTC 
(denoted throughout this report as host liver) 
were obtained from groups of three or more 
animals (175-225 g) maintained on chow and 
fat free diets for four to five weeks as described 
previously (5). Lipids were extracted by the 
Bligh and Dyer procedure (two extractions) (8), 
fractionated into neutral lipid and phospholipid 
fractions by silicic acid chromatography (9), 
and weighed. Phospholipids were resolved into 
individual classes by thin layer chromatography 
(TLC) (10) and quantified by the phosphorus 
method of Rouser, et al., (11). Individual phos- 
pholipid classes on preparative chromatoplates 
were visualized under UV light after spraying 

t t . with 2,7-dlchlorofluoresceln or Rhodamine 
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6G. The localized bands were scraped from the 
chromatoplate,  etuted from the absorbent,  and 
checked for purity.  Samples that were not 
>95% pure were repurified by chromatography. 
Phosphatidylcholine (PC) and phosphatidyl-  
ethanolamine (PE) were subjected to phospho- 
lipase A hydrolysis as described previously (12) 
to obtain the fat ty acid compositions of the 
1- and 2-positions. 

The fat ty acids released by hydrolysis of PC 
and PE, the lysophosphatides, and other phos- 
pholipid classes were converted to methyl esters 
and analyzed by gas liquid chromatography 
(GLC) on polar columns as described earlier 
(13). PC and PE were hydrolyzed to diglycer- 
ides with Ctostridiurn welchii phospholipase C 
(14), diglyceride acetates were prepared by the 
p-toluenesulfonic acid catalyzed acetylation 
procedure (15), hydrogenated,  and analyzed 
intact by high temperature GLC (13). 

Diglyceride and fat ty  acid percentages rep- 
resent the mean of two or more determinations 
on the pooled sample for each tissue and die- 
tary condition. Agreement between determined 
percentages was usually +5% for major compo- 
nents and +10% for minor components.  Identi- 
ties of fat ty acids were based uoon cochroma- 
tog raphy  with standards before and after 
hydrogenation.  Positions of double bond in 
C-16, C-18, and C-20 monoenes were deter- 
mined and are reported in a companion paper. 

Crotalus atrox venom (phospholipase A) was 
purchased from Ross Allen's Reptile Institute 
(Silver Springs, FL). Phospholipase C (el. 
w e l c h i i )  was o b t a i n e d  from Calbiochem 
(LaJolla, CA). Diglyceride and phospholipid 
standards were supplied by Applied Science 
Lab (State College, PA) and Supelco, Inc. 
(Bellefonte, PA). All solvents were glass dis- 
tilled and obtained from Burdick and Jackson 
Labs (Muskegon, MI). 

R ESU LTS 

Class Composition 

The  percentages of major phospholipid 
classes from hepatoma, host liver, and normal 
fiver of animals maintained 
free diets are given in Table 
positions of normal and host 
tially the same, and diet had 
Hepatoma contained less PC 

on chow and fat 
I. The class corn- 
livers were essen- 
little or no effect. 
and much higher 

percentages of sphingomyelin than liver, and, as 
in the case of liver, diet had no effect on the 
hepatoma phospholipid class composition. 

Concentrations (mg/g wet wt) of the various 
phosphotipid classes can be calculated from the 
total  phospholipid values given in the first 
column of Table I. Most phospholipid classes 

from normal livers of animals on both diets and 
from host livers of chow fed rats exhibited the 
same approximate concentrations, but host 
livers from rats fed the fat free diet contained 
ca. 50% or less PC, phosphatidylinositol  (PI), 
phosphatidylserine (PS), and diphosphatidyl-  
glycerol (DPG). Hepatoma sphingomyelin con- 
centrations were higher than those of liver, 
whereas all other phospholipid class levels were 
lower. Hepatoma PC and PE concentrations 
were only 25 to 50% of liver levels. 

Positional Distribution of Fatty Acids 

The fatty acid composit ion of the 1- and 
2-positions of PC and PE derived from hepa- 
toma, host liver, and normal liver of rats main- 
tained on chow and fat free diets is given in 
Table II. The 1-position of all hepatic tissue PC 
e x h i b i t e d  t h e  same  compos i t ion :  16:0, 
4 1 + 2 . 8 %  and 18:0, 56 .6+4%.  Host and 
normal liver PE were similar at the 1-position 
and contained primarily palmitate and stearate. 
In sharp contrast, the 1-position of hepatoma 
PE, affected little by diet, contained only 25 to 
35% as much palmitate as liver PE. The de- 
crease in palmitate was offset by an increase in 
stearate percentages. 

Polyunsaturated fat ty acids dominated the 
2-position of PC and PE of  livers but not the 
hepatoma. Generally, the 2-position of PC in 
host and normal liver from animals on the same 
diet was similar. This was also true in the case 
of PE. The exception to this generalization was 
the usually higher percentages of 18:2 and 22:6 
observed in host livers. The fat free diet re- 
duced 18:2 and 20:4 and increased 20:3, 18: 1, 
and 16:1 percentages at the 2-position of liver 
and hepatoma PC. Hepatoma PC exhibited ele- 
vated percentages of 16:0 and 18:1 at the 2- 
position compared to liver PC. The 2-position 
of all PE samples contained twice as much 18:0 
and, with the exception of hepatoma, less than 
one-half the percentage of 18:1 as the corre- 
sponding position of PC. The fat free diet re- 
duced 18:2 percentages at the 2-position of 
liver and hepatoma PE, but 20:4 and 18:1 per- 
centages showed little change. Hepatoma PE 
contained elevated 18:1, and reduced 20:4 and 
22:6 percentages relative to the 2-position of 
liver PE. 

Fatty Acid Composition of PS, PI and DPG 

The fatty acid compositions of PS, PI, and 
DPG isolated from hepatoma, host liver, and 
normal liver of rats maintained on chow and fat 
free diets are shown in Table III. DPG used for 
these composit ional  analyses was purified by 
rechromatography in a less polar solvent system 
(12). All hepatic tissue PS was characterized by 
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TABLE III 

Fatty Acid Composition of Phosphoglycerides Derived from Rat Liver, Host Liver, and 
Hepatoma Tissue of Animals Maintained on Normal and Fat Free Diets 

Fatty acid percentages a 

Hepatic tissue 16:0 16:1 18:0 18:1 18:2 20:3 20:4 22:6 

Liver, normal, chow diet 6.3 66.9 
Liver, normal, fat free diet 6.4 61.9 
Liver, hepatoma host, chow diet 5.4 45.8 
Liver, hepatoma host, fat free diet 4.3 65.3 
Hepatoma 7288CTC, chow diet 3.5 47.6 
Hepatoma 7288CTC, fat free diet 4.5 T b 53.4 

Liver, normal, chow diet 7.9 
Liver, normal, fat free diet 4.7 
Liver, hepatoma host, chow diet 5.7 
Liver, hepatoma host, fat free diet 4.7 
Hepatoma 7288CTC, chow diet 3.2 
Hepatoma 7288CTC, fat free diet 4.3 

Liver, normal, chow diet 3.9 2.1 
Liver, normal, fat free diet 5.6 15.5 
Liver, hepatoma host, chow diet 6.1 1.0 
Liver, hepatoma host, fat free diet 7.2 10.8 
Hepatoma 7288CTC, chow diet 16.0 1.2 
Hepatoma 7288CTC, fat free diet 13.6 0.9 

Phosphatidylserine 

2.8 1.1 18.3 3.6 
6.2 T 1.2 20.7 1.8 
3.2 3.9 24.2 15.8 
5.5 0.7 1.7 14.6 3.7 

29.7 6.6 4.4 1.9 
24.4 1.7 1.4 2.4 T 

Phosphatidyllnositol 

56.7 2.7 1.7 29.9 
63.3 1.6 11.0 19.4 
45.8 2.2 3.6 1.1 37.0 3.7 
65.3 3.2 0.6 11.5 12,6 1.7 
47,6 15.7 7.9 21.3 1.3 
53.4 15.4 3.4 4.1 16.2 1.0 

Dlphosphatidylglycerol 

1.8 16.2 75.9 
1.8 45.4 25.4 4.5 1.7 
3.3 14.3 70.6 1.0 0.9 
7.8 31.1 33.5 2.6 3.7 1.5 

25.1 26.0 16.8 7.3 4.3 
35.8 29.1 7.1 6.1 T 

aThe difference between the sum of the percentages in any row and 100% represents the sum of other fatty 
acids present in small amounts and not given in the table. The phospbolipid classes from the hepatomas of 
animals on both diets contained 1.0-4.0% of each of the following acids: 20:1, 20:2, and 22:4. Normal liver and 
host liver did not contain more than trace levels of these acids. 

bT = Detectable levels of < 0.5%. 

a h igh level of s tearate .  H e p a t o m a  PS exh ib i t ed  
a severalfold increase  in the  pe rcen tage  of  18:1 
and  a m u c h  decrease pe rcen tage  of  2 0 : 4  relat ive 
to  liver. The  effects  of  the  fat  free diet  were 
marginal  in b o t h  h e p a t o m a  and  liver PS. Host  
liver PS c o n t a i n e d  an increased  percen tage  of  
22:6 .  

B o t h  h e p a t o m a  an d  liver PI, like PS, con-  
t a ined  a high percen tage  of  18:0.  H e p a t o m a  PI 
18:1 was several fold  h igher  t h a n  liver; bu t ,  un- 
like h e p a t o m a  PS, the  pe rcen tage  of  2 0 : 4  was 
no t  t oo  d i f fe ren t  f rom liver. The  fat  free diet  

r educed  18:2 and  2 0 : 4  percen tages  in l iver and  
h e p a t o m a  PI and  e levated  the  pe rcen tage  of  
20 :3 .  Again,  as in PS, the  pe rcen tage  of  some 
p o l y u n s a t u r a t e d  fa t ty  acids increased in the  
hos t  liver PI. 

High leve]s of  18:2  charac te r i zed  the  DPG of  
hos t  and  n o r m a l  liver, bu t  no t  the  h e p a t o m a .  
The  percen tage  of  18:2 was r educed  55 to  65% 
in b o t h  hos t  and  n o r m a l  liver DPG of  animals  
fed the  fat  free diet  relat ive to  chow fed ani- 
mals.  The  18 :2  was replaced  wi th  16:1 and  
18:1.  Only 18:2 and  18:0  o f  h e p a t o m a  DPG 
r e s p o n d e d  to  the  fat free diet .  H e p a t o m a  DPG 
c o n t a i n e d  b e t w e e n  40  and  50% sa tu ra t ed  f a t t y  

acids, whereas  n o r m a l  liver DPG c o n t a i n e d  
6-8% and  hos t  l iver 10-15%. 

The fa t ty  acid c o m p o s i t i o n  of  sph ingomye-  
l in f r o m  h e p a t o m a  and  liver as a f fec ted  b y  diet  
as shown  in Table  IV. Genera l ly ,  the  effects  of  
the  fat  free diet  on  hepa t i c  t issue sph ingomye-  
l i n  f a t t y  acid c o m p o s i t i o n  were min imal .  
Palmit ic  acid percen tages  increased  in hos t  liver 
sph ingomye l in  relat ive to  n o r m a l  liver. Ligno- 
ceric acid pe rcen tages  were lower  in hos t  liver 
sph ingomye l ins  t han  in n o r m a l  liver. The  per- 
centage of  ne rvon ic  acid in h e p a t o m a  sphingo-  
myel in  was a p p r o x i m a t e l y  doub le  t ha t  of liver. 
t l e p a t o m a  s p h i n g o m y e l i n  c o n t a i n e d  a C-24 
d ienoic  acid which  was no t  de tec tab le  in liver 
sph ingomye l in .  

Carbon Number Distributions of PC and PE 
Diglycerides 

The c a r b o n  n u m b e r  d i s t r ibu t ions  of  diglyc- 
erides derived f rom PC and  PE of  h e p a t o m a ,  
hos t  liver, and  n o r m a l  l iver f rom animals  fed 
c h o w  and  fat  free diets are given in Table  V. 
l - r a n d o m - 2 - r a n d o m  d i s t r i bu t ion  data  ca lcula ted  
wi th  f a t t y  acid percen tages  f rom Table  II are 
also given in Table  V for  compar i son .  Diglycer- 
ides f rom norma l  liver PC of  an imals  fed the  fat  
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free diet contained a higher percentage of lower 
tool wt species than liver PC of chow fed ani- 
mats. Host liver PC of both  chow and fat free 
diet fed rats contained a higher percentage of 
higher tool wt species than either normal liver 
PC or hepatoma PC. The carbon number distri- 
bution of hepatoma PC, unaffected b y  diet, 
agreed more closely with normal liver PC per- 
centages than with host liver PC percentages. 
Determined and calculated carbon number 
percentages of liver PC did not agree; however, 
a rather close agreement was obse rved  for 
hepatoma PC. 

The carbon number distribution of diglycer- 
ides derived from PE was dramatically different 
from PC diglycerides of both  liver and hepa- 
toma. In contrast to liver PC, the fat free diet 
caused an elevation in the higher mol wt species 
of both  normal and host liver PE relative to 
chow fed noraml and host liver PE. Hepatoma 
PE, unaffected by diet, exhibited a carbon 
number distribution very different from liver 
PE. As observed for liver PC, the determined 
and calculated carbon number distributions for 
liver PE were not comparable. In contrast, 
hepatoma PE showed agreement between deter- 
mined and calculated carbon number percent- 
ages. 

DISCUSSION 

Class Composition 

Phospholipid class percentages were affected 
little by feeding the fat free diet or by the 
presence of the hepatoma. This is in general 
agreement with previously reported data (12, 
16-18). The combination of hepatoma and fat 
free diet reduced host liver phospholipid mass 
dramatically (5), and not all classes were af- 
fected equally. Both percentage and mass data 
showed an elevation of hepatoma sphingomye- 
lin. Bergelson, et al., (17) have shown that  
hepatoma 27, hepatoma 22, zajdela ascites 
hepatoma, and cellular fractions from these 
neoplasms contained higher percentages of 
sphingomyelin than liver. Transformed diploid 
cells grown in culture (19), cultured hepatoma 
cells (10), and a number of transplantable rat 
and mouse tumors (20) also have been shown 
to contain higher percentages of sphingomyelin 
than nontransformed cells and normal liver. 
Decreases in the other hepatoma phospholipid 
classes relative to normal liver may be more 
significant than the elevated concentrations of 
sphingomyelin. A number of different neo- 
plasms examined show lower levels of phospho- 
lipids than do normal tissues, whether ex- 
pressed on the basis of wet wt, protein,  or total  
nitrogen (18,19,21). This decreased concentra- 
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tion of phospholipids may be a characteristic of 
most neoplasms that has not been recognized 
because most data have been reported as rela- 
tive percentages. 

Phosphatidylcholine 

Positional analysis of  liver PC, the most 
studied phospholipid of hepatic tissue, confirms 
earlier reports (22-24) that indicated the 1-posi- 
tion, composed primarily of palmitate and 
stearate, was affected only slightly by diet. 
Likewise, the 1-position was not affected in 
hepatoma. The similarities in the composit ion 
of 1-position of PC in hepatoma and fiver 
(Table II) have been reported in hepatoma 
5123C (25), whereas other hepatomas (25,26) 
have elevated 18:1 percentages. The 2-position 
fat ty  acid percentages of normal and host liver 
PC from animals on both diets generally agreed 
well with reported percentages obtained from 
animals fed regular diets (22,25-28) and essen- 
tial fa t ty  acid deficient diets (22). The higher 
percentage of 16:0 and lower percentage of 
C-20 and C-22 polyunsaturated fat ty acids at 
the 2-position of hepatoma PC relative to liver 
are in agreement with published data for other 
hepatomas (25,26) and Ehrlich ascites ceils 
(14). 

The similarities in the fat ty acid composit ion 
at the 1- and 2-positions of normal and host 
liver PC of chow fed animals (Table II) might 
lead one to conclude that the hepatoma had no 
effect on host liver PC species, but comparison 
of determined diglyceride carbon number per- 
centages (Table V) indicated that pairing of 
fat ty acids yielding higher tool wt species had 
occurred. Higher tool wt species of  PC in the 
host liver of the fat free fed animals was also 
observed. The lack of agreement between deter- 
mined and calculated carbon number percent- 
ages for normal and host liver PC diglycerides 
illustrates, as shown previously (28), the prefer- 
ential pairing of fat ty  acids. In contrast, the 
agreement between determined and calculated 
percentages of hepatoma PC diglycerides indi- 
cates lack of specificity in fat ty acid pairing. 
The diglycerides derived from PC of Ehrlich 
ascites ceUs examined previously (14) also 
exhibited a 1-random-2-random distribution. 

Phosphatidylet hanola mine 

The 1-position of fiver PE was affected to a 
small degree by both diet and the tumor. 
1-position percentages of liver PE from rats 
bearing Yoshida and Morris 5123 hepatomas 
(29) agreed well with the chow fed host liver PE 
percentages. Percentages previously reported 
for the 1-position of normal liver PE (28) were 
similar to the fat free f e d - h o s t  fiver PE per- 

centages. Although the 1-position percentages 
for normal liver PE reported previously and the 
present percentages differ in the ratio of palmi- 
rate to stearate, it is of interest that in each case 
the 1-position compositions for PE and PC are 
similar. This similarity suggests that the fat ty 
acids at the 1-positions of PC and PE arise from 
the same source. In contrast to the 1-position 
percentages, which were similar for liver and 
hepatoma PC, hepatoma PE contained only 
one-third to one-fourth the palmitate  of liver 
PE. The low levels of pa lmi ta te  at the 1-posi- 
t ion of hepatoma PE (Table II) and hepatoma 
tfiglyceride (30) suggest that the 1-position 
fatty acids of PE and TG arise from the same 
source, whereas the 1-position fat ty acids of 
normal rat liver PC and PE appear to arise from 
the same source. Ehrlich ascites cells (14), 
Yoshida hepatoma (29), and Morris 5123 
hepatoma (29) all contained lower percentages 
of palmitate at the 1-position of PE than fiver 
PE. 

The level of C-20 and C-22 polyunsaturated 
fat ty acids at the 2-position of hepatoma PE 
was much reduced in comparison to liver. This 
decreased level was offset by a rise in the per- 
centage of 18:1, following the trend of two 
hepatomas (29) and Ehrlich ascites cells (14). 

The molecular species of liver PE were 
affected differently than liver PC; normal liver 
PE from the animals fed the fat free diet con- 
tained an elevated percentage of higher mol wt 
species, and the hepatoma did not affect the 
host fiver PE carbon number distribution. It is 
of interest that  both  hepatoma PC and PE di- 
glycerides showed only very small peaks on the 
chromatograms that could have resulted from 
odd carbon numbered diglycerides or ether 
linked diglycerides. These data demonstrate 
that the high level of ether l inked phospholipids 
found in some neoplasms (31) is not  character- 
istic of  all neoplasms. 

Phosphatidylserine, Phosphatidylinositol, and 
Diphosphatidylglycerol 

Liver and hepatoma PS and PI were charac- 
terized by a high percentage of stearate, as 
reported previously for rat liver (12) and Ehr- 
fich ascites cells (32). The fat free diet had only 
marginal effects on the percentage of  20:4 in 
liver PS, whereas the percentage of 20:4 in liver 
PI was reduced. The reduced percentage of 
20:4 in PI appeared to be replaced with 20:3. If 
the 20:3 acid was esterified at the 2-position of 
PI as was the case for PC, then PI contained the 
highest quant i ty  of 20:3 per mole, followed by 
PC and DPG. The percentage of 20:4 in hepa- 
toma PS was reduced dramatically, whereas the 
percentage of this acid in hepatoma PI was 
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within the range of liver values. Both PS and PI 
of Ehrlich ascites cells exhibited similar types 
of fatty acid profiles (30). The high percentage 
of 18:2, characteristic of liver DPG (12), was 
partially replaced with 16:1 and 18:1 fatty 
acids in liver of animals fed fat free diet. The 
percentage of 18:2 in hepatoma DPG, lower 
than liver DPG from animals fed the fat f ree  
diet, was not replaced with monoenoic acids 
but with stearate and palmitate. 

Sphingomyelin 

The fatty acid profile of liver sphingomyelin, 
characterized by a high percentage of C-22, 
C-23, and C-24 saturated and monoenoic fatty 
acids (32), was not greatly affected by the fat 
free diet. The lower percentages of 18:0, 20:0, 
22:0, 23:0, and 23:1 in hepatoma sphingomye- 
lin were replaced with a higher percentage 24:1 
(Table IV). Actually, the percentages do not 
reflect the real pictures because of various 
tissue levels of sphingomyelin. Concentrations 
(mg/g wet wt) calculated from the data in Table 
IV show that 24:0 and 24:1 hepatoma sphingo- 
myelin species greatly exceed liver concentra- 
tions. Hepatoma sphingomyelin also contained 
a C-24 dienoic acid shown previously to be 
present in Ehrlich ascites cells (32), cultured 
hepatoma cells (10), and a large number of 
transplantable rat and mouse tumors (20), but 
absent or present in only trace amounts of 
sphingomyelin of normal tissue (12,20,32). 

Effect of Hapatoma on Host Lipids 

Some phospholipid classes of host liver 
showed an increase in the percentage of 18:2 
and 20:4 over normal liver percentages, whereas 
all host liver phospholipid classes, except 
sphingomyelin, showed an increase in the per- 
centage of 22:6. The increased percentage of 
22:6 would only be apparent if the phospho- 
lipid species containing polyunsaturated fatty 
acids were being conserved at the expense of 
other class species. However, in a number of 
instances the increased percentages could have 
only occurred due to a net increase in the con- 
centration of host liver 22:6. Neifakh and 
Lankin (33) have reported that the concentra- 
tions of 18:1, 18:2, and 20:4 were higher in 
total lipids derived from rats bearing Walker 
carcinoma and hepatoma 22 at 14 and 11 days, 
respectively, than normal liver. They (33) 
apparently did not observe or measure the con- 
centration of host liver 22:6, which showed the 
most pronounced increases in the present 
study. 

The increased percentage of carbon number 
38 of diglycerides derived from host liver PC 
(Table V) indicates an apparent effect of the 
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tumor on the distribution of molecular species. 
It would appear that the tumor can affect phos- 
pholipid biosynthesis or can be instrumental in 
affecting the turnover of some molecular 
species in the host liver. 

Phosphoglyceride Molecular Species 

If one accepts the concept that specific 
molecular species of phosphoglycerides are vital 
cellular components and serve specific func- 
tions, then it is not surprising that liver and 
hepatoma behave differently. Not only does the 
hepatoma cell have to function with only one- 
fourth to one-half the amount of PC, PE, PS, 
and DPG of normal liver cells, but it has to 
manage with different molecular species of 
phosphoglycerides than found in liver. The 
C-20 and C-22 polyunsaturated fatty acids of 
the aforementioned classes are dramatically 
reduced, which means the quantity of molecu- 
lar species containing these fatty acids is further 
reduced. In addition, the hepatoma has to con- 
tend with a 1-random-2-random distribution of 
fatty acids in PC and PE that further reduces 
the quantity of some molecular species. All of 
these abnormalities in the lipids of the hepa- 
toma make it clear that cellular components 
and functions which require specific molecular 
species containing polyunsaturated fatty acids 
will be severely affected. Because of the ab- 
normalities in the lipid constituents of neo- 
plastic ceils, it is not surprising that they func- 
tion differently than normal cells. 
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Hepatoma, Host Liver, and Normal Rat Liver Lipids: Distribution 
of Isomeric Monoene Fatty Acids in Individual Lipid Classes 
RANDALL WOOD and REX D. WIEGAND, Division of Gastroenterology, 
Departments of Medicine and Biochemistry, University of Missouri School of Medicine 
Columbia, Missouri 65201 

ABSTRACT 

M o n o e n o i c  acid f rac t ions  were i so la ted  
f rom p h o s p h a t i d y c h o l i n e ,  p h o s p h a t i d y l -  
e t h a n o l a m i n e ,  t r iglycer ides ,  and  choles- 
te ry l  esters of  h e p a t o m a  7288CTC,  hos t  
liver, and  n o r m a l  liver f r o m  animals  main-  
t a ined  on  chow and  fat  f ree  diets.  Hexa-  
decenoa te  (16 :1 ) ,  o c t a d e c e n o a t e  (18:  1), 
and  e i sosenoate  ( 2 0 : 1 )  f r ac t ions  were 
ana lyzed  quan t i t a t ive ly  for  the i r  i somer ic  
compos i t i on .  The  fat  free diet  had  l i t t le  
or no  effect  relat ive to  the  c h o w  diet  on  
the  i somer ic  c o m p o s i t i o n  of  16:1 ,  18:1,  
and  20:1 f r o m  any  lipid class in  e i the r  
h e p a t o m a ,  hos t  liver, or  n o r m a l  liver. 
Host  livers were r educed  in pa lmi to le ic  
acid, and  oleic and  e icos-11-enoic  acids 
were increased  relat ive to  n o r m a l  liver. 
The 16:1 f r ac t ion  f r o m  t r ig lycer ide  of  
n o r m a l  liver, hos t  liver, and  h e p a t o m a  
c o n t a i n e d  90, 80, and  75% pa lmi to le ic  
acid, respect ively.  The  20:1 f r ac t ion  f r o m  
tr iglycer ides  of n o r m a l  liver, hos t  liver, 
and  h e p a t o m a  c o n t a i n e d  ca. 55, 70, and  
6 0 %  e i c o s - l l - e n o i c  acid,  respect ively ,  
w i th  the  r ema inde r  cons is t ing  of  eicos-13- 
enoic  acid. The p r o p o r t i o n  of  vaccenic  
acid in the  18:1 f rac t ion  was 60,  50, 20, 
and  25% for p h o s p h a t i d y l e t h a n o l a m i n e ,  
p h o s p h a t i d y l c h o r i n e ,  t r iglycer ides ,  and  
choles te ry l  esters,  respect ively,  wi th  oleic 
acid making  up t he  balance.  In con t ras t ,  

all h e p a t o m a  l ipid classes exh ib i t ed  the  
same p r o p o r t i o n  of  oleic (70%) and  vac- 
cenic (30%) acids. These  data  appea r  to  
be  the  first to  d e m o n s t r a t e  l ipid class 
s p e c i f i c i t y  for i somer ic  o c t a d e c e n o i c  
acids in n o r m a l  liver and  the  loss of this  
specif ici ty  in a neop lasm.  

INTRODUCTION 

Evidence o b t a i n e d  f rom mass data  (1)  and  
m e t a b o l i s m  data  (2)  has s h o w n  t h a t  cu l tu red  
min ima l  devia t ion  h e p a t o m a  cells c o n t a i n e d  
and  syn thes ized  large a m o u n t s  of  vaccenic  acid. 
The  presen t  s t udy  was designed to  d e t e r m i n e  
the  d i s t r ibu t ion  of i somer ic  m o n o e n o i c  acids in  
ind iv idua l  l ipid classes f rom a hos t  g rown  hepa-  
t oma ,  hos t  liver, and  n o r m a l  ra t  l iver of  animals  
m a i n t a i n e d  on  c h o w  and  fat free diets.  A pre- 
l imina ry  repor t  of  the  resul ts  has appea red  (3).  

EXPERIMENTAL PROCEDURES 

N o r m a l  rat  livers, rivers of  rats  bear ing  hepa-  
t o m a  7288CTC ( d e n o t e d  he rea f t e r  as hos t  
liver), and  7288CTC h e p a t o m a s  were o b t a i n e d  
f r o m  groups  of an imals  m a i n t a i n e d  o n  c h o w  
and  fat  free diets for  4-5 weeks  (4). The  lipids 
were ex t rac ted ,  ind iv idual  l ipid classes isolated,  

and  m e t h y l  esters p r epa red  as descr ibed  previ- 
ously (4-6). U n s a t u r a t e d  esters  were resolved b y  
prepara t ive  gas l iquid  c h r o m a t o g r a p h y  (GLC)  
on  po la r  co lumns  (7).  In add i t ion ,  16:1 and  

TABLE I 

Distribution of Isomeric Hexadecenoic Acids 
of Triglycerides Derived from Normal Liver, Host Liver, 

and Hepatoma 7288CTC of Rats Maintained on Normal and Fat Free Diets 

Isomeric percentages a 

Hepatic tissue A6 A7 A9 

Rat liver, normal chow diet 
Rat liver, normal, fat free diet 
Rat liver, hepatoma host, chow diet 
Rat liver, hepatoma host, fat free diet 
Hepatoma 7288CTC,-host fed chow diet 
Hepatoma 7288CTC, host fed fat free diet 

4 4 92 
7 2 91 

10 12 78 
16 5 79 

7 19 74 
7 18 75 

apercentages represent the mean of duplicate analyses of a composite sample from 3 t o  
6 animals per group, except for the normal chow and fat free fed animal values which 
represent the mean of analyses from two groups of animals. The percentages are based on 
comparison of the quantities of the aldesters, except for the A6 isomer which is based on 
the aldehyde portion of the molecule because of the low yield of C-6 and shorter aldesters. 
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TABLE II 

Percentage Distribution of Isomeric Octadecenoic Acids in Individual 
Neutral Lipids and Phospholipid Classes Derived from Normal Liver, Host 

Liver, and Hepatoma 7288CTC of Rats Maintained on Normal and Fat Free Diets 

Isomeric octadecenoic acid percentages a 

pE b pC b TG b CE b 

Hepatic tissue A9 A 11 A9 A 11 A9 A 11 A9 A11 

Rat liver, normal, chow diet 40 60 49 51 83 17 75 25 
Rat liver, normal, fat free diet 42 58 54 46 82 18 73 27 
Rat liver, hepatoma host, chow diet 58 42 68 32 85 15 86 14 
Rat liver, hepatoma host, fat free diet 55 45 74 26 88 12 88 12 
Hepatoma 7288CTC, host fed chow diet 73 27 70 30 73 27 73 27 
Hepatoma 7288CTC, host fed fat free diet 64 36 66 34 71 29 70 30 

apercentages represent the mean of duplicate analyses of a composite sample from 3 to 6 animals per group, 
except for the normal chow and fat free fed animal values which represent the mean of analyses from two groups 
of animals. 

bpE = Phosphatidylethanolamine; PC = phosphatidylcholine; TG = triglyceride; CE = cholesterol ester. 

20:1 f rac t ions  were r e c h r o m a t o g r a p h e d  on  a 
n o n p o l a r  c o l u m n  (3% SE-30)  to  r e m o v e  con-  
t a m i n a t i n g  u n s a t u r a t e d  acids of  o t h e r  chain  
lengths .  Ozonides ,  p r epa red  b y  a m o d i f i c a t i o n  
of  the  Beroza  and  Bierl p r o c e d u r e  (8), were 
sub jec ted  to  GLC and  the  resolved cleavage pro-  
ducts  q u a n t i t a t e d  as descr ibed previous ly  (1). 
The  source  and  pu r i t y  of  reagents  and  solvents  
were t he  same as given earl ier  (1). 

RESULTS 

The d i s t r i bu t ion  of  i somer ic  16:1 acids of  
t r ig lycer ides  ( the  on ly  class t h a t  c o n t a i n e d  a 
suff ic ient  q u a n t i t y  of  16:1 to  pe rmi t  analysis)  
o b t a i n e d  f rom h e p a t o m a ,  n o r m a l  liver, and  hos t  
liver of  ra ts  m a i n t a i n e d  on  n o r m a l  and  fat  free 
diets is given in Table  I. The  i d e n t i t y  of  t he  A6 
isomer ,  which  was based  on  the  a ldehyde  por-  
t ion  of  the  molecule ,  ins tead  of  the  aldester ,  
mus t  be cons ide red  t en ta t ive  because  the  small  
quan t i t i e s  did no t  pe rmi t  f u r t h e r  charac ter iza-  
t ion .  The  pe rcen tage  of  the  A6 i somer  in hos t  
l iver was a b o u t  doub le  t h a t  of  n o r m a l  l iver and  
h e p a t o m a  percentages .  Diet  had  l i t t le  or no  ef- 
fect  on  the  t r ig lycer ide  16:1 i somer ic  compos i -  
t ion .  N o r m a l  liver c o n t a i n e d  the  h ighes t  per- 
centage of  pa lmi to le ic  acid; t he  A9 isomer ,  hos t  
liver i n t e r m e d i a t e ,  and  h e p a t o m a  on ly  a b o u t  
75%. The  ba lance  of  h e p a t o m a  16:1 was com- 
posed  pr imar i ly  of  t he  A7 isomer.  This was in 
con t r a s t  to  cu l tu red  h e p a t o m a  cells wh ich  con-  
t a ined  pa lmi to le ic  acid and  t he  A11 i somer  (1). 

The  percen tage  com pos i t i ons  of  t he  i somer ic  
o c t a d e c e n o i c  acids derived f r o m  p h o s p h a t i d y l -  
chol ine  (PC), p h o s p h a t i d y l e t h a n o l a m i n e  (PE), 
t r ig lycer ides  (TG) ,  and  cho les te ry l  esters (CE) 
o f  t he  var ious  hepa t i c  t issues f r o m  animals  fed  
the  two diets  are s h o w n  in Table  II. Oleic and  
vaccenic  a c c o u n t e d  for  more  t h a n  98% of all 

isomers.  The  effect  of the  fat  free diet  was 
min ima l  on  all l ipid classes of  all hepa t i c  tissue. 
Each lipid class of  n o r m a l  liver e x h i b i t e d  a 
charac te r i s t ic  i somer ic  d i s t r ibu t ion ;  the  per- 
centage of oleic was TG > CE > PC ~ PE. The  
l ipid classes of  hos t  l iver c o n t a i n e d  h igher  per- 
centages  of  oleic acid t h a n  n o r m a l  liver. Host  
liver TG and  CE i somer ic  o c t a d e c e n o i c  acid 
c o m p o s i t i o n s  were t h e  same,  bu t  PC and  PE 
r e m a i n e d  d i f fe rent .  H e p a t o m a ,  in  con t r a s t  to  
liver, did no t  exh ib i t  a specif ic i ty  fo r  i somer ic  
octadecenoic acids in  its l ipid classes; all classes 
contained ca. 30% vaccenic  and  70% oleic acid. 

The pe rcen tage  c o m p o s i t i o n s  of  the  eico- 
senoic  acid f r ac t i on  i so la ted  f r o m  n o r m a l  and  
hos t  liver TG and  several  h e p a t o m a  l ipid classes 
are given in Table  III. The  A l l  and  A13  iso- 
mers  a c c o u n t e d  for  97% or  more  of the  frac- 
t ion .  Again,  the  ef fec t  of  diet  on  t he  i somer ic  

c o m p o s i t i o n  was min imal .  N o r m a l  l iver and  
h e p a t o m a  TG c o n t a i n e d  ca. the  same composi -  
t ion ,  whereas  hos t  liver c o n t a i n e d  a h igher  per- 
cen tage  of  t he  A l l  isomer.  T h e  i somer ic  
c o m p o s i t i o n  of t he  h e p a t o m a  e icosenoic  acids 
was ca. the  same for  all l ipid classes. 

Two dienoic  acid f rac t ions  of  some samples  
were also ana lyzed  for  i somer ic  compos i t i ons .  
F rac t ions  of  18 :2  and  20 :2  isola ted f r o m  hepa-  
t o m a  TG and  CE c o n t a i n e d  more  t h a n  94% 
A 9 , 1 2  oc t adecad ieno ic  and  A l l , 1 4  eicosa- 
d ienoic  acids. The  18 :2  f rac t ions  i so la ted  f rom 
TG of  hos t  and  n o r m a l  livers f r o m  animals  on  
b o t h  diets  l ikewise c o n t a i n e d  95% or more  of  
the  A9,12  isomer.  

A g r e e m e n t  b e t w e e n  dupl ica te  d e t e r m i n a -  
t ions  was usual ly  wi th in  + 7% for major  c o m p o -  
n e n t s  (25% and  h igher )  and  +- 15% for  m i n o r  
c o m p o n e n t s .  A g r e e m e n t  b e t w e e n  data  f rom the  
two groups  of  n o r m a l  animals  fed c h o w  and  fat  

LIPIDS, VOL. 10, NO. 12 
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T A B L E  III 

D i s t r i b u t i o n  o f  I s o m e r i c  E i coseno i c  Ac ids  Der ived  f r o m  
Lip id  Classes o f  N o r m a l  Liver,  H o s t  Liver ,  a n d  H e p a t o m a  

7 2 8 8 C T C  o f  Ra t s  M a i n t a i n e d  on  N o r m a l  a n d  F a t  F ree  Diets  

I s o m e r i c  p e r c e n t a g e s  a 

H e p a t i c  t i ssue  A 1 I A l  3 

T r ig lyce r ide s  
R a t  liver, n o r m a l ,  c h o w  die t  
R a t  liver, n o r m a l ,  fa t  free d ie t  
R a t  liver, h e p a t o m a  hos t ,  c h o w  die t  
R a t  liver, h e p a t o m a  hos t ,  fa t  f ree  d ie t  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed c h o w  die t  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed  fa t  f ree  diet  

S te ro l  es ters  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed c h o w  diet  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed  fa t  f ree  die t  

P h o s p h a t i d y l c h o l i n e  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed  c h o w  die t  

P h o s p h a t i d y l e t  h a n o l a m i n e  
H e p a t o m a  7 2 8 8 C T C ,  hos t  fed fa t  f ree  d ie t  

53 45  
58 4 0  
70  27  
69  2 9  
63  34 
54 45  

63  35 
54 4 4  

54 45  

58 4 0  

a p e r c e n t a g e s  r e p r e s e n t  the  m e a n  o f  d u p l i c a t e  ana lyses  o f  a c o m p o s i t e  s a m p l e  f r o m  3 to  6 
an ima l s  per  g r o u p ,  e x c e p t  f o r  the  n o r m a l  c h o w  a n d  fa t  f ree  fed a n i m a l s '  va lues  w h i c h  
r e p r e s e n t  the  m e a n  o f  ana lyses  f r o m  t w o  g r o u p s  o f  an ima l s .  

T A B L E  IV 

Q u a n t i t y  o f  M o n e n o i c  F a t t y  Ac ids  in Var ious  L ip id  Classes I so l a t ed  f r o m  R a t  Liver ,  
H o s t  Liver,  a n d  H e p a t o m a  o f  A n i m a l s  M a i n t a i n e d  o n  N o r m a l  a n d  Fa t  F ree  Die ts  

H e p a t i c  t issue 

D ie t a ry  r e # m e n  

C h o w  F a t  f ree  

M o n o e n o i c  ac ids  a M o n o e n o i c  ac ids  a 
L ip id  ( m g / g  we t  w t )  ( m g / g  w e t  w t )  

class 16:1 18:1 20 :1  16:1 18:1 20 :1  

R a t  liver, n o r m a l  T G  0 .55  3 .65 < 0 . 0 5  b 5 .50  17 .0  < 0 . 2  
PC 0 .05  1.18 < 0 . 0 7  0 . 3 4  2 .21 < 0 . 0 7  
PE < 0 . 0 4  0 .42  < 0 . 0 4  0 . 0 3  0 . 3 7  < 0 . 0 3  

R a t  liver, hos t  T G  0 . 1 4  2 .0  < 0 . 0 3  1.52 9 .93  < 0 . 1  
PC < 0 . 0 9  1 .62 < 0 . 0 9  0 . 0 7  1.0 < 0 . 0 4  
PE < 0 . 0 4  0 .28  < 0 . 0 4  0 . 0 3  0 . 1 8  < 0 . 0 3  

H e p a t o m a  T G  0 . 0 5  1 .16  0 . 1 4  0 .12  1 .47 0 . 1 8  
PC 0 . 0 3  1.01 0 .05  0 .02  0 . 6 3  0 . 0 3  
PE 0 . 0 7  i . 0 2  0 . 0 4  0 .01 0 . 5 7  0 .02  

a M o n o e n e  c o n c e n t r a t i o n s  w e r e  c a l c u l a t e d  f r o m  t r ig lyce r ide  (TG)  (4)  a n d  p h o s p h a t i d y l c h o l i n e  
(PC),  a n d  p h o s p h a t i d y l e t h a n o l a m i n e  (PE)  (6)  d a t a  p u b l i s h e d  in o t h e r  pape r s  o f  th is  series.  

b V a l u e s  p r e c e d e d  b y  < were  c a l c u l a t e d  b a s e d  o n  the  a s s u m p t i o n  t h a t  all f a t t y  ac id  p e r c e n t a g e s  
given as t r ace  (T) we re  0 .5%,  b u t  in m o s t  cases ,  e spec ia l ly  20 :1  o f  n o r m a l  a n d  hos t  l iver,  the  p e r c e n t -  
age was  m u c h  less. 

free diets was similar to the agreement between 
duplicate determinations. The use of classical 
names of fatty acids does not imply that double 
bond configurations were determined; the cis 
configuration was assumed. 

DISCUSSION 

This study is apparently the first to investi- 
gate the isomeric monoene content of indivi- 
dual lipid classes of rat liver. The occurrence of 

different proportions of oleic and vaccenic 
acids in each lipid class examined demonstrates 
the need to analyze individual lipid classes in- 
stead of total neutral lipid or total phospholipid 
fractions. Spence (9) has shown that the pro- 
portions of monoene isomers at the 1 - a n d  
2-positions of rat brain PC and PE differed, 
while differences between lipid classes were 
minimal. 

One of the most surprising aspects of the 
present study was the fact that the fat free diet 
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had little or no effect on 16:1, 18:1, or 20:1 
isomeric monoene composition in any lipid 
class from either normal liver, host liver, or 
hepatoma. Monoene concentrations given in 
Table IV show that TG 18:1 and 16:1 concen- 
trations increased 5 and 10 fold, respectively, in 
normal and host livers of animals fed the fat 
free diet relative to chow fed animals. The ef- 
fect of the fat free diet o n t h e  concentration of 
18:1 in liver PC and PE and all three hepatoma 
lipid classes was less pronounced. Despite the 
range in monoene concentration from no 
change to a change of several fold brought 
about by the fat free diet, the proportion of 
isomers remained relatively unchanged. These 
data indicate that isomer monoene ratios in 
hepatic lipid classes remain constant regardless 
of rate of monoenoic fatty acid biosynthesis. 
Spence (10) has shown that the 18:1 isomeric 
composition of total lipids from rat kidney, 
lung, brain, and lumbar fat was relatively un- 
changed by feeding a fat free diet for 17-20 
weeks, whereas heart 18:1 and 16:1 of heart, 
kidney, lung, and brain showed higher percent- 
ages of the A9 isomers than chow fed animals. 

The percengage of polyunsaturated fatty 
acids and the distribution of fatty acids in PC 
of host liver have been shown to be affected by 
the hepatoma in a companion paper (6). The 
present data indicate that the hepatoma also 
has an effect on the isomeric composition of 
host liver monoene fatty acids. The increased 
percentage of eicos-1 1-enoic acid in host liver 
TG is consistent with the increased percentage 
of oleic acid. Likewise, the decreased percent- 
age of vaccenic acid is consistent with the 
decreased percentage of palmitoleic acid ob- 
served in host liver TG. 

The isomeric monoene composition of the 
hepatoma was distinctly different from liver. 
The uniqueness of the hepatoma composition 
may be less important than the fact that the 
hepatoma did not show the preferential incor- 
poration of oleic and vaccenic into lipid classes 
as was exhibited by liver. Hepatoma eicosenoic 
isomers also exhibited a lack of lipid class pref- 
erence. Our experiments with cultured hepa- 
toma cells grown on medium containing varying 
levels of serum and lipids likewise showed only 

marginal changes in the proportions of isomeric 
monoenes isolated from PC, PE, and TG (1). 
The significance of these observations may not 
become clear until the function of vaccenic acid 
is established. The present data, which show 
that the two major phospholipid classes of liver 
contain vaccenic acid percentages equal  to or 
greater than oleic acid, suggest that vaccenic 
acid does serve a useful function. Vaccenic acid 
has been shown to be a normal constituent of 
rat liver cells and organelles (11) and human 
liver (12). Holloway and Wakil (11) showed 
more than 10 years ago that biosynthesis of 
vaccenic acid in liver proceeded via elongation 
of  palmitoleic acid. We have demonstrated 
recently (2) that this is also the route of vac- 
cenic acid biosynthesis in cultured hepatoma 
ceils. The present data show that 18:2, which 
was unaffected in hepatoma TG by the fat free 
diet (4,5), consisted of more than 95% linoleic 
acid. The 20:2 acid fraction that was elevated 
in hepatoma TG and CE (4) was derived from 
linoleic by elongation. 
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Lipid and Lipoprotein Measurements in a Normal 
Adult American Population1 
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ABSTRACT 

F r o m  a pa ren t  p o p u l a t i o n  of  774,  a 
s u b p o p u l a t i o n  of  160 n o r m a l  adul ts  ages 
27-66 was r a n d o m l y  selected,  20 f r o m  
each  decade and  sex. A deta i led  compar i -  
son  was made  by  ana ly t ic  u l t r acen t r i fu -  
ga t ion  and  comple t e  agarose gel e lec t ro-  
phores is  on  se rum and  the  1 .006 g /ml  t op  
and  b o t t o m  prepara t ive  u l t r acen t r i fuge  
l i pop ro t e in  f rac t ions .  The  l a t t e r  was in- 
t e rna l ly  s t anda rd ized  by  t o t a l  l ipid and  
p lasma t o t a l  cho les te ro l  and  t r iglycer ide 
d e t e r m i n a t i o n s  giving n o r m a l  re fe rence  
l i pop ro t e in  values. The  reading  p r o c e d u r e  
a l lowed the  i den t i f i ca t ion  and  quant i f i -  
ca t ion  of  f loa t ing /3  and  s inking pre-/3. In 
the  s u b p o p u l a t i o n ,  t he re  were two  of  the  
f o r m e r  and  13 of  the  la t ter .  F o r  large 
scale cl inical  app l i ca t ion  of  such  quan t i -  
t a t i v e  l i p o p r o t e i n  e lec t rophores i s  ful l  
a u t o m a t i o n  of  the  m i c r o d e n s i t o m e t r y  
and  ca lcu la t ions  will be  requi red .  

INTRODUCTION 

With cu r ren t  in te res t  in the  p resence  of  ele- 
va ted  b l o o d  lipids and  the i r  re la t ionsh ip  to  ex- 
cessive and  p r e m a t u r e  hea r t  disease (1,2) ,  the re  
exists  a need  for  a s imple  l i pop r o t e i n  quan t i t a -  

1presented in part at the AOCS meeting, Philadel- 
phia, September, 19'74. 

t ive screening test ,  as well  as n o r m a l  p o p u l a t i o n  
data ,  for  compara t ive  and  re fe rence  purposes .  
The  m e a s u r e m e n t  of  p lasma to t a l  t r ig lycer ide  
(TG)  and  to t a l  cho les te ro l  (TC),  a l t h o u g h  use- 
ful clinically,  does  no t  provide  as m u c h  infor-  
m a t i o n  as t h a t  given by  the  c o m b i n a t i o n  of  
l ip id  and  quan t i t a t i ve  l i p o p r o t e i n  measure-  
ments .  This fol lows f rom the  fact  t h a t  near ly  all 
l ipids exist  as l i popro te ins  and  d i f fe ren t  com- 
b ina t i ons  of  l i pop ro t e in  pa t t e rn s  can resul t  
f r o m  similar  T G  and  TC lipid values. A l t h o u g h  
typ ing  (3,4)  is no t  a c o m p l e t e l y  sa t i s fac tory  
m e t h o d  of  diagnosis of  l i p o p r o t e i n  a b n o r m a l -  
ities, it none the l e s s  is a f r a m e w o r k  on  wh ich  
mos t  h y p e r l i p o p r o t e i n e m i a s  can be classified. 
The  mos t  i m p o r t a n t  need  for  such  class i f icat ion 
is to  provide  a basis for  p rescr ib ing  e i the r  die- 
t a ry  (5) a n d / o r  drug the rapy .  Af te r  t h e r a p y  is 
begun,  l ipid a n d / o r  quan t i t a t i ve  l i pop ro t e in  
m e a s u r e m e n t s  are per iodica l ly  n e e d e d  to  
evaluate  the  ef fec t iveness  of  t he r apy .  

Ideally,  an  app rop r i a t e  quan t i t a t i ve  l ipopro-  
t e in  analysis  shou ld  be: a) inexpens ive ,  b)  ap- 
pl icable  to  small  quan t i t i e s  of  serum,  c) in a 
f o rm al lowing a p e r m a n e n t  r eco rd  for  qual i ta-  
t ive and  quan t i t a t ive  eva lua t ion  and  re-evalua- 
t i on  at  a la te r  date,  d) capable  of  be ing  au to-  
ma ted ,  and  e) shou ld  a l low s t anda rd i za t i on  in 
m a n y  labora tor ies  if  widespread  clinical  use is 
c o n t e m p l a t e d .  Micro e l ec t rophores i s  on  a suit-  
able m e d i u m  po ten t i a l l y  can  fulfill  t h e  above  
r equ i r emen t s .  Previously  we have favorab ly  

T A B L E  I 

Comparison of Mean Total Cholesterol and Triglyceride Values of 
Subpopulation with Values of Parent Modesto Population 

Males Females 

Age group n a TC a TG a n TC a TG a 

27-36 115 185 113 100 180 93 
20 186 (7) b 129 (12) 20 178 (6) 91 (6) 

37-46 122 202 148 111 196 1 0 0  
20 197 (6) 157 (16) 20 196 (6) 109 (12) 

47-56 129 211 153 118 212 112 
20 209 (5) 156 (1 S) 20 209 (8) 115 (8) 

57-66 89 222 135 114 228 128 
20 224 (7) 147 (23) 20 222 (6) 103 (8) 

an = Number; TC = total cholesterol; TG = triglycerides. 
bValues in parenthesis are standard error of mean of subpopulation 

from Technicon AA 1 procedure (8). 
values. All results are 
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FIG. 1. Schematic method of combing the 1.006 g/ml very low density lipoprotein (VLDL) top and bottom 
preparative lipoprotein fraction scans with the plasma densitometric scan. The dotted top and bottom scans have 
been normalized and these are individually combined with the plasma scan to yield two sets of data. HDL = high 
density lipoprotein; LDL = low density lipoproteins. 

evaluated and calibrated one off-the-shelf agar- 
ose gel electrophoresis kit and have provided a 
basis for internal standardization using plasma 
TG and TC values (6). We wiU consider here 
normal population values evaluated by this 
agarose gel electrophoretic procedure and by 
analytic ultracentrifugation. 

E X P E R I M E N T A L  PROCEDURES 

Because the purpose of this study was to 
establish normal lipoprotein values by agarose 
gel electrophoresis and calibrate such a proce- 
dure, there were certain restrictions, namely the 
limited number of samples over a short period 
of time that could be analyzed with the ana- 
lytic ultracentrifuge. One of us (PDW) was in- 
volved in re-studying a rather large population 
of normals (n > 1000) which provided a unique 
opportunity to select a random sample sub- 
population that could be studied conveniently 
both by complete agarose gel electrophoresis 
and by analytic ultracentrifugation. From a 
previous screening study of 1118 volunteers in 
the Modesto, CA. area (7), which involved a 
complete physical examination and serum TG 
and TC measurement, a normal population of 
933 was asked by letter and phone follow-up to 
return 2 years later. The criteria for normalcy 
were: a) no overt diabetes, b) no obvious ECG 
abnormality, c) diastolic blood pressure < 
100 mm Hg, and d) no participants were elimi- 

nated if lipoproteins were found to be ab- 
normally high. Of the 933 contacted, 774 
volunteered to return and were scheduled for 
blood specimens and physical examinations 
over a 2-week period. From this schedule, a 
random subpopulation of 20 subjects was 
selected in each decade of each sex. The selec- 
tion was randomized with respect to day of 
examination and time of blood sampling. Diso- 
dium ethylene diamine tetraacetate (EDTA) 
plasma (100 mg/100 ml) was prepared from 
blood samples obtained after an overnight fast 
and an essentially fat free breakfast. Because 
data on the TG and TC obtained 2 years earlier 
were available on all returning subjects, a satis- 
factory comparison was made of the original 
population and the selected subpopulation. 

Table I lists by sex the mean TG and TC of 
the total population in each decade as com- 
pared with the corresponding subpopulation 
data, which incorporated the standard error of 
the mean. (All these measurements were made 
2 years prior to this study.) In each case, TG 
and TC were determined according to the 
methods of the Lipid Research Clinics (8). All 
but one borderline group (females, 57-66 years) 
were clearly representative samplings of the 
larger normal population. 

The following analyses were performed on 
all 160 samples: a) plasma TG and TC (AAI) 
and total gravimetric lipid (TGL), b) agarose gel 
e l e c t r o p h o r e s i s  on  plasma, and on the 
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TABLE II 

Plasma Lipoproteins (Analytic Ultracentrifuge) and 
Lipid Concentrations a of Modesto Normals 

Lipid concentrations Plasma lipoproteins 

Males (mg/100 ml) F1.20(0-9) Sf 20-400 Sf 0-20 
Age TGL b TC b TG b (HDL) c (VLDL) c (LDL) c 

27-36 603 + 91 188 • 28 110+ 25 235 + 55 89+ 40 352 + 92 
37-46 673 + 110 202 + 35 118 + 59 275 + 84 102 • 85 401 + 82 
47-56 771 + 117 212 • 32 154 + 81 283 + 76 136 • 104 453 + 86 
57-66 748 + 142 245 • 31 128 4- 81 287 -+ 81 115 4- 78 452 4- 85 

Females 
Age 

27-36 606 4- 93 184 • 25 86 • 29 342 • 42 47 • 31 309 • 64 
37-46 628 4- 121 190 4- 35 85 • 35 382 +- 116 51 • 37 305-+ 97 
4%56 723-+ 141 212 4- 32 123-+73 402-+ 102 87-+ 83 373+ I05 
57-66 8394-149 2 4 5 + 3 1  158+-98 4 1 3 -  + 90 140-+136 422+- 94 

an = 20 in each age group. 
bTGL = total gravimetric lipid; TC = total cholesterol; TG = triglyceride. 
CHDL = high density lipoproteins; VLDL = very low density lipoproteins; LDL = low 

density lipoproteins. 

1 . 0 0 6  g / m l  v e r y  low dens i ty  l i pop r o t e i n  
(VLDL)  top  and  b o t t o m  prepara t ive  u l t racen-  
t r i fuge f rac t ions ,  and  c) ana ly t ic  u l t r acen t r i fu -  
ga t ion  on  the  t o t a l  low and  high dens i ty  lipo- 
p ro t e in  f rac t ions ,  as descr ibed  e lsewhere  (9). 

The  agarose gel e lec t rophores i s  was per- 
f o r m e d  essent ia l ly  as descr ibed  by  Ha tch ,  et  al., 
(6).  Scann ing  was p e r f o r m e d  w i t h  a m o d e l  R F T  
d e n s i t o m e t e r  (T rans idyne  Corp. ,  A n n  Arbor ,  
MI). N o r m a l  cond i t ions  ut i l ized a full  scale of  
0 .30  op t ica l  dens i ty  (OD) un i t s  w i th  a slit set- 
t ing  of  0 .4  x 10.0 m m  and  a wave leng th  se t t ing  
of  520  nm.  The  ac tua l  slit d imens ions ,  however ,  
were 0 .4  x 2.6 m m  w h e n  focused  on  a sheet  of  
whi te  b o n d  in the  p lane  of  the  gel. Such  slit 
focus ing  is r e c o m m e n d e d  before  the  scanning  
of  slides. The  m i c r o d e n s i t o m e t r y  was done  in 2 
ways. Firs t ,  to  compi le  compara t ive  data ,  the  
p lasma scan was divided in the  t o t a l  a ,  pre-/3, 
and  /3 c o m p o n e n t s ,  and  in te rna l ly  s t anda rd ized  
by  a gravimetr ic  t o t a l  l ipid d e t e r m i n a t i o n .  This  
p rocedure ,  exclusive of  ca lcula t ions ,  r equ i red  
ca. 2 rnin. In the  second  more  c o m p l e x  analysis,  
po ten t i a l ly  capable  of a u t o m a t i o n ,  the  t o t a l  
p lasma scan was c o m b i n e d  w i th  one  or b o t h  of  
the  1.006 g /ml  VLDL t op  and  b o t t o m  ul t ra-  
cen t r i fuge  f ract ions .  This  was done  to  iden t i fy  
p roper ly  all VLDL and  low dens i ty  l i pop ro t e in s  
(LDL), t ak ing  in to  cons ide ra t ion  the  p o t e n t i a l  
p resence  of  f loa t ing  /3 in VLDL and  sed imen t -  
ing, or s ink ing  pre-/3 in t he  LDL l i pop ro t e in  
f rac t ion.  In this  second  process,  t he  a s y m m e t r y  
of  the  pre-/3 peak was eva lua ted  f r o m  t he  scan 
of  the  1.006 g /ml  top  f rac t ion ,  and  a ra t io  of 
L t to R 1 was used to  resolve or  e x t r a p o l a t e  the  
pre-/3 c o m p o n e n t  p resen t  in  the  p lasma scan 
(Fig. 1). This  t o t a l  no rma l i zed  pre-/3 c o m p o n e n l  

t h e n  was s u b t r a c t e d  f rom the  par t ia l ly  resolved 
pre-/3 and  /3 c o m p o n e n t s  in  the  p lasma scan, 
resu l t ing  in pre-/3 and /3  values. The  scan of  the  
1 . 0 0 6  g/ml  b o t t o n  f rac t ion ,  however ,  was 
no rma l i zed  using a ra t io  of  R x to  RY (Fig. 1). 
This ra t io  was appl ied  to the/3  peak  and  s inking 
pre-J3 c o m p o n e n t ,  if  p resen t ,  of  the  1 .006 g /ml  
b o t t o m  f rac t ion .  This  no rma l i zed  /3 value,  and  
s inking pre-/3, if  p resen t ,  t h e n  was s u b t r a c t e d  
f rom the  to ta l  pre-/3 and /3  peaks  in the  p lasma 
scan, p roduc ing  a V L D L  pre-/3 value. This  pro- 
cedure  using all 3 scans n o r m a l l y  y ie lded  2 sets 
of  data.  Mean values for  all 3 c o m p o n e n t s  t h e n  
were calculated.  However ,  w h e n  s inking pre-/3 
was present  in the  1.006 g /ml  b o t t o m  f rac t ion ,  
the  b o t t o m  f r ac t ion  and  t he  p lasma scan were 
ut i l ized.  Similarly,  w h e n  f loa t ing  t3 was p resen t  
in the  1.006 g /ml  V L D L  top  f rac t ion ,  the  t o p  
f rac t ion  and  the  p lasma scan were used. In 
these  2 c i rcumstances ,  on ly  one  set of  da ta  was 
o b t a i n e d  f r o m  each  process.  These  manipu la -  
t ions  are schemat ica l ly  s h o w n  in Fig. 1 and  are 
i n t e n d e d  to  provide  u n a m b i g u o u s  V L D L  and  
LDL data,  equ iva len t  to  t he  ana ly t ic  u l t racen-  
t r i fuge results,  t h r o u g h  the  comple t e  agarose 
e lec t rophores i s  p rocedu re  ut i l iz ing the  prepara-  
tive l i pop ro t e in  f rac t ions .  This  p rocedure ,  ex- 
clusive of  ca lcula t ions ,  r equ i red  ca. 5 min  for  all 
3 scans. It  was an t i c i pa t ed  tha t ,  in rou t ine  
screening,  on ly  a small  f r ac t ion  of  t he  samples  
would  require  th is  comple t e  agarose p rocedure ,  
the  p lasma scan a lone  be ing  suff ic ient  in mos t  
cases for  l i pop ro t e in  quan t i f i ca t ion .  

RESULTS 

Table II p resen ts  the  p lasma l ipid and  the  
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LIPID AND LIPOPROTEIN MEASUREMENTS 

700 I I J 
i =OOLT  'OT?eI,FALES AN0 FSMAL=S '~ = t00' / 

r = 0951 / ~, 

~- .o 

O 700 
PRE-BETA {m9/100 mlj 

FIG. 2. Comparison of agarose gel electrophoresis 
(AGE) data with analytic ultracentrifuge (An U.C.) 
lipoprotein data. S~ 20-400 vs very low density lipo- 
protein (VLDL) (pre-/3). 
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FIG. 3. Comparison of agarose gel electrophoresis 
(AGE) data with analytic ultracentrifuge (An U.C.) 
lipoprotein data. Sf 0-20 vs low density lipoprotein 
(LDL) (fl). 

analytic ultracentrifuge lipoprotein data for all 
age groups studied. As expected, all lipids in- 
crease progressively with age in both sexes with 
the exception of triglycerides in the 57-66 year 
old males. For all age groups, HDL was signifi- 
cantly higher in the females as compared with 
the males. 

The results of the complete agarose gel 
electrophoresis procedure and comparison with 
the analytic ultracentrifuge data are given in 
Figs. 2, 3, and 4. All data are included in each 
scatter plot and the results demonstrate a high 
degree of correlation between the analytic 
ultracentrifuge and the agarose gel electro- 
phoresis results. Table III gives a summary of 
the  resu l t s ,  including regression formulae 
Y = B + AX for converting agarose data into 
equivalent analytic ultracentrifuge data. Also 
given is the standard error of measurement Sy.x 
which is the error of estimating the assumed 
true or analytic ultracentrifuge concentrations 
from the agarose electrophoresis data utilizing 
the appropriate regression formula for each 
lipoprotein class. This error is ca. 12-25% of the 
mean lipoprotein values, and, thus, the agarose 
procedure approaches that of an analytic 
measurement. Of particular interest is the im- 
proved measurement of a or HDL. 

Of the 160 normals studied, two subjects 
exhibited floating /3 in their 1.006 g/ml VLDL 
fractions (type III) and 13 exhibited resolvable 
sinking pre-~3 in their 1.006 g/ml bot tom frac- 
tions. The latter low incidence reflected the 
sensitivity of detection of this lipoprotein 
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FIG. 4. Comparison of agarose gel electrophoresis 
(AGE) data with ~analytic ultracentrifuge (An U.C.) 
lipoprotein data. F 1 20 0-9 vs total high density lipo- 
protein (HDL) (a). " 

component  (LP)(a) which may exist at low 
concentrations in all individuals (10). 

Of additional value are groupings of the 
27-46 and 47-66 age groups for the purpose of 
comparison and ranking of data. Table IV gives 
these values which provide an appropriate ref- 
erence for any subject's results. For example, 
results expressed merely in mg/100 ml values 
alone have little meaning to a patient or his 
physician. However, when they are converted 
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TABLE llI 

Conversion of Agarose Gel Electrophoresis Data to Equivalent 
Analytic Ultracentrifuge Data, Modesto Normal Males and Females a 

Analytic Agarose Gel 
Lipoprotein b Ultracentrifuge Electrophoresis 

class (Y) (X) Sy.x B + AXc 

HDL 327 • 104 320 -+ 129 49 100 + 0.714X 
VLDL 96 • 88 125 • 10t 28 -7 + 0.828X 
LDL 383 • 104 488 -+ 118 45 25 + 0.800X 

aMean data combining 1.006 g/ml very low density lipoprotein fractions with plasma and 
1.006 g/ml bottom fraction with plasma scans; n = 160. 

bHDL = High density lipoprotein; VLDL = very low density lipoprotein; LDL = low 
density lipoprotein. 

CRegression formula Y = B + AX is from total data as presented in the scatter plots of 
Figures 2, 3, and 4. 

TABLE IV 

Modesto Normal Agarose Gel Electrophoresis Data Summarized for 
Comparative Purposes with Typical Example of Appropriate Ranking a 

Age n (HDL)b (V b (LDL)b 

Males 2%46 39 251 -+ 91 124 • 74 430-+ 89 
47-66 40 259 • 103 149 + 93 539-+ 112 

Females 27-46 40 367-+ 126 70-+ 40 375 -+ 9 3  
4%66 40 400 -+ 121 155 + 144 449 • 112 

Male age 
Case 3030 34 168 220 886 
Ranking c 2%46 (18%,-0.91o') (90%, 1.31o) (100%, 5.15o") 

all males (19%,-0.890.) (84%, 0.99o) (100%, 3.480) 

aData in mg/100 ml are from complete agarose gel electrophoresis procedure standard- 
ized by plasma total cholesterol and triglyceride determinations (Technicon AA 1 procedure). 

bHDL = high density lipoprotein; VLDL = very low density lipoprotein; LDL = low 
density lipoprotein. 

CNote the usefulness of the o value for comparative ranking when the percentile rank is 
100%. This is a type IIb patient with moderate VLDL elevation. 

to percent i le  rank and s tandard  score values, 
expressed in s tandard  deviat ion uni ts  above or 
be low the  mean,  they  al low a convenient ,  
unders tandab le  means of  reference  wi th  respect  
to  normalcy ,  as well as providing a useful  cri- 
te r ion  of  degree of  abnormal i ty .  The value of  
expressing ranking in o units  is part icularly 
useful when  l ipopro te in  values are e i ther  very 
high or very low. For  example ,  above 30, the  % 
rank has no quant i ta t ive  discr iminat ion.  Thus, 
the c o m p u t e r  processed results shown in 
Table IV provide  such convenient  and compara-  
tive rankings for all 3 l ipopro te in  c o m p o n e n t s .  
As suggested,  these values may be useful  in 
adding a quant i f ica t ion  to  the typing  sys tem,  in 
this case a type  IIb. Thus, the  II 'ness,  referring 
to  L D L  elevation,  and the  B'ness,  referr ing to 
associated V L D L  elevation,  might  appropr ia te ly  
be expressed quant i ta t ively  as 11(5.15 a ) a n d  
B(1.31 a). Here the l ipopro te in  concen t ra t ions  

are quant i ta t ively  expressed as a values wi th  
respect  to  normal  popu la t ion  l ipopro te in  con- 
centra t ions .  

DISCUSSION 

Although there  have been  n u mero u s  elec- 
t rophores is  studies of  plasma l ipoprote ins ,  it 
was not  easy to  f ind appropr ia te  s tudies  for 
compar ison  wi th  our  data. Perhaps the  most  
comparable  quant i ta t ive  agarose gel electro-  
phoresis  s tudy is tha t  o f  Dyerberg  and Hjorne 
(11). They uti l ized a l abora tory  p repared  agar- 
ose sys tem pa t t e rned  after  Noble  (12) s tandard-  
ized by to ta l  gravimetric lipid wi th  assumpt ions  
tha t  dye uptake  of  the sudan black stain was 
p ropor t iona l  to l ipopro te in  l ipid con ten t .  Our 
data ob ta ined  f rom plasma scans alone stan- 
dardized by to ta l  gravimetric lipid are com- 
pared wi th  their  data in Table V and VI for  the  
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TABLE V 

Comparison of Dyerberg & Hjorne (D & H) and Agarose Gel Electrophoresis 
Standardized by Total Plasma Gravimetric Lipid, Normal Males a 

755 

n Age Source c~ pre-3 3 

20 27-36 Modesto 267 • 69 113 • 45 480• 101 
25 31-40 D & H  290• 69 117-  + 59 455• 85 
20 37-46 Modesto 298 • 125 122 • 100 537 -+ 91 
27 41-50 D & H  284• 108 181 • 87 519 • 152 
20 47-56 Modesto 291 • 136 164 • 132 619 • 112 
36 51-60 D & H  278-  + 89 158 + - 77 532-+108 
19 b 57-66 Modesto 294-+ 90 119-+ 64 645 • 121 
21 61-70 D & H  275 • 80 145 • 102 522 • 120 

aSee Reference 11. 
bOne type III excluded. 

TABLE VI 

Comparison of Dyerberg & Hjorne (D & H) and Agarose Gel Electrophoresis 
by Total Plasma Gravimetric Lipid, Normal Females a 

n Age Source c~ pre-/3 13 

20 27-36 Modesto 389-+ 90 72 • 42 450 • 92 
20 31-40 D & H  371 -+ 92 99 • 54 429 • 123 
20 37-46 Modesto 455 • 181 68 • 45 439 • 139 
21 41-50 D &H 357 • 110 I l l  • 49 486 • 122 
20 47-56 Modesto 450-+ 152 102-+ 93 526 • 135 
20 51-60 D & H  435 • 104 98• 55 602• 145 
19 b 57-66 Modesto 473 -+ 121 152 • 156 580 • 118 
22 61-70 D & H  378• 97 123• 68 626• 152 

aSee Reference 11 .  

bOne type III excluded. 

males and females,  respectively.  High dens i ty  
l ipopro te ins  (HDL) concen t ra t ions  were com- 
parable  by the two  techniques ,  bu t  the  concen-  
t ra t ions  of  VLDL were lower  and LDL general- 
ly higher in our studies.  This is, in part ,  the  
result  o f  d i f ferences  in the  shapes of  t he  pre-/3 
c o m p o n e n t .  Our pre-/3 a s y m m e t r y  R I / L  1 = 
2.14 + 0.48 would  lead to  underes t ima t ing  the  
to ta l  pre-/3 c o m p o n e n t  and overes t imat ing the 
to ta l  /~ c o m p o n e n t  by manual  two c o m p o n e n t  
resolu t ion  in the tota l  plasma scans. Because 
many  low level VLDL fract ions were no t  re- 
solvable, a un i fo rm  procedure  of  correct ing for  
this bias was not  possible.  Nonetheless ,  it is 
encouraging and of  considerable  in teres t  tha t  
two  similar i n d e p e n d e n t  s tudies of  normal  
l ipopro te in  values have y ie lded comparable  
data. Inheren t  dif ferences  in the popula t ions ,  
env i ronmenta l  factors,  and d i f ferent  d ie tary  
habi ts  u n d o u b t e d l y  cont r ibu te  to  some of  the 
di f ferences  observed in the VLDL and LDL 
levels. 

There are di f ferences  in l ipopro te in  values 
ob ta ined  by our  three possible reading proce-  
dures. In general, the serum scan alone will 

provide the lowest  VLDL and highest  LDL 
values. Higher VLDL and lower  LDL i s  ob- 
ta ined f rom plasma + 1.006 g /ml  VLDL top  
scans and highest  VLDL and lowest  LDL is 
ob ta ined  f rom the plasma + 1.006 g/ml  b o t t o m  
scans. Our full agarose p rocedure  takes  the  
mean of  the la t ter  two  combina t ions  when  
available, and such data (Table IV) are more  
comparable  to  the  results  of  Dyerberg  and 
Hjorne (1 1). 

The main theme  of  this s tudy  is the  com- 
parison of  l ipopro te in  values ob ta ined  by an 
in t e rna l ly  s tandard ized  agarose gel electro-  
phore t ic  t echn ique  wi th  results using the ana- 
lytic ul t racentr i fuge.  However,  some discussion 
of the  differences  in l ipopro te in  concen t ra t ions  
ob ta ined  by each of  the  two me t h o d s ,  as well as 
compar i son  wi th  older  ul t racentr i fugal  data, 
appear  to  be in order.  A compar i son  is given 
b e t w e e n  the analyt ic  u l t racentr i fuge values and 
the serum lipid values (Table II) as well as wi th  
the agarose gel e lec t rophores is  results  (Table 
III). Consider ing the con ten t  of  p ro te in  in each 
l ipopro te in  class, and assuming the  tota l  gray• 
metr ic  lipid represents  recovery of  tota l  lipo- 
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pro te in  lipid, the  ana ly t ic  u l t r acen t r i fuge  results  
appear  low by  as m u c h  as 15%. Similar ly,  the  
agarose gel l i pop ro t e in  resul ts  s t andard ized  by  
se rum choles te ro l  and  t r iglycer ide de t e rmina -  
t ions  are ca. 15% higher  t han  the  u l t racen t r i -  
fuge resul ts  (Table  III). These discrepancies  
may  be expla ined ,  in part ,  as the  resul t  of  some 
5% u l t racen t r i fuga l  loss in the  prep t ube  and  
prep cap dur ing pipet t ing.  Also, there  is some 
un recove red  HDL and  very h igh  dens i ty  lipo- 
p ro te in  ( V H D L )  (o 's  > 1.21 g /ml)  t ha t  may 
a c c o u n t  for  5-8% of  the  t o t a l  lipid. 

An add i t iona l  cons ide ra t ion  is t he  abso lu te  
e r ror  o f  the  specif ic  refract ive  i n c r e m e n t s  used 
for  the  l i popro te ins  (9)  which  may be in er ror  
by  as m u c h  as 5-8%. However ,  i t  shou ld  be  
u n d e r s t o o d  tha t ,  a l t hough  the  u l t r acen t r i fuge  
may  u n d e r e s t i m a t e  cer ta in  classes of  l ipopro-  
teins,  u l t racen t r i fuge  m e a s u r e m e n t s  are con-  
s is tent ,  r eproduc ib le ,  and,  thus ,  app rop r i a t e  for  
ca l ib ra t ion  purposes .  

C o m p a r i s o n  of  the  present  data  wi th  earl ier  
u l t r acen t r i fuga l  data  (13)  measu red  by  the  same 
t echn ique  (9)  reveal s o m e w h a t  h igher  values for  
LDL and  HDL in the  35-49 yr  age group 
s tud ied ,  par t i cu la r ly  in females.  Values  for  HDL 
were 300  and  457  m g / 1 0 0  ml for the  males  and 
females,  respect ively.  A possible  e x p l a n a t i o n  
for this  unusua l ly  h igh female  value was t ha t  it 
was f rom a small  n o n r a n d o m  sample  of  middle  
class working  women .  In a f u r t he r  s tudy  of 
these w o m e n ,  those  wi th  hys t e r ec t om i e s  (n = 
5) had  subs tan t ia l ly  h igher  HDL levels t h a n  the  
o t h e r s  ( 5 0 3  + 1 4 2 m g / 1 0 0 m l  and  4 2 0 •  
86 m g / 1 0 0  ml, respect ively) .  The  inc idence  of  
hys t e rec tomies  in our  present  n o r m a l  s tudy  was 
u n k n o w n ,  bu t  cou ld  have exp la ined  in par t  the  
lower  HDL values. Also, a n o t h e r  change  since 
1965 a m o n g  those  w o m e n  prac t ic ing  b i r th  
con t ro l  has been  the  a lmos t  universal  usage of  
b i r t h  con t ro l  pills. These  might  be e x p e c t e d  to  
have effects  on  b lood  l ipids and  l ipopro te ins ,  
a l t hough  defini t ive effects  on  HDL levels have 
no t  been  repor ted .  Despi te  the  conf l i c t  wi th  
earlier data,  the  p resen t  s tudy  represen t s  a ran- 
d o m  se lec t ion  f r o m  a p o p u l a t i o n  of  some 800 
n o r m a l s  w i t h  di f fer ing backgrounds ,  and,  
hence ,  these  data shou ld  be more  au then t i ca l ly  
normal .  

B e c a u s e  the  m a n i p u l a t i o n s  and  manua l  
ca lcu la t ions  are very ted ious ,  bu t  sys temat ic ,  
for  our  comple t e  agarose p rocedure ,  they ,  
none the les s ,  would  be vastly s impl i f ied  by  
a u t o m a t i o n .  A pre l iminary  tes t  us ing  a 1000 
channe l  analyzer ,  a pape r  p u n c h  tape,  and  a 
c o m p u t e r  p rog ram has p roven  tha t  such  a sys- 
t em  will work as well or b e t t e r  t han  the  ted ious  

manua l  p rocedure  (14).  Thus,  the  po t en t i a l  of  
an a u t o m a t e d  m i c r o d e n s i t o m e t r y  sys tem has  
been  d e m o n s t r a t e d ,  which  would  be essential  if 
widespread  clinical app l ica t ion  of  quan t i t a t i ve  
l i popro te in  e lec t rophores i s  is cons idered .  Of  
par t i cu la r  in te res t  was the  p o t e n t i a l  improve-  
men t  in the m e a s u r e m e n t  of  HDL, u n d o u b t e d l y  
the resul t  of  baseline correc t ions .  Accura t e  
HDL m e a s u r e m e n t s  could  be very i m p o r t a n t ,  
because ,  i n d e p e n d e n t  of  the  level o f  o the r  
l ipopro te ins ,  it may  be advan tageous  to  have a 
h igh HDL level and  po ten t i a l ly  de le te r ious  to  
have an abnorma l ly  low level (15).  
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Regulatory Function of Pyruvate Dehydrogenase and the 
Mitochondrion in Lipogenesis 

J.P. MAPES 1 and R.A. HARRIS,  Department of Biochemistry, 
Indiana University School of Medicine, indianapolis, Indiana 46202 

ABSTRACT 

The activity of pyruvate dehydro- 
genase from freshly isolated mitochondria 
was shown to be dependent upon the nu- 
tritional and metabolic state of the ani- 
mal prior to sacrifice, such that mito- 
chondria from the livers of 48 hr starved, 
diabetic, or high fat fed rats had lower 
enzyme activity than normal, chow fed 
rats. The activity of pyruvate dehydro- 
genase and the rate of ripogenesis were 
shown to correlate to a certain extent 
when a reconstituted, cell free system 
consisting of 105,000 x g supernatant of 
rat liver and isolated mitochondria was 
used. This sytem was employed so that 
the role of the mitochondrion and pyruv- 
ate dehydrogenase in ripogenesis could be 
investigated. Dichloroacetate increased 
the activity of pyruvate dehydrogenase 
and increased the rate of lipogenesis, 
suggesting that the activity of pyruvate 
dehydrogenase is an important factor in 
determining the rate of ripogenesis in the 
reconstituted system. It was observed, 
however, that dichloroacetate was more 
effective in stimulating the activity of 
pyruvate dehydrogenase than the rate of 
l i pogenes i s  when mitochondria from 
starved animals were used to reconstitute 
lipogenesis. Furthermore, the cytoplasmic 
adenosine triphosphate/adenosine diphos- 
phate ratios and phosphorylation poten- 
tials (ATP/ADP x Pi) maintained in the 
reconstituted system by mitochondria 
isolated from starved animals were found 
to be significantly lower than those main- 
tained by mitochondria isolated from 
chow fed animals. It is proposed that the 
lower "energy pressure" maintained in 
the reconstituted system by mitochondria 
isolated from starved animals severely 
limits lipogenesis at the ATP requiring 
steps of the process. 

I NTRODUCTION 

The enzymes of both the cytosolic and mito- 

1present address: Metabolic Research Laboratory, 
Nuffield Department of Clinical Medicine, Radcliffe 
Infirmary, Oxford, OX2 6HE, England. 

chondrial compartments are required for lipo- 
genesis from glucose. These points have been 
r ev i ewed  p r e v i o u s l y  (1). The glycolytic 
enzymes furnish the carbon from glucose for 
fatty acid synthesis in the form of pyruvate, 
which is oxidized by the mitochondrial en- 
zyme, pyruvate dehydrogenase (E.C. 1.2.4.1), 

to form acetyl-CoA. Acetyl-CoA combines with 
oxaloacetate to form citrate, which can exit 
through the inner mitochondrial membrane to 
be cleaved in the cytosol. Thus, for ripogenesis 
from carbohydrate substrates, the mitochon- 
drion is directly involved in 3 necessary reac- 
tions: (a) oxidation of pyruvate; (b) synthesis 
of citrate; and (c) exit of citrate from the mito- 
chondria. A less complex system than the com- 
plete cell to study the involvement of pyruvate 
dehydrogenase and the mitochondrion in lipo- 
genesis would be a cell free system consisting of 
particle free cytoplasmic fraction plus mito- 
chondria prepared from rat river. Such a system 
has been described (2,3) and modified by 
Watson and Lowenstein (4) for the incorpora- 
tion of labeled alanine into fatty acids. As 
shown previously (4,5), reconstitution of the 
cell free system is dependent upon the presence 
of the mitochondria. With this system it has 
been shown that the capacity of isolated mito- 
chondria to support lipogenesis is dependent 
upon the nutrit ional and metabolic condition 
of the animal prior to sacrifice and isolation of 
the mitochondria (5), such that liver mitochon- 
dria from 48-hr starved animals are not able to 
support lipogenesis to as great an extent as river 
mitochondria prepared from chow fed rats (5). 
This study was carried out to investigate the 
explanation for the difference in lipogenesis 
supported by mitochondria prepared from the 
livers of chow fed and 48-hr starved rats. 

METHODS AND MATERIALS 

Preparation of Mitochondria 
and 105,000 x g Supernatant 

Mitochondria were prepared from rat liver 
by the method of Johnson and Lardy (6). The 
105,000x g supernatant (4,5) was prepared 
from the rivers of rats which had been starved 
48 hr and then refed ad libitum 48-72 hr on a 
high sucrose diet ("Fat-Free" test diet, Nutri- 
tional Biochemicals Corp., Cleveland, OH) (7). 
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The 105,000 x g supernatant was activated as 
described by Watson and Lowenstein (4). This 
preparation of soluble enzymes was found 
stable to freezing in a liquid nitrogen storage 
tank for at least 6 weeks. Protein was deter- 
mined by the biuret method (8) and, on 
occasion, by the Lowry method (9). 

Reconstituted Cell-Free System 
Capable of Lipogenesis 

The incubation conditions used in the re- 
constituted system have been described pre- 
viously (5). The incubations were carried out in 
25-ml Erlenmeyer flasks stoppered with serum 
caps at 37 C with 95% 02 and 5% CO 2 as the 
gas phase and constant shaking at 120 cycle/ 
min. The incubation mixture was 20 mM in 
KHCO3, 9 mM in dithiothreitol, 12 mM in 
MgC12, 4 mM in L-malate, 2 mM in Adenosine 
triphosphate (ATP), 4 mM in glucose-6-phos- 
phate, 5 mM in 2-oxoglutarate, 4 mM in phos- 
phate buffer, pH 7.4, 12.5 mM in glycylglycine- 
NaOH buffer, pH 7.4, ca. 50 mM in sucrose, 
0.84 mM in nicotinamide adenine dinucleotide 
phosphate (NADP+), 0.1 mM in NAD +, and 
0.16 mM in Coenzyme A. The incubation mix- 
ture (1.5 ml) also contained ca. 4.5 mg of ac- 
tivated 105,000 x g supernatant protein, ca. 7.5 
mg of mitochondrial protein, and ca. 1 mCi of 
3HOH. 

Fatty acids were extracted from the incuba- 
tion medium after saponification as described 
by Watson and Lowenstein (4). The extracts 
were evaporated to dryness in scintillation vials. 
Benzene was added to the extracts to remove 
the last traces of 3HOH as an azeotrope. Zero 
time controls were reduced to background 
levels by this step. The fatty acids were counted 
in a toluene base scintillation fluid (0.01% p- 
bis[2-(5-phenyloxazolyl)]-benzene and 0.4% 
2,5-diphenyloxazole) with a Searle Isocap/300 
liquid scintillation spectrometer. Radioactive 
CO 2 was collected in Hyamine hydroxide after 
acidification of the incubation medium and 
counted in the scintillation fluid described 
above. 

trifuged for 5 min at 12,000 x g in a Sorvall 
Type SM-24 rotor at 2 C. The supernatant was 
discarded and the tubes were dried with tissue 
paper. The samples were homogenized in 2 ml 
of phosphate/glycerol as above. 

The active form of pyruvate dehydrogenase 
was assayed in 1 dram shell vials stoppered with 
serum caps. The incubation medium, pH 8.0, 
was 20 mM in potassium phosphate, 0.5 mM in 
MgC12, 1.2 mM in NAD +, 13 mM in mercapto- 
ethanol, 1.0 mM in CoA, 0.5 mM in dithiothrei- 
tol, 5 mM in 2-oxoglutarate, and 5 mM in 
[ 1-14C] alanine (5 x 104 CPM). The incubation 
mixture (0.2 ml) also contained 640 mU of lac- 
tate dehydrogenase (E.C. 1.1.1.27), 192 mU of 
glutamate-pyruvate transaminase (E.C. 2.6.1.2), 
and 0.18 mg of mitochondrial protein. The 
assay was conducted for 30 rain at 30 C in a 
shaking water bath at 120 cycle/min. The reac- 
tion was stopped with an injection through the 
serum cap of 0.5 ml of 6 N HC1 and the 14CO2 
released was collected in hanging cups contain- 
ing Hyamine hydroxide. After acidification, the 
vials were shaken for an additional hour. The 
CO2 was counted in the toluene scintillation 
f lu id  described above. The production of 
14CO 2 was linear with protein up to 0.7 mg per 
assay and linear with time up to 60 min. 

Metabolite and Nucleotide Assays 

Incubations were stopped with perchioric 
acid at final concentration 6%, the protein was 
sedimented by centrifugation of 10,000 x g for 
10 min, and the supernatant was neutralized 
with KOH. Inorganic phosphate was measured 
by the method described by Lindberg and 
Ernster (10). Enzymatic assays were used to 
measure ATP, adenosine diphosphate (ADP), 
and adenosine monophosphate (AMP) by the 
methods of Williamson and Corkey (11); lac- 
tate, pyruvate, and malate were determined by 
the methods of Hohorst et al. (12); and citrate 
was determined by the method of  Mollering 
and Gruber (13). Results are expressed as the 
means + SEM and were analyzed for statistical 
significance by the 2-tailed Student 's t test. 

Assay of the Active Form 
of Pyruvate Dehydrogenase 

The mitochondria were homogenized on dry 
ice in a solution 20 mM in potassium phos- 
phate, pH 7.0, and 60% in glycerol (v/v) at tem- 
peratures below -5 C by a Polytron Type PT-10 
homogenizer operated at full speed for 15 sec. 
When pyruvate dehydrogenase was measured on 
samples that had been incubated in the medium 
for measuring fatty acid synthesis, the samples 
were poured into 4 ml ice cold buffer and cen- 

Assay of Respiratory Control 
and State 3 Respiration 

State 3 respiration and the respiratory con- 
trol ratio always were assayed as a check on the 
integrity of the mitochondrial preparations 
(14). The incubation mixture used (5 ml) was 
225 mM in sucrose, 10 mM in potassium phos- 
phate, pH 7.4, 5 mM in MgC12, 20 mM in KC1, 
20 mM in triethanolamine, pH 7.4, 5 mM in 
glutamate, 5 mM in L-malate, and contained 
10-12 mg of mitochondrial protein. Respiration 
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was released wi th  ADP at an initial concent ra-  
t ion  of  0.2 mM. 

ATPase act ivi ty was measured in the same 
buffer  used for  respi ra tory  con t ro l  de termina-  
t ion,  excep t  that  oxidizable subs t ra tes  and in- 
organic phospha t e  were omi t t ed  and 10 mM 
ATP and 2 pg /ml  r o t e n o n e  were added.  The 
amoun t  of  inorganic phospha t e  released in 10 
rain at 30 C was measured  by m e t h o d  of  Lind- 
berg and Ernster  (10). 

Diet and Rats 

Male rats of  the  Wistar strain (185-250 g) 
were used in all exper iments .  The animals were 
main ta ined  on s tock co lony  diet ( chow fed),  
unless o therwise  indicated.  The high fat, carbo-  
hydra te  free diet was 58% in corn oil margarine,  
25% in casein, 11% in alphacel  cellulose, and 
s u p p l e m e n t e d  wi th  salts and vitamins.  

Materials 

All enzymes  and mos t  chemicals  were ob- 
ta ined f rom Sigma Chemical  Co. (St. Louis,  
MO). Radioact ive c o m p o u n d s  and Hyamine  
hydrox ide  were ob ta ined  f rom New England 
Nuclear,  (Boston,  MA). Hanging cups for the  
col lect ion of  14CO2 in Hyamine  hyd rox ide  
were ob ta ined  f rom Kontes  Glass Company ,  
(Evanston,  IL). 

RESULTS 

Pyruvate Dehydrogenase and Lipogenesis 

The  activity of  pyruvate  dehydrogenase  
f rom freshly isolated liver mi tochondr i a  was 
found  to  be dependen t  u p o n  the  nut r i t iona l  
and metabol ic  cond i t ion  of the  rat prior  to sac- 
rifice (Table I), such tha t  mi tochondr i a  f rom 
starved,  diabetic,  and fat fed animals had a 
lower  activity of pyruvate  dehydrogenase  than  
mi tochondr i a  f rom chow fed rats. Harris et al. 
(5), using a r econs t i t u t ed  cell f ree sys tem,  
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TABLE I 

Activity of Pyruvate Dehydrogenase in Isolated 
Rat Liver Mitochondria Prepared from the 

Livers of Rats in Various Metabolic Conditions a 

Liver mitochondriat Pyruvate dehydrogenase 
source activity 

(nmoles/min/mg protein) 
Chow fed (6) 6.7 + 0.2 
Starved 48 hr (6) 2.6 + 0.2 d 
Diabetic b (6) 3.8 -+ 0.5 d 
High fat diet c (4) 1.3 -+ 0.2 d 

aFreshly isolated liver mitochondria were homog- 
enized in glycerol-phosphate buffer and the activity of 
pyruvate dehydrogenase was measured. 

bDiabetic rats were produced by the intravenous 
injection of alloxan (40 mg/kg). Rats were maintained 
for 2 weeks on adequate insulin to maintain normal 
blood glucose. Insulin was withdrawn 2 days prior to 
sacrifice. Only animals with blood glucose greater than 
300 mg % were used in this study. 

eRats of this groups were maintained on the high 
fat diet for 6 days prior to sacrifice. 

dp<0.0S, Student's t test. All comparisons a r e  

made to the liver mitochondria isolated from chow fed 
rats. Results are expressed as means + SEM with the 
number of mitochondrial preparations used indicated 
in parentheses. 

showed  that  liver mi tochondr i a  f rom starved, 
diabetic,  and fat fed animals suppor t  a lower  
rate of  l ipogenesis than  mi tochondr i a  f rom 
chow fed controls .  Therefore ,  it appears  tha t  
the act ivi ty of  pyruva te  dehydrogenase  and 
l ipogenesis  correlate  posibively wi th  each other .  
This ques t ion  was invest igated fu r the r  using 
only mi tochondr i a  f r o m  chow fed and starved 
animals. 

Dichloroace ta te  has been shown  to bring 
about  an act ivat ion of pyruvate  dehydrogenase  
in muscle and adipose tissue (15-17).  It was 
reasoned  tha t  the rates of f a t ty  acid synthesis  
would  be increased by d ich loroace ta te  if the  

TABLE II 

Pyruvate Dehydrogenase and Fatty Acid Synthesis 
in Reconstituted Cell Free System a 

Pyruvate dehydrogenase Fatty acid 
Mitochondrial source activity synthesis 

(nmoles "C2" units/min/mg protein) 

Chow fed 13.0--+- 0.9 4.2 + 0.3' 
Chow fed + DCA b 15.0 + 1.4 5.1 --- 0.2 c 
Starved 48 hr 9.2 + 0.8 c 2.8 -+ 0.2 c 
Starved 48 hr + DCA b 14.0 +- 1.1 d 3.7 --- 0.3 a'e 

aThe incubations were terminated at 20 rain. 
bDCA = dichloracetate; 2 mM was included in the incubation. 
CSignificantly (P<0.05) different from chow fed group. 
dSignificantly (P<0.05) different from 48-hr starved group. 
eSignificantly (P<0.05) different from chow fed plus DCA group. 
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FIG. l. The effect of dichloroacetate (.,o) on the 
activity of pyruvate dehydrogenase in the recon- 
stituted system with liver mitochondria prepared from 
chow-fed (.,*) and 48-hr starved (A+) rats. 

activity of pyruvate dehydrogenase activity was 
limiting for lipogenesis. As shown in Table II, 
the rates of fatty acid synthesis were found to 
be increased by dichtoroacetate. It should be 
noted, however, that the activity of pyruvate 
dehydrogenase was significantly increased by 
dichloroacetate only when mitochondria were 
isolated from starved rats. A comparison of the 
activities of pyruvate dehydrogenase of mito- 
chondria freshly isolated (Table I) and of mito- 
chondria incubated for 20 rain (Table II) sug- 
gested that incubation resulted in an activation 
of the enzyme. This probably can be explained 
on the basis that the incubation medium con- 
tains Mg ++ and a fairly high final concentration 
of pyruvate, both established activators of 
pyruva te  dehydrogenase (18,19). Figure 1 
shows that the activity of pyruvate dehydrogen- 
ase was increased by incubation of mitochon- 
dria in this reconstituted system. This figure 
also shows that dichloroacetate caused a more 
rapid activation and a greater total amount of 
activity. This was particularly true when the 
mitochondria were isolated from starved ani- 
mals, the increase being statistically (P<0.05) 
significant throughout the time study. The in- 
crease in pyruvate dehydrogenase as a result of 
dichloroacetate at time zero probably can be 
explained by the experimental procedure. The 
complete incubation medium minus the mito- 
chondria was brought to the incubation temper- 
ature, the mitochondria were added, and the 
mixture was poured immediately into centri- 
fuge tubes containing ice cold buffer. This 
explanation required that dichloroacetate effect 
a very rapid activation of fiver pyruvate dehy- 
drogenase. An alternative but less likely expla- 
nation would be that residual dichloroacetate 
not removed from the mitochondria during 
centrifugation might cause a slow activation of 
the enzyme during the 30 rain assay period. 
Regardless, the results suggest that the activity 
of pyruvate dehydrogenase can be rate limiting 

to the process of lipogenesis. Indeed, the lag in 
fatty acid synthesis by the reconstituted system 
noted previously (4,5) can probaly be explained 
in part on this basis. However, it appears that 
other factors besides the activity of pyruvate 
dehydrogenase must become involved in limit- 
ing the rate of lipogenesis. This is apparent in 
Table II, which shows that the activity of 
pyruvate dehydrogenase of mitochondria from 
starved rats was increased by dichloroacetate to 
the value of chow-fed rats, whereas the rate of 
lipogenesis was still substantially less. 

Cytoplasmic Phosphorylation Potential 
and NADP+/NADPH Ratio 

The NADP+/NADPH ratio and phosphoryla- 
tion potential (ATP/ADP x Pi) could be 
important in determining the rate of lipogenesis 
in this system. If the NADP+/NADPHratio is 
too oxidized or the phosphorylation potential 
too low, then lipogenesis would be inhibited 
because NADPH is needed for reduction and 
ATP is needed for the cleavage of citrate and 
the formation of malonyl CoA. Table III shows 
that no apparent difference was found in the 
free NADP+/NADPH ratio maintained by mito- 
chondria from starved of chow fed rats, as 
measured from the concentrations of malate, 
pyruvate, the calculated concentration of CO 2 
(1.14 mM), and the equilibrium constant for 
malic enzyme (E.C. 1.1.1.37). However, the 
cytoplasmic phosphorylation potential and the 
ATP/ADP ratio were found to be lower with 
mitochondria isolated from starved animals. 
Table III also shows that the decrease in the 
phosphorylation potential and ATP/ADP ratio 
is due mainly to a large change in ADP concen- 
tration. Figures 2 and 3 demonstrate that the 
phosphorylation potential and ATP/ADP ratio 
fall very rapidly for the first 15 rain of incuba- 
tion and then begin to approach a steady state. 
These results show that the fail in the phos- 
phorylation potential and ATP/ADP ratio is 
more rapid and a lower s t eady  state is ap- 
proached when the system contains liver mito- 
chondria from starved rats. It appears that these 
decreases in phosphorylation potential and 
ATP/ADP ratio could account, to a large 
extent, for the difference in the capabilities for 
lipogenesis of rnitochondria isolated from chow 
fed compared to starved rats. 

The lower phosphorylation potential and 
ATP/ADP rati o maintained by mitochondria 
from starved animals may be due to the lower 
respiratory control ratio of the mitochondria 
(Table IV). The lower respiratory control ratio 
is due to a significantly slower rate of state 3 
respiration (Table IV). Although the intrinsic 
ATPase activity of mitochondria from starved 
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rats was found to be higher (Table IV), this 
could not account for the lower respiratory 
control ratio because state 4 respiration was not 
affected. 

DISCUSSION 

With this system for studying the involve- 
ment of the mitochondrion in lipogenesis, it 
was reported previously that the capacity of the 
system to carry out lipogenesis was dependent 
upon the metabolic condition of  the animal 
prior to sacrifice and isolation of the liver mito- 
chondria (5). In the current study, all incuba- 
tions were conducted under similar conditions. 
The only difference was the type of  animals, 
starved 48 hr or chow fed, from which the 
mitochondria were isolated. Therefore, the 
changes observed in the incubations are due 
presumably to the type of mitochondria added. 
The mitochondrion is involved in 3 major steps 
for lipogenesis to occur from carbohydrate sub- 
strate. Also, the mitochondrion is believed to 
be important in maintaining an adequate extra 
mitochondrial phosphorylation potential or 
ATP/ADP ratio. 

The oxidation of  pyruvate to acetyl-CoA by 
pyruvate dehydrogenase is one of the major 
functions of the mitochondrion in lipogenesis. 
Pyruvate dehydrogenase is an interconvertible 
enzyme (18,19) and is less active when fatty 
ac id  synthesis is s low(5,18)  (Table I), and m o r e  
active when the rate of fatty acid synthesis is 
increased (Table II and Fig. 1). It would seem 
important from a teleological standpoint for 
metabolism to be regulated at the level of 
pyruvate dehydrogenase. When pyruvate de- 
hydrogenase is phosphorylated, the enzyme is 
completely inactive. Thus, the cell can regulate 
the flow of carbon by the percent of dephos- 
phorylated enzyme. Pyruvate, one of the sub- 
strates of this enzyme, is an intermediate in a 
number of pathways including glycolysis, cit- 
rate formation, lipogenesis, ketogenesis, and 
gluconeogenesis. Pyruvate is also an activator of 
pyruvate dehydrogenase (18,19) so that when 
its concentration increases, so will the percent 
of dephosphorylated enzyme and the rate of 
flux of pyruvate through the enzyme. Thus, 
pyruvate exerts an influence on the activity of 
pyruvate dehydrogenase and also its steady 
state concentration is dependent in part on the 
activity of the enzyme. Therefore, under condi- 
tions in which the concentration of pyruvate is 
elevated in the liver, e.g., well fed state, the 
activity of pyruvate dehydrogenase is elevated 
(18) (Table I and II) and the rate of lipogenesis 
is increased (5) (Table II). In an opposite situa- 
tion of low concentrations of liver pyruvate, e.g., 

0 0 
, . . . 2 -  

< 

e ~  

< 
m 
e ~  

< 
Z 

+ t~ ~,~ 

e~.~ < 
< ~  

�9 

z s  

5 ~  
0 m 

e- 

g O  

+1 +1 +1 

+ l + l + l + l  

+1 +1 ~ +1 

+I  ~ +[  +1 

6 ~ 6 6  
+[  +[  +1 + l  

+1 +1 +1 +1 

+l t +~ , 

+ t ~ + l  

. o  
< 

+ 

+ ~ o o o  
�9 ~ , ~  ~ -  ~ .  

~ m m  

761 

.=. =~ 

H 

Z o 

2 -  

<~ ~  

O 0~ 

N . 

= ~  r-: 
2-,- 

< 2 - =  ~ 

2" 

o o~ 

2 

0) O ' ~  

: * {  o 

"~ ~ . ~  

~e  a ~.~ ~.~ 

LIPIDS,  V O L .  10,  NO.  12 



762 J.P. MAPES AND R.A. HARRIS 

TABLE IV 

Respiratory Control Ratio and Intrinsic ATPase 
Activity of Mitochondria Isolated from Chow Fed and 48-hr Starved Rats 

Respiration rate Respiratory 
State 3 State 4 control ratio ATPase 

(natoms oxygen/min/mg protein) (nmoles/min/mg protein) 

Chow fed 501 + 8 17 + 1 6.1 + 0.1 28 + 2 

Starved 48 hr 72 -+ 3 a 18 + 1 4.1 -+ 0.1 a 42 +- 1 a 

aP<0.01, Student's t test was used. Results are expressed as means +- SEM with 6 mitochondrial 
preparations in each group. 

starvation, the activity of pyruvate dehydro- 
genase is less (18) (Table I) and the rate of 
lipogenesis is decreased (5) (Table II). There- 
f o r e ,  under  conditions of high pyruvate, 
pyruvate dehydrogenase should direct the flow 
of carbon to acety1-CoA which then can be 
used for citrate formation. Citrate is trans- 
ported into the cytoplasm to be cleaved for use 
in fatty acid synthesis. There should be an 
abundance of oxaloacetate for synthesis of cit- 
rate under conditions of this system because 
pyruvate carboxylase (E.C. 6.4.1.1) is activated 
by acetyl-CoA (20). From this discussion it can 
be seen that the activity of pyruvate dehydro- 
genase would be expected to correlate with the 
rate of lipogenesis and the data in this report 
and the data previously reported (5) support 
this conclusion. Further support for this sugges- 
tion was obtained with studies conducted with 
dichloroacetate. 

Dichloroacetate apparently increases the ac- 
tivity of pyruvate dehydrogenase by inhibiting 
the kinase that phosphorylates pyruvate dehy- 
drogenase (15,16). In this reconstituted system, 
the increase in pyruvate dehydrogenase activity 
caused by dichloroacetate is correlated with an 
increase in the rate of lipogenesis (Fig. 1 and 
Table II). When mitochondria from starved rats 
are treated with dichloroacetate, the rate of 
lipogenesis is not increased to the level of mito- 
chondria of the chow-fed rats treated with 
dichloroacetate, even though the activity of 
pyruvate dehydrogenase is increased to the level 
of the chow fed mitochondria treated with 
dichloroacetate. If the activity of pyruvate 
dehydrogenase were the only controlling factor 
in this reconstituted system, then the rate of 
fatty acid synthesis should be increased to the 
level of mitochondria from chow fed rats. 

Thus, it is concluded that the pyruvate de- 
hydrogenase activity of freshly isolated liver 
mitochondria of starved animals is lower than 
that of chow fed animals. It also is concluded 
that this is a factor in differentiating the capa- 
city of  these two types of mitochondria to 

support lipogenesis in the reconstituted system. 
From the action of dichloroacetate, it is appar- 
ent that there is no significant difference in the 
total pyruvate dehydrogenase activity of the 
two types of mitochondria; rather the differ- 
ence exists in the percent of the total enzyme 
in the active form. These results are consistent 
with the difference reported by Wieland et al. 
(21) in the activity of pyruvate dehydrogenase 
of liver of fed and starved animals. It also is 
apparent, however, from the results reported 
above that the activity of pyruvate dehydro- 
genase is not the only factor involved in the 
d i f f e r e n c e  between mitochondria prepared 
from fed and starved animals. Therefore, other 
factors were investigated. 

The NADP/NADPH ratio might be expected 
to regulate lipogenesis, because NADPH is 
necessary for the reductive process of fatty acid 
synthesis. However, as shown in Table III, the 
NADP+/NADPH ratio is not dependent on the 
type of mitochondria used in the system. 

The levels at which the mitochondria in this 
system maintain the concentration of ATP and 
ADP, cytoplasmic phosphorylation potential, 
or energy charge may be important factors in 
limiting the rate of lipogenesis. It would appear 
that the increasing concentration of ADP has 
the largest influence in this system, because it is 
twice as high with mitochondria from starved 
animals, whereas, the concentration of ATP 
only drops a small amount. The cytoplasmic 
phosphorylation potential and ATP/ADP ratio 
would be important because citrate lyase (E.C. 
4 .1.3.6)  and acetyl-CoA carboxylase (E.C. 
6.4.1.2) are ATP utilizing enzymes and are 
essential for lipogenesis to occur from carbo- 
hydrate sources. Citrate lyase activity has been 
shown to be dependent upon the ratio of ATP/ 
ADP such that the smaller the ratio the less 
effective the enzyme (22). It has been shown 
that when livers are freeze clamped, the livers 
from well fed animals have a higher cytoplasmic 
phosphorylation potential than the livers from 
animals that have been starved (23). Therefore, 
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under these conditions, a high phosphorylation 
potential is correlated with a high rate of lipo- 
genesis and a lower phosphorylation potential 
with a lower rate of lipogenesis. Also, it has 
been shown that fructose in high concentra- 
tions inhibits fatty acid synthesis, althoughat 
low concentrations it is a good lipogenic sub- 
strate (24,25). The difference in the response to 
high and low concentrations of fructose appears 
to be that at high concentrations fructose dras- 
tically lowers the concentration of ATP and the 
phosphorylation potential to bring about an 
inhibition of lipogenesis. Bhaduri and Srere (2) 
and Iliffe and Myant (3) have shown that there 
must be a high ATP concentration for the rate 
of lipogenesis to be rapid in a similar reconstitu- 
ted system. Thus, it might be expected that the 
cytoplasmic phosphorylation potential, the 
concentration of ADP, the concentration of 
ATP, and the ratio of ATP/ADP are important 
factors in determining the rate of lipogenesis in 
this reconstituted system. 

The phosphorylation potential and ATP/ 
ADP ratio in this system are maintained pri- 
marily by the mitochondria. The data in Table 
III and Figures 2 and 3 show that the mito- 
chondria isolated from starved animals cannot 
maintain as high a phosphorylation potential or 
ATP/ADP ratio as mitochondria isolated from 
chow fed animals. Also, this table shows that 
dichloroacetate does not alter the phosphorlya- 
tion potential or ATP/ADP ratio. Therefore, it 
is suggested that the phosphorylation potential 
and ATP/ADP ratio may become limiting 
factors in this system for lipogenesis when the 
activity of pyruvate dehydrogenase is increased 
by dichloroacetate and the mitochondria are 
isolated from starved animals. The explanation 
for why mitochondria from starved animals do 
not maintain as high a phosphorylation poten- 
tial is not known. However, the lower rates of 
state 3 respiration, the lower respiratory con- 
trol ratio, and the higher intrinsic ATPase ac- 
tivity of these mitochondria may be involved 
(Table IV). Long chain acyl CoA esters have 
been shown to inhibit the adenine nucleotide 
antiport at low concentrations (26-31) and lead 
to a lower extra-mitochondrial phosphorylation 
potential and ratio of ATP/ADP in a reconstitu- 
ted system (32). Therefore, in the starved con- 
dition in which there are more long chain acyl 
CoA esters in the fiver, the mitochondria from 
starved animals may be isolated with more 
bound CoA esters (33) which could inhibit the 
adenine nucleotide antiport and lead to a lower 
ATP/ADP ratio. Another factor that might be 
involved is that mitochondria from starved ani- 
mals have been reported to have less compo- 
nents of the electron transfer chain (34,35). 
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FIG. 2. The extramitochondrial phosphorylation 
potential in the reconstituted system with liver mito- 
chondria prepared from chow fed (m) and 48-hr 
starved (•) rats. ATP = adenosine triphosphate; ADP = 
adenosine diphosphate. 
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FIG. 3. The extramitochondfial ratio of adenosine 
triphosphate (ATP) to adenosine diphosphate (ADP) 
in the reconstituted system with liver mitochondria 
prepared from chow fed (m) and 48-hr starved (A) rats. 
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The high speed supernatant fraction also may 
contain enough ATPase-like activity to keep the 
mitochondria near state 3 respiration. If this is 
the case, then the mitochondria would be 
synthesizing ATP at nearly maximal rates and 
the mitochondria from starved animals would 
not be able to maintain as high a rate of ATP 
synthesis. This would result in a lower extra- 
mitochondrial phosphorylation potential and 
ATP/ADP ratio and lower rates of fipogenesis. 
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In summary, the rate of lipogenesis in the 
cell free system used in this study is less when 
mitochondria are used that have been isolated 
from starved animals when compared to mito- 
chondria isolated from chow fed animals. This 
appears to be due in part to a lower activity of 
pyruvate dehydrogenase and in part to a lower 
phosphorylation potential or ATP/ADP ratio 
maintained in this system by mitochondria iso- 
lated from starved animals. 
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Effect of Ethanol on Utilization of Plasma Free Fatty Acids 
for Liver Triacylglycerol Synthesis and Its Relation to 
Hepatic Triacylglycerol Accumulation in Rats 

O. JOHNSON, O. HERNELL, and T. OLIVECRONA, Department of Chemistry, 
Section on Physiological Chemistry, University of Ume~t, S-901 87 Ume~, Sweden 

ABSTRACT 

The effect of 3 different single doses 
of ethanol on the liver triacylglycerol 
concentration and on the metabolism of 
intravenously injected 14C-oleic acid in 
fasted rats was studied. All 3 doses (2, 
3.75, and 6 g ethanol/kg body wt) caused 
a rapid increase in the liver triacylglycerol 
concentration during the first 5-6 hr after 
the ethanol was given. Until the plasma 
ethanol concentration had fallen to low 
values, the high liver triacylglycerol levels 
were raised and were independent of the 
ethanol dose given. The incorporation of 
radioactivity from intravenously injected 
14C-oleic acid into liver triacylglycerols 
was increased over control values to the 
same extent in all rats given ethanol as 
long as the plasma ethanol concentration 
was above a low level. High rates of eth- 
anol oxidation and increased utilization 
of plasma free fatty acids for liver triacyl- 
glycerol synthesis were closely correlated 
with the development and maintenance 
of the ethanol induced liver triacylglyc- 
erol accumulation. 

I NTRODUCTION 

A single large dose of ethanol given to a 
fasted rat leads to a reversible increase in the 
liver lipid concentration (1). The major part of 
the fatty acids in the accumulated triacylglyc- 
erols is derived from the adipose tissue (2). The 
underlying mechanism was first believed to be 
an increased mobilization of free fatty acids 
from the adipose tissue (3). However, another 
possible explanation is, that during oxidation of 
ethanol in the liver, a larger fraction of the 
fatty acids entering the liver from the plasma is 
used for triacylglycerol synthesis and a lesser 
fraction is oxidized (4-6). Much evidence has 
been gathered in favor of the latter hypothesis 
(6-8), and recently it was shown using a tech- 
nique with serial determination of the plasma 
free fatty acid concentration, that ethanol may 
cause a liver triacylglycerol accumulation in 
fasted rats without an increase in the plasma 
free fatty acid concentration during the period 
of lipid accumulation (9). This strongly suggests 

that increased lipolysis in the adipose tissue is 
not a prerequisite for the development of the 
acute ethanol-induced fatty liver in the rat. 

In the present investigation we have studied 
the utilization of plasma free fatty acids for 
liver triacylglycerol synthesis and the liver tri- 
acylglycerol concentration in fasted rats during 
a 16-hr period after different single doses of 
ethanol were given. This was done to elucidate 
if there might be a causal relationship between 
the effects of ethanol on these parameters and 
also to investigate the possible relationship 
between the dose of ethanol given and the ac- 
cumulation of liver triacylglycerols. 

MATERIALS AND METHODS 

Preparation of Labeled Injection Solution 

1-14C-oleic acid (Radiocherrfical Centre, 
Amersham, England) was used as supplied 
without further purification. It was complexed 
to 5% bovine serum albumin (Sigma Chemical 
Co., St. Louis, MO) in saline (10). 

Experimental Design 

Female Sprague-Dawley rats (Anticimex, 
Stockholm, Sweden)weighing 140-160 g were 
used. Up to the experiment, they were fed a 
standard laboratory diet (AB EWOS, S~dert~lje, 
Sweden) and water ad libitum. After a 24-hr 
fast, the unanaesthetized rats were tube fed 
ethanol as a 38% solution (v/v) or saline (0.9% 
w/v NaC1). Ethanol was given in 3 different 
doses, 2.00, 3.75 or 6.00 g/kg body wt. Rats 
killed after 0 hr received no treatment. After 
tube feeding, the rats continued to fast, but had 
free access to tap water. In experiment I, at 0, 
6, or 16 hr after treatment, rats from different 
groups were anaesthetized with ether and 
0.5 ml of the fatty acid-albumin complex (con- 
taining 10 x 106 cpm/ml) was injected into the 
left jugular vein. Five min later, the rats were 
killed by exsanguination through the aortic 
bifurcation. The blood was transferred to a 
chilled heparinized centrifuge tube, and plasma 
was collected after centrifugation at 4 C. 

In experiment II, rats were treated identi- 
cally, except that no labeled fatty acid was in- 
jected, and rats were killed after 0 and 5 hr. 
The liver was removed rapidly, rinsed in water, 
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TABLE I 

Distribution of Radioactivity in Liver and Carcass Lipids After 14C-Oleic Acid Injection a 

Plasma ethanol 
Ethanol dose Time after treatment concentration Liver triacylglycerol 

(g/kg body wt) (h) (mM)) (whole liver) 

Radioactivity (% of injected dose) 

Carcass fatty 
acids 

0 (12) b 0 15.4 -+ 0.9 
0 ( 6 )  6 15.8 • 1.0 
2.00 ( 6 )  6 4.0 • t.7 20.8 + 1.1 c 
3.75 ( 6 )  6 35.7 + 3.2 29.0• 1.0 d 
6.00 ( 5 )  6 61.0-+ 4.4 31.2 + 1A d 
2.00 ( 6 )  11 1.0 • 16.3 • 1.1 
3.75 ( 5 )  11 1.5 • 0.5 19.8 +- 1.9 
6.00 ( 6 )  11 53.7 + 5,4 26.8 • 0.4 
0 ( 5 )  16 12.1 • 0.9 
2.00 ( 6 )  16 0.6 + 0.2 13.0 • 0.6 c 
3.75 ( 6 )  16 1.7 • 1,0 13.7-+ 0.7 c 
6.00 ( 5 )  16 3.3 + 1.6 19.9 + 1.8 c 

33.3 -+ 0.5 
33.9 -+ 0.8 
36.5 + 1.5 
35.9 + 1.1 
36.0 + 1.6 
36.4 • 1.4 
35.7 + 1,2 
37.6 + 0.7 
34.9 + 1.6 
35.8 • 1.5 
33.7 + 1.0 
35.0 + 2.3 

aValues (mean • SE) collected 5 min after intravenous injection of 14C-Oleic 
fed different doses of ethanol or saline. 

b( ) = Number of rats. 

CSignificantly (P<0.05) different from corresponding control group. 
dSignificantly (P<0.01) different from corresponding control group. 

Acid into fasted female rats 

b l o t t e d  dry, weighed,  and  h o m o g e n i z e d  in 
c h l o r o f o r m : m e t h a n o l  (2:1) .  The  ra t  carcass was 
t r ans fe r r ed  to a l - l i ter  flask con ta in ing  300  ml  
30% e thano l i c  KOH. 

Analyses 

Plasma e t h a n o l  c o n c e n t r a t i o n  was deter-  
m ined  by  gas c h r o m a t o g r a p h y  as descr ibed  
previous ly  (6),  bu t  w i th  2 -bu t ano l  ins t ead  of  
m e t h a n o l  as i n t e rna l  s t andard .  A c h l o r o f o r m  
ex t rac t  of  the  liver l ipids was p repa red  accord-  
ing to Folch,  et al., ( I  1). Lipid classes were 
separa ted  by  t h in  layer c h r o m a t o g r a p h y  (TLC)  
as descr ibed previously  (12).  A l iquo t s  of  the  
t r iacylg lycero l  ex t rac t s  were t a k e n  for  deter-  
m i n a t i o n  of  es ter l inkages  (13).  

Carcass ex t rac t s  were h e a t e d  at  65 C over- 
n ight ,  the  vo lume  made  up  to  1000 ml wi th  
95% e thano l ,  and  f a t t y  acids ex t r ac t ed  f rom 
a l iquots  of  the  digest (14) .  The  radioact iv i t ies  
o f  a l iquots  of  carcass f a t t y  acids and  liver tri- 
acylglycerols  t h e n  were d e t e r m i n e d  in a Pack- 
ard, model  3320,  Tri-Carb sc in t i l la t ion  spec- 
t rome te r .  Quench ing  was cor rec ted  for  b y  use 
of  ex te rna l  s tandard .  

Statistics 

Differences  b e t w e e n  groups  of  rats  were 
t es ted  using Wi lcoxon ' s  r ank  sum tes t  (15).  
Dif ferences  were cons idered  s ignif icant  for  P < 
0.05.  

RESULTS 

Rats  given 3.75 or 6 g of e t h a n o l / k g  b o d y  wt 
were marked ly  a tax ic  b e t w e e n  0 and  6 hr.  In  
con t ras t ,  ra ts  given 2 g of  e t h a n o l / k g  b o d y  wt 

cou ld  no t  be d is t inguished in behav iou r  f rom 
con t ro l  rats. 

Six hr  a f te r  t he  e t h a n o l  was given, all 3 
groups  of  rats  in e x p e r i m e n t  I had  increased 
liver t r iacylglycerol  c o n c e n t r a t i o n s  c o m p a r e d  
w i th  the  cont ro l s  (P < 0.01 in all groups) ,  (Fig. 
1). The  groups given 3.75 a n d  6 g of  e t h a n o l / k g  
b o d y  wt had  similar h igh  t r iacylg lycero l  con-  
cen t ra t ions .  These  rats  also had  h igh  p lasma 
e t hano l  c o n c e n t r a t i o n s  (Table  I). The  tr iacyl-  
glycerol  c o n c e n t r a t i o n  was s o m e w h a t  lower  in 
the  group of ra ts  given 2 g of  e t h a n o l / k g  b o d y  
wt.  In this  group,  the  m e a n  plasma e thano l  
c o n c e n t r a t i o n  was 4 mM (Table  I), and  in 3 of  
the  6 rats,  the  c o n c e n t r a t i o n s  were 2 mM or 
less. At  these  low plasma concen t r a t i ons ,  the  
ra te  of  liver e t h a n o l  m e t a b o l i s m  is decreased 
(16) ,  i.e., the  liver a lcohol  dehydrogenase  
p robab ly  is no t  sa tu ra ted  (16 ,17) .  In a second  
e x p e r i m e n t  ( e x p e r i m e n t  II), ident ica l ly  t r e a t ed  
ra ts  were kil led af te r  5 hr.  In th is  e x p e r i m e n t  
the  mean  p lasma e t h a n o l  c o n c e n t r a t i o n s  in  all 3 
groups  of  ra ts  were h igh enough ,  in  the  2 g 
group 9.8 mM, to  ma in t a in  o x i d a t i o n  of  e t h a n o l  
at  a b o u t  the  same high rate  in  all groups  of  rats. 
There  was no  s ta t is t ica l ly  s igni f icant  d i f fe rence  
in l iver triacylglycerol concentration be tween  
the  groups  (P ~ 0.05,  Fig. 2). 

Af te r  6 hr,  t he  liver t r iacylglycerol  concen-  
t r a t i on  decreased in the  2 g g roup  and  reached  
a lmos t  con t ro l  levels at  16 hr  (Fig. 1). Be tween  
6 and  11 hr,  t he  mean  values of  the  liver tri- 
acylglycerol  c o n c e n t r a t i o n s  increased  i n  b o t h  
the  3.75 and  6 g groups  (Fig. 1). However ,  t he  
d i f fe rences  be tween  the  values at  6 and  11 hr  
w i th in  each  of  these  g roups  were n o t  statisfi-  
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cally significant. Also at 11 hr the liver triacyl- 
glycerol concentrations were similar in the 3.75 
and the 6 g groups (Fig. 1). At 11 hr the rats 
given 3.75 g ethanol/kg body wt had little or no 
ethanol left in the blood, whereas, the rats 
given 6 g ethanol/kg body wt still had a high 
plasma ethanol concentration (Table I). Be- 
tween 11 and 16 hr, the liver triacylglycerol 
concentration did not decrease in the 6 g group, 
while it decreased in the 3.75 g group ( P <  
0.05, Fig. 1). Thus, the liver triacylglycerol 
concentration increased or remained high as 
long as the plasma ethanol concentration was 
above a very low level. Furthermore, when the 
plasma ethanol concentration had fallen to low- 
er levels, the liver triacylglycerol concentration 
decreased (Table I, Fig. 1). 

To study the utilization of plasma free fatty 
acids for synthesis of liver triacylglycerols, the 
incorporation of radioactivity into this liver 
lipid from intravenously (IV) injected oleic acid 
was measured. Long chain fatty acids entering 
liver cells are ultimately oxidized to carbon 
dioxide and ketone bodies or esterified to form 
triacylglycerols, phospholipids, and other fatty 
acid esters. IV injected labeled fatty acids are 
rapidly incorporated into liver fipids, and 3 min 
after injection only negligible amounts of radio- 
activity are present in free fatty acids in the 
liver triacylglycerols reaches a maximum ca. 3 
rain after injection, and remains essentially un- 
changed up to 20 rain after injection (14,18). tn 
this and other studies (5,6,9)the incorporation 
of radioactivity from labeled oleic acid into 
liver triacylglycerols 5 rain after injection has 
been used to estimate the utilization of plasma 
free fatty acids for synthesis of liver triacyl- 
glycerols. 

Rats that still had a high level of ethanol in 
their plasma incorporated more radioactivity 
from the injected oleic acid into their liver tri- 
acylglycerols than did the control rats or the 
rats that already had cleared the ethanol from 
the plasma (Table I). The rats that were prob- 
ably just removing the last ethanol from the 
plasma, i.e., the 2 g group at 6 hr, the 3.75 g 
group at 11 hr, and the 6 g group at 16 hr, 
showed intermediate values. The incorporation 
of radioactivity into carcass lipids was not 
much altered after ethanol treatment (Table I), 
suggesting that the partition of the flux of 
plasma free fatty acids between the liver and 
the rest of the body was not  affected by the 
ethanol treat ment. 

DISCUSSI ON 

In previously fasted rats fed a large dose of 

I 

50 0h. ] 

E~ SaMne 2ml tkg 
Ethan~ 2.00g / kg 

[ 1  EU~anol 3.75g/kg 
am Ethanol 6.00g / kg 

0 
I~ l  161 [61 [61 IS] 
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FIG. 1. Liver triacylglycerol concentrations in 
fasted female rats tube fed different doses of ethanol 
and in control rats tube fed saline. Control rats in the 
0 hr group were not tube fed. Rats were killed at 
different times after tube feeding as indicated in the 
figure. Values are Mean -+ SE; number of rats is in 
parentheses. 

40 

Oh. [ 5h .  
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lo I 
I 
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FIG. 2. Liver triacylglycerol concentration in 
fasted female rats tube fed different doses of ethanol 
and in control rats tube fed saline. For indications see 
Figure 1. Control rats in the 0 hr group were not tube 
fed. Values are Mean +- SE; number of rats is in paren- 
theses. 

ethanol, i.e., the conditions of the present ex- 
periments, the rate of fatty acid synthesis is low 
(t9).  Therefore, the main source of fatty acids 
for the liver is the plasma free fatty acids. Their 
metabolism in the fiver ultimately leads to oxi- 
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dation or esterification. It has been shown pre- 
viously that as a consequence of the ethanol 
oxidation in the liver a larger fraction of the 
plasma free fatty acids is incorporated into liver 
triacylglycerols in ethanol fed rats than in con- 
trol rats (5,9). This was suggested to be a major 
factor for the observed increase in the liver 
triacylglycerol concentration. Our present data 
are in agreement with this hypothesis, because 
at all times when the liver triacylglycerol con- 
centration increased or was maintained at a 
high level, there was an increased incorporation 
of IV injected labeled free fatty acids into the 
liver triacylgiyerols (Table I). Both in the pres- 
ent and in previous experiments, ethanol prob- 
ably did not change the distribution of the 
plasma free fatty acid flux between the liver 
and the rest of the body, because the fatty acid 
radioactivity in the carcass after IV injection of 
labeled fatty acid was not altered by ethanol 
treatment. Thus, this effect of ethanol is most 
likely brought about by a shift in the metabo- 
lism in the liver cells of free fatty acids derived 
from the plasma from oxidation to esterifica- 
tion. This is in agreement with the observation 
that ethanol cause such a change in the free 
fatty acid metabolism in isolated liver ceils 
(20). The lipid load on the liver by this mech- 
anism is dependent on the uptake of plasma 
free fatty acids into the liver which is propor- 
tional to the plasma free fatty acid concentra- 
tion (21). In experiments with single large doses 
of ethanol, the plasma free fatty acid concen- 
tration has been reported to be either un- 
changed (4-6,22) or increased (3). In either 
case, the influx of plasma free fatty acids into 
the liver cells is large, and in conjunction with 
the increased utilization for triacylglycerol 
synthesis, probably is the major cause of the 
acute ethanol induced fatty liver in rats. 

Although conflicting results exists (23), the 
acute ethanol induced lipid accumulation in 
fasted rats probably is dependent on a rapid 
oxidation of ethanol in the liver (6-8,24). The 
ethanol oxidation is a zero-order process at all 
but very low blood ethanol concentrations 
probably owing to the dominating role of liver 
alcohol dehydrogenase (EC 1.1.1.1) in this 
process (17). Makar, et al., (16) found a con- 
stant rate of ethanol metabolism in the rat at 
blood ethanol concentrations above 0.02% 
(4.3 mM). Thus, a major prerequisite for the 
liver lipid accumulation should be a blood eth- 
anol concentration at, or above this level. 

All 3 doses of ethanol used in the present 
study led to an increase in the liver triacylglyc- 
erol concentration (Fig. 1). Moreover, as long as 
the plasma ethanol concentration was above a 
low level, the high liver triacylglycerol concen- 

trations were maintained (Table I, Fig. 1). Due 
to the rapid ethanol oxidation in the rat, an 
exact determination of this critical plasma eth- 
anol level is not possible with the present ex- 
perimental design. No difference between the 
ethanol treated groups was seen in the magni- 
tude of the liver triacylglycerol accumulation as 
long as the blood ethanol concentration were 
above a low level. Thus, a larger dose led to a 
higher triacylglycerol accumulation only be- 
cause it provided a longer period of triacylglyc- 
erol accumulation. This does not necessarily 
imply that aU lipid parameters influencing the 
liver triacylglycerol concentration are indepen- 
dent of the ethanol dose. However, the rate of 
liver lipid accumulation is strikingly indepen- 
dent of the amount of ethanol given. These 
findings differ somewhat from those of Maling, 
et al., (25), who found an increase in the liver 
triacylglycerols in only a few rats given 2 g 
ethanol/kg body wt at 6 hr after ethanol treat- 
ment. However, in the corresponding group in 
the present investigation, the liver triacylglyc- 
erol concentration was above that seen in con- ' 
trol rats, but was probably decreasing at this 
time. Thus, small differences in the time course 
of the liver triacylglycerol concentration in 
experiments performed in different laboratories 
may well explain the discrepancy. 

Recently, we have shown in rats with con- 
s t a n t  blood ethanol levels maintained by 
continuous IV infusion of ethanol, that in con- 
trast to a moderately high blood ethanol con- 
centration (45 mM) a low blood ethanol con- 
centration (10 mM), although high enough to 
maintain a high rate of ethanol oxidation, did 
not lead to an increase in the liver triacylglyc- 
erol concentration (9). This was probably due 
to a transient decrease in the plasma free fatty 
acid concentration. Thus, the blood ethanol 
level above which a rapid hver lipid accumula- 
tion occurs is not identical with the level re- 
quired to maintain a constant rate of ethanol 
oxidation. 

When the ethanol was cleared, the liver tri- 
acylglycerol concentration decreased in the 2 g 
and 3.75 g groups (Fig. 1). In other experi- 
ments, we have found that this is true also for 
rats give 6 g ethanol/kg body wt (19). Thus, 
increased utilization of liver triacylglycerols 
occurs at this time. Probably, this compensa- 
tory increased utilization of the liver tfiacyl- 
glycerols starts around 6 hr, because after this 
time no further rapid rise in liver triacylglycerol 
concentration was observed in the 2 groups of 
rats that still showed high blood ethanol con- 
centrations. This is in good agreement with our 
previous results (12), showing that ethanol after 
a lag period of several hours increased the 
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plasma triacylglycerol concentrations in pre- 
viously fasted female rats, probably due mainly 
to an increase in the liver triacylglycerol secre- 
tion. 
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Tumor Extracellular Triglycerides in Mice During Growth 
of Ehrlich Ascites Carcinoma 1 
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Los Angeles, California 90073 and Department of Medicine, UCLS School of Medicine, Los Angeles, California 9002,4 

ABSTRACT 

Our earlier work with Swiss-Webster 
mice has shown that most of the lipid in 
Ehrlich ascites tumor extracellular fluid is 
in the form of free fatty acids. This find- 
ing is in direct contradiction to earlier 
and subsequent reports from another 
laboratory that has found free fatty acids 
to be a very minor component and tri- 
glycerides to be the major lipid of Ehrlich 
ascites tumor extracellular fluid. In light 
of these contradictory reports, we have 
carried out a study patterned after that of 
other  workers, but using our Swiss- 
Webster mice. As predicted from our ear- 
lier study, we have found very little tri- 
glyceride in Ehrlich ascites tumor extra- 
cellular fluid. Although we could demon- 
strate a significant, transient hypertriglyc- 
eridemia during tumor growth, maximum 
plasma triglyceride concentrations were 
an order of magnitude lower than those 
reported by other workers. In addition, 
and again in contrast to other reports, we 
found that plasma triglyceride and tumor 
extracellular fluid triglyceride levels in 
tumorous mice fell significantly with 
fasting. Thus, interesting differences in 
triglyceride metabolism between mouse 
and/or tumor strains seem to exist. Our 
present findings suggest, but do not 
prove, that triglycerides in the tumor 
extracellular fluid probably are not a 
major source of the rapidly turning over, 
tumor extracellular fluid free fatty acid in 
our mice. 

INTRODUCTION 

Free fatty acids (FFA) in the extraceUular 
fluid of Ehrlich ascites carcinoma are replaced 
rapidly (1,2); however, very little of the FFA 
passing through the tumor's  extracellular fluid 
FFA pool is derived from plasma FFA (2). Re- 
cently Brenneman, et al.,(3)suggested that one 
possible important source of FFA for lipid 
synthesis during tumor growth may be very low 
density lipoprotein (VLDL) triglyceride fatty 

1Veterans Administration Project RI 3-60, MRIS 
No. 0790. 

acids (3). In support of this possibility was the 
observation that their tumor-bearing mice were 
sever ly  h y p e r l i p i d e m i c  due to elevated 
VLDL-triglycerides and cholesterol levels (3). 
Moreover, extremely high concentrations of 
VLDL-triglycerides were found in the tumor 
extracellular fluid. 

This finding was at variance with observa- 
tions from our laboratory using a different 
strain of mouse in which very little lipid fatty 
acid (FA) other than FFA was found in Ehrlich 
ascites carcinoma extracellular fluid (2). How- 
ever, in view of the marked discrepancy be- 
tween the data of Brenneman, et al., (3) and 
those obtained by Mermier and Baker (2), w e  

have carried out a detailed study of triglyceride 
levels in plasma and tumor extracellular fluid 
during Ehrlich ascites tumor growth in Swiss- 
Webster mice. Despite a moderate and transient 
hypertriglyceridemia that developed during 
tumor growth, tumor extracellular fluid re- 
mained relatively free of triglycerides, espe- 
cially in the fasted state. Although these data 
cannot rule out the possibility that FFA in 
tumor extracellular fluid is derived to a large 
extent from plasma VLDL-triglycerides, they 
do not lend strong support to this hypothesis. 

EXPERIMENTAL PROCEDURES 

Tumor 

Male Swiss-Webster mice (Hilltop Lab. 
Animals, Inc., Chatsworth, CA), 6-10 weeks 
old, were used. Mice bearing Ehrlich-Lettr~ 
hyperdiploid carcinoma were originally ob- 
tained from R. McKee, (Biological Chemistry 
Department, UCLA School of Medicine, Los 
Angeles, CA), and transplanted as described 
previously (2). The common chromosome pat- 
tern of our Ehrlich ascitestumor was close to 
diploidy with a number of 44, occasionally 45. 
Polyploidisation occurred in about 10-15% of 
the cells examined. The inoculum of washed 
tumor cells was 1.5 x 107 cells/mouse, injected 
intraperitoneally. Although the number of 
tumor cells injected was the same as that used 
in previous studies from this laboratory (2), the 
inoculum was 5 times larger than that used by 
Brenneman, et al., (3) in their earlier study of 
hypertriglyceridemia in tumorous CBA mice. 
The tumor size was at its maximum on day 14. 
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TABLE I 

Triglyceride Concentrat ions of  Blood Plasma and Tumor  
Extracellular Fluid in Mice During Growth of  Ehrlich Ascites Tumor  

771 

Triglyceride (mg/dl) 

Day of Normal, blood Tumor,  blood Tumor  
tumor  plasma a plasma a extracellular fluid a 

2 48-+ 9 52 +- 14 --- 
4 148 +- 24 178 + 20 --- 
6 138 +- 25 228 -+ 32 b --- 
8 129 -+ 10 281 _+ 51 c 17.5 +- 6.5 

10 63 +- 14 224 -+ 45 d 5.4 + 3.9 
12 100 -+ 8 87 + 29 (5) 1.4 -+ 1.4 (5) 
14 91 -+ 11 6 -+ 3.8 (4) < O.2 (4) 

aMean + S.E. of  6 animals f rom each group unless otherwise marked in parenthesis.  
bSignificantly (P<0.05)  different when  compared to normal ,  blood plasma group. 
CSignificantly (P<0.02)  different when compared to normal,  blood plasma group. 
dSignificantly (P<0.01)  different when compared to normal,  blood plasma group. 

TABLE II 

Effect of  Fasting on Triglyceride Levels of  Blood 
Plasma and Tumor  Extracellular Fluid in Tumorous  Mice 

Triglyceride (mg/dl) a 

Nutrit ional Normal, blood Tumor ,  blood Tumor  
state plasma plasma extracellular fluid 

Fed b 55 + 8.7 310 + 36 19 -+ 8.5 
6-hr fast b 27 -+ 5.8 108 -+ 26 4.5 -+ 2.8 
24-hr fast c 42 -+ 8.7 44 -+ 20 1.0 + 1.0 

aTriglyceride levels were determined on the 8th day after tumor  t ransplantat ion.  
bMean + S.E. of  6 animals f rom each group. 
CMean -+ S.E. of  4 animals f rom each group. 

T h e  m e a n  su rv iva l  t i m e  o f  t u m o r - b e a r i n g  m i c e  
was  15 days .  T h e  a n i m a l s  we re  f e d  P u r i n a  c h o w  
d ie t  a n d  w a t e r  ad  l i b i t u m .  In i t i a l  b o d y  w t s  w e r e  
30 -35  g. B o d y  w t s  we re  r e c o r d e d  e v e r y  o t h e r  
d a y  to  m o n i t o r  t u m o r  g r o w t h .  

Sampling 

B l o o d  f r o m  t u m o r o u s  a n d  c o n t r o l  a n i m a l s  
was  o b t a i n e d  f r o m  t h e  o p t h a l m i c  v e n o u s  s i n u s  
in  h e p a r i n i z e d  cap i l l a r i es  a r o u n d  10 A M  o n  
d a y s  2, 4, 6, 8, 10,  12,  a n d  14. T h e  b l o o d  was  
i m m e d i a t e l y  c e n t r i f u g e d  at  1 0 0 0  r p m  fo r  1 m i n  
a t  4 C a n d  t h e  p l a s m a  s e p a r a t e d  f r o m  t h e  r ed  
cells.  T u m o r  s a m p l e s  we re  o b t a i n e d  b y  p u n c t u r -  
i ng  t h e  a b d o m e n s  o f  t u m o r - b e a r i n g  a n i m a l s  
w i t h  a n e e d l e .  T h e  n e e d l e  w a s  r e m o v e d  f r o m  
t h e  p e r i t o n e a l  cav i ty ,  a n d  ca. 0 . 1 - 0 . 2  m l  t u m o r  
w a s  a l l o w e d  t o  dr ip  i n t o  h e p a r i n i z e d  cap i l l a r i e s  
b y  g e n t l y  s q u e e z i n g  t h e  a b d o m e n .  E x t r a c e l l u l a r  
f lu id  was  s e p a r a t e d  f r o m  t h e  t u m o r  cells  b y  
c e n t r i f u g a t i o n  as d e s c r i b e d  a b o v e .  T h e  t u m o r  
c o u l d  n o t  be  o b t a i n e d  r e a d i l y  o n  d a y s  2, 4 ,  a n d  
6 e m p l o y i n g  t h i s  m e t h o d .  

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

o f  12 a n i m a l s ,  6 n o r m a l  m i c e  a n d  6 m i c e  bea r -  
i n g  8 -day  o ld  t u m o r s ,  w a s  u s e d .  T h e  s a m p l i n g  
was  d o n e  a t  ca. 12 n o o n  in  t h e  f e d  s t a t e ,  3 PM,  
6 -h r  f a s t e d ,  a n d  10 A M  t h e  n e x t  d a y ,  2 4 - h r  
f a s t e d .  I t  was  f o u n d ,  h o w e v e r ,  t h a t  t h e  b l o o d  
f r o m  2 4 - h r  f a s t e d  t u m o r o u s  a n i m a l s  h a d  v e r y  
l o w  h e m a t o c r i t  va lues .  T o  e x c l u d e  t h e  poss ib i l -  
i t y  t h a t  r e p e a t e d  s a m p l i n g  h a d  c a u s e d  h e m o d i -  
l u t i o n ,  b l o o d  f r o m  a n o t h e r  se t  o f  8, 2 4 - h r  
f a s t e d  m i c e  (4  n o r m a l  a n d  4 b e a r i n g  8 - d a y  o ld  
t u m o r s )  was  u s e d  fo r  t h e  2 4 - h r  va lues .  

Analyses of Triglycerides 

T r i g l y c e r i d e s  o f  b l o o d  p l a s m a  a n d  e x t r a c e l l u -  
lar  f l u i d  were  e s t i m a t e d  u s i n g  t h e  m e t h o d  o f  
Ga l l e t t i  ( 4 )  w i t h  s l igh t  m o d i f i c a t i o n s .  T w e n t y  
/~1 p l a s m a  a n d  20/~1 sa l ine  were  t a k e n  i n s t e a d  o f  
4 0  /al p l a s m a ,  a n d  1 ml  o f  i s o p r o p y l  e t h e r  w a s  
u s e d  i n s t e a d  o f  0 .5  ml .  P l a s m a  a n d  e x t r a c e l l u l a r  
f l u i d  t r i g l y c e r i d e  v a l u e s  we re  r e a d  f r o m  a s i m u l -  
t a n e o u s l y  r u n  t r i p a l m i t i n  s t a n d a r d  cu rve .  

RESULTS AND DISCUSSION 

B l o o d  p l a s m a  t r i g l y c e r i d e  leve ls  o f  E h r l i c h  
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ascites carcinomatous mice increased signifi- 
cantly (P<0.05) relative to normal controls 
within 6 days after tumor inoculation, as shown 
in Table I. Maximum hypertriglyceridemia was 
observed on the 8th day of tumor growth. 
Plasma triglyceride levels fell after that and 
were at their lowest values by the time the 
tumor grew to its maximum size (ca. 18 ml in 
14 days [5] ). Very little triglyceride was found 
in the tumor extracellular fluid at the time that 
plasma triglyceride was maximal in the tumor- 
ous mice. Triglyceride levels in the tumor extra- 
cellular fluid fell after the 8th day to levels that 
were undetectable by the 14th day (Table I). 

Plasma triglyceride values of the normal ad 
libitum fed mice were in the range of those 
reported by others (6); however, samples taken 
at noon instead of 10 AM (Table I, days 2 and 
10; Table II, fed controls) tended to be lower 
than the others. This may have resulted from a 
fasting effect, because food deprivation for 6 hr 
was shown to lower plasma triglyceride concen- 
tration significantly (Table II). The fasting ef- 
fect on plasma triglyceride levels was pro- 
nounced even more in tumorous mice, falling 
from an average of 310 mg/dl ( F e d ) t o  44 
mg/dl after a 24-hr fast (Table II). 

The effect of fasting on plasma and extra- 
cellular fluid triglyceride levels may be related 
to the marked fall in both of these values seen 
during the late stages of  tumor growth (Table 
I). That is, as the tumor grows, the animals 
either may lose their appetites or become un- 
able to reach their food. Although food intake 
was not measured in our study, the results in 
Table II show that it is imperative to control 
food intake carefully to study triglyceride 
metabolism in tumorous mice. 

In some respects, our present findings con- 
firm the results of Brenneman, et al., (3); 
namely, a rise and fall of blood plasma triglyc- 
eride concentration during tumor growth. How- 
ever, the magnitude of the tumor-induced 
hypertriglyceridemia was very much greater in 
their study than in ours. Brenneman, et al., (3) 
found plasma triglyceride values as high as 1600 
mg/dl on the 11 th day of tumor growth. This is 
about an order of magnitude higher than we 
have observed. Even more interesting are the 
differences in triglyceride levels in the tumor 
extraceUular fluid. Whereas, Brenneman, et al. 
(3) found average values of 336 mg/dl in 12-day 
old tumors, we observed a barely detectable 
value of  1.4 mg/dl. This then confirms the 
earlier work of Mermier and Baker who found 
that only a minor fraction of the tumor extra- 
cellular total lipid fatty acid was esterified (2). 

Another interesting difference between the 
behavior of triglycerides in our studies and 

those of Brenneman, et al., (3) is the response 
of tumor extracellular fluid triglyceride levels 
to fasting. They reported that the very high 
levels of extracellular fluid triglycerides found 
in 12-day old tumors were not changed during a 
16-hr fast. They cited this observation as evi- 
dence that this triglyceride was of endogenous 
origin, independent of dietary fipid. However, 
there was a dramatic, total disappearance of tri- 
glycerides from the extracellular fluid during a 
24-hr fast in the mice in our study. 

The present results strongly suggest that the 
tumor strains and/or the mouse strains used by 
Spector's group and by us have vastly different 
control systems governing the mobilization and 
metabolism of FFA and triglycerides during 
tumor growth. Moreover, the fact that the 
tumors of the mice in our study have been 
found to have the same FFA pool size, replace- 
ment rate, and metabolic fate as those of 
Spector (2,7), even though they have dramati- 
cally different concentrations of  extracellular 
t r i g l y c e r i d e s ,  leads us to conclude that 
VLDL-triglyceride is probably not a major 
source of tumor extracellular FFA in either 
mouse strain. Comparative kinetic studies using 
labeled triglycerides will be required to estab- 
lish the quantitative importance of VLDL-tri- 
gtycerides with respect to net tumor lipid ac- 
cumulation during tumor growth and with re- 
spect to the tumor's  energy needs in these 2 
very different populations of tumor-bearing 
mice. 
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ABSTRACT 

Male rats were administered 1.5 ml 
safflower oil by gastric intubation 0, 4, 
and 8 hr after a 16 hr fast. Plasma, liver, 
and adipose tissue were collected 16 hr 
after the last fatty meal. Rats fasted for 
16 hr served as controls. Following fat 
feeding, the fatty acid composition of the 
very low density lipoprotein, triglyceride, 
and hepatic triglyceride were similar, as 
were the percentages of 18:2 in the very 
low density lipoprotein and hepatic 
cholesteryl esters. The phospholipids of 
liver and plasma lipoproteins were similar 
in the control groups, except that more 
16:0 was present in the plasma 
lipoproteins. After fat feeding, the plasma 
lipoprotein phospholipids were enriched 
with 18:2 more than were the hepatic 
p h o s p h o l i p i d s .  Furthermore, the 
percentage of 18:2 in phospholipid was 
much less than in triglyceride or choles- 
teryl esters. Clearly, esterified lipids of 
liver and plasma lipoproteins (very low 
density lipoprotein, low density lipopro- 
tein, and high density lipoprotein), and to 
a lesser extent, adipose tissue, were 
enriched with 18:2 derived from dietary 
triglyceride fatty acid even 16 hr after the 
terminal meal. A major proportion of the 
very low density lipoprotein isolated by 
ultracentrifugation in zonal rotors from 
plasma of fat fed animals had a faster 
rate-zonal mobility than did the very low 
density lipoprotein isolated from plasma 
of control animals. The very low density 
lipoprotein isolated from plasma of fat 
fed rats contained fewer moles of 
phospholipids, cholesterol, and choles- 
teryl esters, relative to triglyceride than 
did the very low density lipoprotein from 
plasma of animals not receiving safflower 
oil. The molar ratio triglyceride:phospho- 
lipid:cholesterol:cholesterol esters in the 
very low density lipoprotein was 

1present address: Department of Pharmacology, 
University of Missouri, School of Medicine, Columbia, 
Missouri 65201. Requests for reprints should be sent 
to this address. 

100:42.0:22.1:44.5 in the control group 
and 100:35.4:17.8:19.5 in the fat fed 
animals. It is postulated that an impor- 
tant biochemical mechanism by which 
dietary triglyceride fatty acids consumed 
by the animal over a long period of time 
alter plasma concentrations of triglycer- 
ide, phospholipids, and cholesterol esters 
is' the directive influence of plasma free 
fatty acid, derived from dietary triglyc- 
eride, on the secretion of very low 
density lipoprotein lipids by the liver. 

INTRODUCTION 

The very low density lipoprotein (VLDL) 
secreted by the isolated perfused rat liver in 
response to infusion of oleate contains fewer 
moles of cholesterol and phospholipid (PL) 
relative to triglyceride (TG) and has a faster 
flotation rate in the zonal ultracentrifuge than 
does the VLDL secreted when palmitate is 
infused (1). Similar observations were made 
when other common long chain saturated 
(14:0, 18:0) fatty acids were compared with 
unsaturated (16:1, 18:2) fatty acids (2). These 
differences in lipid composition and rate-zonal 
mobility suggested to the authors that the 
VLDL synthesized and secreted by the liver in 
vitro from unsaturated free fatty acids (FFA) " 
are larger and less dense particles than those 
synthesized from saturated FFA. Apparently, 
more of the relatively polar cholesterol and PL 
are incorporated into the structure of the 
VLDL particle when the TG was synthesized 
predominantly from saturated long chain fatty 
acids than when synthesized from unsaturated 
fatty acids. The size of the VLDL particle 
secreted by the liver may depend also on the 
rate of snythesis of VLDL TG, such that the 
size of the particle appears to increase with 
increasing output of TG (2). 

It is clear that FFA stimulate the formation 
and secretion of TG and other lipid compo- 
nents of the VLDL by the isolated rat liver, and 
that the properties of the VLDL, in turn, are 
dependent on the properties of the FFA 
perfusing the liver (3). In the intact rat (4) and 
in man (5), the composition of the plasma FFA 
varies with the fatty acid composition of the 

773 



774 

'5 
;5 

g~ 
< 

g~ 

o ~  

G .  D E W E Y  D U N N ,  H E N R Y  G .  W I L C O X ,  A N D  M U R R A Y  H E I M B E R G  

+1 -N 

+l +1 

2 

4 
-tq +i 

+1 +t 

+l , +1 , 

E 

dietary TG. It is reasonable to a s sume ,  
therefore, that in vivo, as in vitro, the 
ultracentrifugal properties and fatty acid 
composition of the plasma V L D L  will change in 
response to the dietary TG. We wish to report 
that such changes in the properties of the 
plasma V L D L  of intact rats were observed after 
feeding safflower oil, an oil high in content of 
linoleic acid. The V L D L  isolated from the 
plasma of rats deprived of food after feeding 
safflower oil had a more rapid rate-zonal 
mobility in the ultracentrifuge, and contained 
less PL and cholesterol per mole TG than did 
the V L D L  isolated from plasma of fasted 
control animals. 

A preliminary report of this work has 
appeared (6). 

EXPERIMENTAL PROCEDURES 

z 
v 

~ o 

Animals 

Adult male Sprague-Dawley (Holtzman Inc., 
Madison, WI) rats were maintained on Standard 
Purina Laboratory Chow from the time of their 
arrival in the laboratory until  the day prior to 
the experiment (2-3 weeks). Body wts of the 
rats ranged from 175-300 g at the time of the 
experiments. Animals were fasted for 16 hr. 
One group was then sacrificed to serve as 
control while another group was fed 1.5 ml 
safflower oil at 0 time (after the 16 hr overnight 
fast), 4 hr, and 8 hr later by gastric intubation 
under light ether anesthesia. The animals in the 
control group and in the experimental group 
(16 hr after the third meal) were anesthetized 
with ethyl ether and blood was collected from 
the abdominal aorta. Samples of liver and 
adipose tissue (epididymal fat pad) were also 
obtained. 

Analytical Procedures 

The blood was collected in tubes containing 
ethylenediamine tetraacetic acid sodium salt 
(EDTA) (1 mg/ml blood), centrifuged to 
remove formed elements, and plasma was 
collected. The plasma was pooled (5-7 rats), 
and aliquots were taken and extracted immedi- 
ately for lipid analysis. Total lipids, extracted 
from plasma and from plasma lipoproteins with 
CHC13 :CH3OH (2:1, v/v), were separated into 
lipid classes by chromatography on thin layer 
plates (250/a thick, Silica Gel G) (7). The liver 
was perfused briefly with a solution of 0.9% 
NaC1 to wash out residual blood; it was 
removed, cleansed of adherent diaphragm and 
other tissue, blotted, weighed, and homog- 
enized with 10 vol of 95% ethanol. The hepatic 
residue was extracted further with ethyl ether 
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FIG. 1. Zonal ultracentrifugation of rat plasma 
lipoproteins. The pattern is typical for each group. 
Twenty-five nil of rat plasma was adjusted to a density 
of 1.4 with solid NaBr and was introduced into the 
Ti-14 (Spinco) zonal rotor behind a 600 ml linear 
density gradient (dl.0-1.4, NaBr). Sufficient NaBr 
solution, d=l.4, was added to fill the rotor. 
Centrifugation was carried out for 2 hr at 43,000 rpm, 
after which 300 ml were displaced from the core of 
the rotor at 3000 rpm in 25 ml fractions to isolate the 
very low density lipoprotein and low density 
lipoprotein. 250 ml distilled water was then 
introduced at the core of the rotor. Centrifugation was 
continued for 20 hr at 43,000 rpm after which the 
entire contents of the rotor were displaced and the 
high density lipoprotein and residue were obtained. 
All solutions contained 1 mM ethylenediamine 
tetraacetic acid sodium salt. 

in a Soxhlet extractor (8). The crude extract 
was dried in vacuo and solubilized in petroleum 
ether. An aliquot of this extract was reduced in 
volumn in vacuo, and applied to the thin layer 
plates. A sample of epidiymal fat pad was 
homogenized in 20 ml CHC13:CH3OH (2:1) 
and then treated, as were extracts of plasma. 
Duplicate separations by thin layer chromatog- 
raphy (TLC) were carried out in all cases. The 
thin layer plates after development were 
sprayed lightly with 0.1% aqueous Rhodamine 
6G, and the bands of lipid were visualized 
under ultraviolet light. The bands were scraped 
from the plates and eluted with 10 ml CHCL3. 
Allquots of the extracts were analyzed for 
cholesterol or cholesteryl esters (CE) (9) and 
for triglyceride (10). Total lipid soluble 
phosphorus (calculated as PL) was determined 
by the method of King (11) after digesting the 
band scraped from the origin (2). Samples of 
TG, FFA, PL, and CE isolated by TLC were 
methylated with BF3 (12) and the percentage 
composition of the fatty acid methyl esters in 
each lipid class was measured by gas liquid 
chromatogrphy (5). An aliquot of the pooled 
plasma (20-25 ml) was used for the isolation of 
the plasma lipoproteins by density gradient 
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FIG. 2. Zonal ultracentrifugation of very low 
density lipoprotein (VLDL) and chylomicrons. 
Patterns are typical for both groups. The 
chylomicron-VLDL fraction obtained in the initial 
isolation (Fig. 1) was concentrated and adjusted to 
d=l.4 with NaBr. The initial gradient consisted of a 
200 rrd overlay of water, 380 ml of a linear density 
gradient (dl.0-1.4), and a sample volume of 70 ml. 
Centrifugation was carried out for 20 min at 30,000 
rpm. Fractions of 25 ml each were displaced from the 
rotor. 

ultracentrifugation in zonal rotors. Isolation 
was started on the same day that the plasma 
was collected from the animals. The general 
methodology for this procedure has been 
described previously in detail (13). Protein was 
determined by the method of Lowry, et al., 
(14) using bovine serum albumin as the 
standard. 

Materials 

All solvents were of reagent grade and were 
redistilled from glass prior to use. Safflower oil 
was generously provided by F. Mattson and 
Proctor-Gamble Co. (Cincinnati, OH) The 
composition of the oil was: 6.2%, 16:0; 1.8%, 
18:0; 12.4%, 18:1; and 79.6%, 18:2. Precoated 
(Silica Gel G, schedule A) thin layer plates for 
chromatography were obtained from Analtech, 
Inc. (Newark, DE). Statistical analyses were 
carried out by Student's t test or the 
Mann-Whitney U test. 

R ESU LTS 

The concentrations of various lipids in the 
plasma are shown in Table I. The concentration 
of plasma TG and PL was significantly (P<0.05) 
elevated in the fat fed group. No changes in the 
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concentrations of plasma FFA, cholesterol or 
CE due to fat feeding were observed. 

The pattern of the various lipoproteins in 
the density gradient following zonal ultracentri- 
fugation of plasma from control and fat fed 
animals can be seen in Figure 1. Each of the 
lipoproteins was identified by rate of migration 
in the density gradient, by electrophoresis on 
paper, and by formation of a precipitin arc 
when reacted with antiserum to rat lipoproteins 
by the technique of double immunodiffusion 
(15). The fractions containing chylomicrons 
plus VLDL (tubes 1-5) were pooled and 
recentifuged to obtain the pattern seen in 
Figure 2. The contents of tubes 1-5 (chylo- 
micra) and 6-20 (VLDL), respectively, were 
combined, and analyzed. The chylomicron 
fraction (tubes 1 -5 )  did not react with 
antiserum to rat VLDL, whereas fraction 6-20 
did react. The peak of the VLDL from plasma 
of control animals always appeared in a more 
dense portion of the gradient than did the peak 
of the VLDL isolated after feeding of safflower 
oil. 

The percentage composition of the various 
lipids and of protein in the plasma lipoproteins 
is presented in Table II. Of particular interest is 
the increase of TG and the concommitant 
decrease of CE in the VLDL after fat feeding. 
No other differences in the percentage lipid or 
protein composition of the lipoproteins were 
observed. 

A calculation of the moles of PL, choles- 
terol, and CE relative to TG in the plasma 
VLDL is presented in Table III. The proportion 
of PL, cholesterol, and CE relative to TG in the 
VLDL decreased after feeding of safflower oil; 
furthermore, considerably less sterol (choles- 
terol plus CE) was observed to be present per 
mole TG after safflower oil feeding than in the 
control. Similar ratios were obtained in vitro 
using the isolated perfused rat liver (2). 
Infusion of unsaturated FFA produced a VLDL 
containing less PL and cholesterol per mole TG. 
An important difference, however, between the 
studies with the intact animal and with the 
isolated liver, is that there is much more CE 
present in the VLDL isolated from plasma of 
rats than in the VLDL secreted by the isolated 
perfused liver. 

The fatty acid composition of the FFAs and 
esterified lipids of plasma are shown in Table 
IV. After safflower oil feeding, there was a 
marked increase in 18:2 content of all these 
lipids, with corresponding decreases in 16:0 and 
18: 1; 20:4 decreased in all classes except FFA 
after fat feeding. The fatty acid composition of 
various lipoprotein lipids is presented in Table 
V, VI, and VII. Esterifled lipids in all 
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lipoprotein classes were enriched with 18:2 
after feeding safflower oil. The percentage of 
18:2 in all lipid classes of the l ipoproteins 
approximately doubled, but  the magnitude of 
the percentage increase of 18:2 in PL w a s  
considerably less than in TG and CE. The 
differences in composit ion of fat ty acids in 
l ipoprotein PL after safflower oil feeding 
resulted apparently from substitution of 18:2 
for 16:0 and 20:4. Of particular interest is the 
fat ty acid composition of the CE of the various 
l ipoprotein fractions. In both control  and fat 
fed groups, the percentage of 20:4 in CE of 
V L D L  was small in contrast to intermediate 
values for low density l ipoprotein (LDL), and 
high values for high density l ipoprotein (HDL) 
and residual fraction. After safflower oil 
feedings, 18:2 replaced primarily 16:0 and 18:1 
in VLDL and LDL; 18:2 also replaced some 
20:4 in HDL and residue, although 20:4 
remained the most prominent fatty acid of 
total  plasma CE (Table IV). 

The fatty acid composit ion of the lipids of 
liver and adipose tissue is presented in Table 
VIII. The percentage of 18:2 in hepatic lipids 
increased in all classes, although the increase 
was least in PL, as might be expected with the 
large pool  and relatively slow turnover of PL. 
The percentage of 18:2 in CE of liver increased 
to the same extent as it did in hepatic TG after 
fat feedings. The percentage of 18:2 in hepatic 
TG was identical to that of total  plasma and 
VLDL TG, indicative of equilibration of these 
pools at this time. The percentage of 18:2 in 
adipose tissue TG increased from 25.2 to 30.2 
after safflower oil feedings. 

D I S C U S S I O N  

TGs are synthesized by the liver from fat ty 
acids derived from various sources and are 
secreted in the VLDL and stored in hepatic 
depots. It has been reported previously from 
this laboratory that the structure and quanti ty 
of the FFA perfusing the liver in vitro will 
affect the quantity,  characteristics, and compo- 
sition of the VLDL secreted by the liver (2). 
Clearly then, the plasma F F A  must determine 
the properties of the VLDL secreted by the 
liver and circulating in the plasma in vivo. In 
both animals and man in the fed state, a major 
fraction of the plasma F F A  is derived from the 
dietary neutral fat (4,5). The TG pool of 
adipose tissue is large and relatively stable and 
the fat ty  acid composit ion is relatively resistant 
to change (16). Even though the adipose tissue 
TG was enriched significantly (P<0.05) with 
18:2 under the conditions of this experiment 
(Table VIII),  the magnitude of the change was 
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T A B L E  VI 

F a t t y  Acid  C o m p o s i t i o n  of  L i p o p r o t e i n  Phospho l ip id  a 

779 

F a t t y  acid ana lyzed  

Group  c 16 :0  18:0  + 18:1 18:2 2 0 : 4  

Con t ro l  
C h y l o m i c r o n  (3) b 30.7 -+ 3.1 43 .7  + 4.6 10.9 -+ 5.5 12.5 • 1.6 
V L D L  (5) 21 .3  + 0.1 30.0 + 0.8 15.5 • 0.5 23 .4  • 0.9 
LDL (5) 24 .8  • 1.0 29.5 + 0.7 14.2 + 0.2 20 .9  • 0.8 
HDL (5) 24 .2  • 2.6 31.1 + 1.9 13.5 • 1.6 21 .4  + 1.8 
Res idue  (4) 33.2 -+ 0.8 32.0 • 1.1 14.4 • 0.6 16.4 + 0.5 

Fat  fed 
C h y l o m i c r o n  (5) 22.2 + 3.2 32.1 + 0.5 d 28.5 + 4.5 d 13.5 • 1.9 
V L D L  (6) 18.3 + 0.8 d 31.0 • 0.8 27.2 + 2.8 d 16.1 • 2 .0  d 
LDL (7) 19 . t  + 0.8 d 30.8 • 1.2 27 .3  • 1.2 d 15.6 • 1.4 d 
HDL (7) 18.0 + 0.5 d 29.8 • 0.5 29.2 + 1.3 d 16.2 + 1.2 d 
Res idue  (5) 28.9 + 1.2 d 31.0 + 0.6 25 .8  • 1.4 d 12.4 • 1.1 d 

a% by  wt  of  t o t a l  f a t t y  acids • SEM. Fa t ty  acids  w i t h  r e t e n t i o n  t imes  "> 2 0 : 4  are no t  inc luded .  
bFigures  in pa ren theses  ind ica te  n u m b e r  of  observa t ions .  

CVLDL = Very  l o w  dens i ty  l i pop ro t e in ;  LDL = l ow  dens i ty  l i pop ro t e in ;  HDL = high dens i t y  l ipopro-  
rein.  

dS ign i f ican t ly  d i f fe ren t  f r o m  con t ro l ,  P < 0.05.  

T A B L E  VII  

F a t t y  Acid  C o m p o s i t i o n  of  Cho les te ry l  Esters  in Plasma L i p o p r o t e i n s  a 

F a t t y  acid ana lyzed  

Group  e 16 :0  18:1 b 18:2 2 0 : 4  

Con t ro l  
C h y t o m i c r o n s  (3) c IQd  IQ IQ IQ 
V L D L  (5) 17.2 + 1.0 44 .8  + 1.2 27 .6  + 0.1 7.3 + 0.5 
LDL (5) 14.4 + 0.4 33.4 + 1.1 26.2 • 0.3 23 .5  • 0.9 
HDL (5) 8.4 + 0.2 4.8 • 0.2 18.2 + 0.5 66.7 • 1.2 
Res idue  (4) 9.8 • 1.2 3.5 + 1.2 14.9 + 0.3 66.2 + 3.4 

Fa t  fed  
C h y l o m i c r o n s  (3) 8.2 + 4.1 30.6 + 5.3 61.2 + 3.2 none  d e t e c t e d  
V L D L  (6) 7.6 + 0.6 f 24 .9  -+ 2.0 f 58.2 + 2 .4  f 8 .0  • 0 .4  
LDL (7) 7 .6  -+ 0.5 f 13.4 -+ 0.8 f 56.3 • 1.7 f 21 .9  • 1.2 
HDL (7) 6.7 + 0.4 f 2.0 + 0.2 f 36.2 + 1.8 f 54.7 • 2.2 f 
Res idue  (5) 6 .4  -+ 2.8 11.9 -+ 0.8 f 33.6 • 1.4 f 55.0 + 4.4 

a% by  wt  of  t o t a l  f a t t y  acid + SEM. F a t t y  acids w i t h  reteiat ion t imes  > 2 0 : 4  are no t  i nc luded .  
b l  8 :0  was  negl igible  (<1 .0%) .  

CNumbers  in paren theses  ind ica te  n u m b e r  of  observa t ions .  
d l Q  = insuf f ic ien t  q u a n t i t y  to  ana lyze  accura te ly .  

e V L D L  = Very  l o w  dens i ty  l i pop ro t e in ;  LDL = low dens i ty  l i pop ro t e in ;  HDL high dens i t y  l ipopro-  
te in .  

fS ign i f i can t ly  ( P < 0 . 0 1 )  d i f fe ren t  f rom con t ro l  values .  

small in comparison to other TG pools. The 
fat ty acid composit ion of adipose tissue TG will 
begin to reflect the dietary fat only when the 
diet has been maintained for a long period of 
time. The dominant influence of plasma F F A  in 
the Fed animal, therefore, probably is dietary 
fat while the contr ibution from lipolysis of 
adipose tissue TGs may be of lesser importance.  
In addition, the hepatic TG storage pool  also 
contributes to the TG secreted in the VLDL 
(4). 

T h e  V L D L  s e c r e t e d  b y  t h e  i s o l a t e d  p e r f u s e d  
r a t  l i v e r  d u r i n g  i n f u s i o n  o f  u n s a t u r a t e d  f a t t y  

a c i d s  w a s  s h o w n  t o  h a v e  a f a s t e r  r a t e - z o n a l  

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

l e s s  P L  a n d  c h o l e s t e r o l  p e r  m o l e  T G  t h a n  d i d  
t h e  V L D L  p r o d u c e d  f r o m  s a t u r a t e d  f a t t y  a c i d s  

o r  w h e n  F F A  w a s  n o t  i n f u s e d  ( 2 ) .  T h e  d a t a  

r e p o r t e d  h e r e  s u g g e s t  t h a t  s i m i l a r  r e g u l a t o r y  

m e c h a n i s m s  e x i s t  i n  t h e  i n t a c t  a n i m a l .  T h e  
V L D L  i s o l a t e d  f r o m  t h e  p l a s m a  a f t e r  f e e d i n g  

s a f f l o w e r  o i l  h a d  a f a s t e r  r a t e - z o n a l  m o b i l i t y  
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and had a lower proportion of PL and 
cholesterol relative to TG than did the VLDL 
from plasma of control rats. Presumably these 
differences between the plasma VLDL from the 
two groups is a consequence of the higher 
proportion of unsaturated fatty acids available 
to the liver in the safflower oil fed rats. The 
rate-zonal mobility and the lipid composition 
of VLDL from the safflower oil fed rats are 
both suggestive of a larger average particle size 
than that of the control group. 

Of particular interest is the large amount of 
CE relative to the other lipid components in the 
VLDL isolated in vivo compared to the VLDL 
secreted by the isolated perfused liver (1,2). 
Presumably, the VLDL secreted by the liver in 
vitro is composed primarily of newly synthe- 
sized VLDL, whereas the VLDL isolated in vivo 
includes, in addition, partially degraded VLDL 
particles and some VLDL originating from the 
intestine (17-19). If the VLDL TG were 
metabolized by peripheral tissues more rapidly 
than was the sterol ester, one might expect the 
ratio CE:TG to increase as the VLDL is 
metabolized. In recent experiments, degrada- 
tion of plasma VLDL lipids was reduced in vivo 
by treatment of the animal with Triton WR 
1339. Under these conditions, the ratio of 
CE:TG in the VLDL was considerably less than 
in the plasma VLDL of non-Tritonized animals 
(20) and approached the ratio found in VLDL 
secreted by the perfused rat liver (2). These data 
suggest that the proportion of CE relative to 
TG increases as the result of catabolism of the 
VLDL. Conclusions regarding effects of Triton 
WR-1339 on the catabolism of VLDL are 
improper unless comparisons are made with 
animals consuming identical diets. The CE of 
the plasma VLDL probably is derived directly 
from the fiver, because the fatty acid 
composition of CE in these two pools is quite 
similar (Tables Vll  and VIII) and is markedly 
different from that of the CE of LDL and HDL. 
A large portion of the CE in LDL and HDL is 
produced in the plasma by action of lecithin- 
cholesterol-acyl transferase (LCAT) (21). The 
present data would suggest, in agreement with 
studies of others, that only a small proportion 
of the CE in VLDL arises as a result of this 
reaction (22). 

Even though feedings of safflower oil 
reduced the moles of PL, cholesterol, and CE in 
the VLDL relative to TG, the molar ratio of 
core lipids (TG + CE) to surface fipids (PL + C) 
remained unchanged in the plasma VLDL from 
control and fat fed animals (Table Ill). The 
ratio PL:C in lipids of the VLDL was also 
unchanged with fat feedings, analogous to 
observations with livers perfused in vitro with 

either saturated or unsaturated fatty acids (2). 
These data suggest that, although the propor- 
tion of the nonpolar core lipids may vary, there 
is a specific molecular requirement for the 
composition of surface lipids and ratio of core 
to surface lipids which is essential for the 
stability of the VLDL particle. These observa- 
tions are consistent with the proposal of 
Schumaker and Adams (23) that, during 
peripheral metabolism of VLDL, as TG is 
hydrolyzed and removed from the fipoprotein 
under the influence of lipoprotein lipase, LCAT 
removes lecithin and cholesterol in a ratio of 
1:1 to maintain the assumed spherical lipopro- 
tein structure. 

An important concept derived from the data 
reported in this manuscript is the proposed 
mechanism, now demonstrated in vivo as well 
as in vitro (1,2), by which the FFA affects the 
lipid composition and physical properties of the 
VLDL. By these means, the fatty acids, 
whether of dietary or endogenous origin, can 
affect simultaneously the concentrations of all 
classes of plasma lipids. Of particular impor- 
tance is the specific demonstration that 
unsaturated fats decrease the concentration of 
cholesterol (and CE, in vivo) and PL in the 
VLDL relative to TG. The regulatory effects of 
the FFA on the hepatic secretion and 
properties of the VLDL in these model systems 
may explain partially the biochemical mecha- 
nism for the Simultaneous decrease in plasma 
concentrations of TG, PL, cholesterol, and CE 
in man and animals maintained for long periods 
of time on diets containing a high proportion of 
polyunsaturated fats relative to saturated fats. 
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Studies In Vitro of Lipogenesis in Rat Testicular Tissue 
A.R. WHORTON 1 and J.G. CONIGLIO, Department of Biochemistry, 
Vanderbilt University, Nashville, Tennessee 37232 

ABSTRACT 

Testicular tissue was shown to contain 
the full complement of enzymes required 
for de novo synthesis of fat ty acids. The 
enzymes capable of snythesizing palmitic 
acid from citrate, acetate, or acetyl CoA 
were found to be present in the soluble 
(cytoplasmic) fraction. These included 
fat ty  acid synthetase, acetyl CoA carbox- 
y l a s e ,  citrate-cleavage enzyme, malic 
enzyme ,  glucose-6-phosphate dehydro- 
genase, and 6-phosphogluconate dehydro- 
genase. Optimal conditions for assaying 
activities of fat ty acid synthetase and 
acetyl CoA carboxylase in the soluble 
fraction from rat testes were established, 
and the activities of these two enzymes 
were determined to be 0.54 -+ 0.1 and 
0.030 + 0.002 (nmoles of substrate incor- 
porated into fat ty  acid per min per mg of 
soluble fraction protein), respectively. 
The activities of citrate-cleavage enzyme, 
malic enzyme, and the glucose-6-phos- 
phate dehydrogenase/6-phosphogluconate 
dehydrogenase pair were also measured. 
The activities were 6.0 + 0.7, 34.9 + 4.2, 
and 29.9 -+ 9.3 nmoles/min/mg, respec- 
tively. 

INTRODUCTION 

De novo synthesis of fatty acids has been 
extensively investigated, particularly in liver 
and adipose tissue (1,2). However, little is 
known about the corresponding system in tes- 
ticular tissue. The ability of testicular tissue to 
synthesize palmitic and stearic acids in vitro 
from 1-14C-acetate was shown by Hall, et al., 
(3) using slices of rabbit testis. Davis, et al., (4) 
demonstrated that palmitic acid synthesized in 
testes of rats injected intratesticularly with 
1-14C_acetat e was synthesized entirely de novo. 
These results indicate that acetyl CoA carbox- 
ylase and fat ty acid synthetase are present in 
testicular tissue. 

The aim of this study was to examine these 
enzymes in rat testicular tissue with regard to 
existence, optimal conditions for assay, and 
normal levels of activity. The existence and ac- 
tivities of several enzymes thought to supply 

1This study was submitted in partial fulfillment of 
the requirements for the PhD degree, Department of 
Biochemistry, Vanderbilt University, 

substrate and reduced nicotinamide adenine 
dinucleotide phosphate (NADP) for de novo 
synthesis were also studied. These included 
citrate-cleavage enzyme, malic enzyme, and the 
glucose-6-phosphate dehydrogenase/6-phospho- 
gluconate dehydrogenase pair (5). 

EXPERIMENTAL PROCEDURES 

Sprague-Dawley  rats (Harlan Industries, 
Indianapolis, IN) were maintained on a stan- 
dard purified diet containing 10% corn oil. The 
animals were killed at 3-4 months of age, and 
the testes were removed, weighed, and homog- 
enized in ice cold 0.1M potassium phosphate 
buffer (pH 7.4) containing 0.25M sucrose and 
0.001M cysteine (Buffer I). The soluble frac- 
tion (cytosol) was isolated after centifugation 
at 105,000 x g for 1 hr and used in assaying 
acetyl CoA carboxylase and fat ty acid synthe- 
tase. Testicular mitochondria and microsomes 
were isolated by the method of DeDuve, et al., 
(6). The soluble fraction isolated from testes 
homogenized in 0.05M Hepes buffer (pH 7.4) 
containing 0.25M sucrose and 0.001 M cysteine 
(Buffer II) was used in assaying activities of 
g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  and 
6-phosphogluconate  dehydrogenase, because 
glucose-6-phosphate dehydrogenase is inhibited 
by phosphate (7). 

Fa t ty  acid synthetase activity was measured 
in the soluble fraction isolated from rat testis 
b y  d e t e r m i n i n g  the  i n c o r p o r a t i o n  o f  
1,3 -14C-malonyl CoA (New England Nuclear 
Corporation, Boston, MA., 35.4 mCi/mmole) 
into fatty acids, using a modification of the 
procedure of Foster and McWhorter (8). The 
assay medium contained 120 pmoles of  potas- 
sium phosphate buffer (pH 7.4), 300 pmoles of 
sucrose, 1.2 pmoles of cysteine, 32 pmoles of 
acetyl CoA, 15 pmoles of MgC12, 10 pmoles of 
adenosine tr iphosphate (ATP), and a reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH) generating system consisting of 2.8 
units of glucose-6-phosphate dehydrogenase, 4 
pmoles of NADP +, and 20 pmoles of glucose-6- 
phosphate. (All enzymes and cofactors were 
obtained from Sigma Chemical Co.,  St. Louis, 
MO). Aliquots of the soluble fraction plus 
Buffer I were added to flasks containing the 
above incubation medium to give a final volume 
of 1.5 mI. The flasks were preincubated at 37 C 
for 2 min, after which the reaction w a s  i n i t i -  
ated by a d d i t i o n  of 1,3-14C-malonyl CoA. 
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TABLE I 

Marker Enzymes  in Fractions 
Isolated from Homogenates  of  Rat Testes 

Enzyme activity (% of total activity recovered) a 

Subcellular Succinate- cytochrome c Nucleoside Lactate 
fraction reductase diphosphatase dehydrogenase 

Nuclear 11.3 6.6 8.3 
Mitochondrial 85.4 11.2 9.7 
Microsomal 3.2 79.8 4.2 
Soluble b 0 2.4 77.8 

a> 90% of total activity in homogenate was recovered. 
bCytosol. 

TABLE II 

Subcellular Localization of Enzymes 
Involved in Synthesis of Fatty Acids in Rat Testes 

Total 
Incorporation a Total mg activity 

SubceUular fraction (dpm/mg protein) protein/fraction (dpm) 

Soluble fraction 5750 99.0 569,250 
Microsomal fraction 132 45.0 5,940 
Micochondrial fraction 2551 21.3 54,336 

alncubation with 1-14C-acetyl CoA (0.0093 /~moles, 0.5 ~Ci) at 37 C for 30 rain in an air 
atmosphere. 

Labeled matonyl CoA was diluted with un- 
labeled malonyl CoA (Sigma Chemical Co., St. 
Louis, MO) and a total of 0.15 pmoles (0.233 
/aCi) was added to each incubation flask. 
Incubations were done in an air atmosphere 
and, after a specified incubation time, the reac-- 
tions were stopped by addition of 2 ml of  40% 
potassium hydroxide followed by 6 ml of 95% 
ethanol and 0.2 ml of 0.5% hydroquinone (w/v 
in 95% ethanol). Hydrolysis of any esterified 
fatty acids was complete if left at room 
temperature overnight. 14 C Fatty acids synthe- 
sized by fatty acid synthetase were extracted 
after acidification of the hydrolysate as previ- 
ously described (4,9), and the total radioac- 
tivity determined by liquid scintillation spec- 
trometry. Specific activity was calculated as 
nmoles of 14C_malony 1 CoA incorporated into 
extracted fatty acids per rain per mg soluble 
fraction protein. 

Acetyl CoA carboxylase activity was deter- 
mined in the soluble fraction from testes by the 
combined reaction of acetyl CoA carboxylase 
and fatty acid synthetase similar to the pro- 
cedure of Foster and McWhorter (8). (Acetyl 
CoA carboxylase is the rate limiting enzyme 
(10) in the overall conversion of acetyl CoA to 
fatty acids.) Incubations were done in medium 
containing 105 /amoles of potassium phosphate 
(pH 7.4), 263 #moles of sucrose, 1.05 #moles 

of cysteine, 7.5 btmoles of MgC12, 15 pmoles of 
malonate, 15 pmoles of KHCO3, I0 pmoles of 
ATP, and the NADPH generating system de- 
scribed above. Aliquots of the soluble fraction 
were added to the assay medium and the mix- 
ture preincubated at 37 C for 2 rain. 1-14C- 
Acetyl CoA (New England Nuclear Corp., 
Boston, MA, 55 mCi/mmole) was diluted with 
unlabeled acetyl CoA, and 0.1 pmole (0.5 pCi) 
was added to initiate the reaction. The incuba- 
tions were done in air and the specific activities 
determined as described for fatty acid synthe- 
tase. 

Glucose-6-phospha te  dehydrogenase and 
6-phosphogluconate dehydrogenase were as- 
sayed according to Glock and McLean (11), 
malic enzyme according to Ochoa (12), and 
citrate-cleavage enzyme by the procedure of 
Cottam and Srere (13). The rate of reaction of 
each of these enzymes was determined spectro- 
pho tome t r i ca l l y  by monitoring absorbance 
changes at 340 rim. Activities are expressed as 
nmoles of pyridine nucleotide reduced (or oxi- 
dized) per rain per mg of soluble fraction pro- 
tein. 

Marker enzyme assays were done on frac- 
tions isolated from homogenates of rat testes. 
Succinate-cytochrome c reductase activity, a 
marker for mitochondria, was assayed accord- 
ing to Fleischer and Fleischer (14), and lactate 
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TABLE II1 

Substrates for Fat ty  Acid Synthesis 
by Soluble Fraction from Rat Testes 

785 

Incorporat ion into Soluble fraction 
total  fa t ty  acids a protein in 

Substrate (dpm/mg soluble fraction) incubat ion (rag) 

Citrate b 1844 15.2 
Acetate c 3304 11.9 
Acetyl  CoA d 6622 4.98 

aIncubat ions were done at 37 C for 30 min. It was not determined if saturat ion type 
kinetics with respect to substrate concentrat ion were being observed in experiments  with 
citrate and acetate. 

b lncubat ion with 1,5-14C-citrate (0.96 #moles or 2.58 #Ci) contained 0.6 #mole CoA. 

CIncubation with 1-14C-acetate (1.0 #mole or 2.2 #Ci) contained 0.6 #mole CoA. 

d lncubat ion with 1-14C-acetyl CoA (0.1 #mole or 0.5 #Ci). 

TABLE IV 

Cofactor Requirements  for Fa t ty  Acid 
Synthetase in Soluble Fraction Isolated 

from Homogenates of Rat Testes 

Incorporat ion of  14C-malonyl 
Cofactor Amount  (#moles) CoA a (cpm/min mg) 

NADH b 10 255 
NADPH b 10 1224 
Generating system c 10 12'75 
AT pb 10 1224 

0 732 
Acetyl  CoA 0.032 1224 

0.064 1198 

a lncubat ion  with 1,3-14C-malonyl CoA (0.15 #moles) for 15 min at 3 7 C  in an 
atmosphere of air. 

bNADH = reduced nicot inamide adenine dinucleotide;  NADPH = reduced nicotina- 
mide adenine dinucleotide phosphate;  ATP = adenosine tr ipbosphate.  

CGenerating system--2.8 units of glucose-6-phosphate dehydrogenase, 4 #moles of 
NADP, and 20/zmoles of glucose-6-PO 4. 

dehydrogenase, a marker for cytosol (soluble 
fraction), was assayed according to Kornberg 
(15). Because no detectable glucose-6-phos- 
phatase activity could be measured in testicular 
microsomes, nucleoside diphosphatase was used 
as a microsomal marker and determined by the 
method of Plaut (16). 

Analysis of the products of lipogenesis was 
done by analytical gas liquid radiochromatog- 
raphy of the fat ty  acid methyl  esters using 
columns packed with 15% EGSSX on Gas 
Chrom P (100/120 mesh) as previously de- 
scribed (4,17). 14C Palmitic acid isolated from 
incubations with testicular soluble fraction by 
preparative gas liquid chromatography (GLC) 
(17) was degraded by the procedure of Dauben, 
et al., (18). 

RESULTS 

Analyses of marker enzymes for mitochon- 

drial, microsomal, and soluble fractions isolated 
from testes indicated that these preparations 
were relatively pure (Table I) and could be used 
for locating the enzymes for fat ty acid synthe- 
sis. The incorporat ion of 1-14C-acetyl CoA into 
fatty acids in each subcellular fraction was 
determined after incubating each fraction as 
described for acetyl CoA carboxylase. The data 
presented in Table II demonstrate the presence 
of the enzyme system for synthesis of fa t ty  
acids in the soluble fraction of the testis. The 
incorporation of 14C into fat ty  acids in the 
m i t o c h o n d r i a l  fraction probably represents 
elongation of endogenous fat ty  acids by an 
elongation system similar to that  known to be 
present in rat liver (19). 

The soluble fraction was also able to synthe- 
s ize  f a t t y  a c i d s  w h e n  1-14C-acetate or 
1,5-14C-citrate was used as substrate (Table 
III). 

The study of individual enzymes involved in 
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FIG. 1. Rate of fatty acid synthesis by fatty acid 
synthetase from rat testes as a function of 1,3-14C - 
malonyl CoA concentration. The assay medium con- 
tained 120/~moles of potassium phosphate buffer (pH 
7.4), 300 gmoles of sucrose, 1.2/~moles of cysteine, 
32 umoles of acetyl CoA, 15 ~moles of MgC12, 10 
/~moles of adenosine triphosphate, testicular soluble 
fraction (1-4 rag), and the nicotinamide adenine dinu- 
cleotide phosphate generating system described in the 
text. Incubations were for 20 rnin in air at 37 C. All 
rates were normalized to 1 mg of protein. Each point 
represents an average +_ range of duplicate assays. 
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FIG. 2. Rate of fatty acid synthesis by fatty acid 
synthetase as a function of (A) protein concentration 
or (B) time. Incubations, as in Figure 1, used 
1,3 -14C-malonyl CoA (0.15 ~moles) as substrate. Each 
point represents an average of duplicate incubations. 

de novo synthesis was begun with a study of 
fatty acid synthetase. The requirement for 
reducing cofactors was studied to determine 
whether optimal synthesis could be obtained 
with reduced nicotinamide adenine dinucleotide 
(NADH), NADPH, or an NADPH generating 
system. As seen in Table IV, NADPH was ca. 4 
times more effective in supplying reducing 
equivalents than was NADH. The NADPH 
generating system was as effective as NADPH. 
This generating system was used in all other 
experiments. It was also found that ATP was 

required by this reaction for maximal levels of 
synthesis. There was no effect on the amount 
of 14C incorporated into fatty acids between 
the two concentrations of acetyl CoA used 
(ratios of acetyl CoA: malonyl CoA of 1:5 and 
1:2.5). 

T h e  s a t u r a t i n g  c o n c e n t r a t i o n  o f  
t 4C-malonyl CoA was found to be above 0.12 
#moles (Fig. 1). Using saturating levels of 
14C-malonyl CoA (0.15 pmoles),  the rate of 
reaction was found to be linear with respect to 
protein concentration (Fig. 2A) and time (Fig. 
2B). 

The specific activity of fatty acid synthetase 
measured in the soluble fractions from rat 
testes according to the above conditions was 
found to be 0.54 nmoles of malonyl CoA 
incorporated into fatty acid per min per mg 
protein (Table V). Fatty acids produced by the 
synthetase were shown by gas radiochromatog- 
raphy to be palmitic acid (89% of total ]4C 
fatty acids), stearic acid (9%), and myristic acid 
(2%). This is similar to the pattern reported by 
Brady, et al., (20) for liver. 

Optimal conditions for measuring the ac- 
tivity of acetyl CoA carboxylase were also 
determined. Because the assay of acetyl CoA 
carboxylase depended on the activity of fatty 
acid synthetase, the incubation medium con- 
tained the cofactors shown to be optimal for 
fatty acid synthetase in addition to the cofac- 
tors required for the carboxylase. 

The need for a carboxylic acid activator of 
the carboxylase was investigated. As shown in 
Table VI, malonate and citrate were both effec- 
tive, but a-keto~utarate was not. Because cit- 
rate is also a substrate for fatty acid synthesis in 
testicular tissue (Table III), malonate was used 
in all subsequent experiments. The substitution 
of a nitrogen atmosphere for an air atmosphere 
had no effect on activity. The use of Hepes 
buffer (pH 7.4) did not give optimal activity 
even though the pH of the incubation was 
maintained at 7.4. The optimal level of malon- 
ate concentration was found to be ca. 12mM 
(Fig. 3). 

The assay conditions for the carboxylase 
were also optimized with respect to ATP and 
MgC12 concentrations. Figure 4 shows that, 
while Mg 2+ ions were necessary for optimal ac- 
tivity, the reaction was not dependent on the 
concentration of this ion between concentra- 
tions of 3 and 12 mM. Optimal levels for ATP 
were in the range of 8-12mM, while concentra- 
tions above that were inhibitory. The rate of 
reaction was linear with respect to time (up to 
40 rain) and protein concentration (up to 8 mg 
soluble fraction protein). 

Using the above conditions, the activity of 
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TABLE V 

Specific Activity of Enzymes 
Involved in De Novo Synthesis of Fatty Acids 

in the Soluble Fraction from Rat Tissues 

Specific activity a 

Enzyme Testis Liver 

Fatty acid synthetase 0.54 -+ 0.10 
(9) b 

Acetyl CoA carboxylase 0.030 + 0.002 
(6) 

G-6- PDHand 6-PGDH c 29.9 -+ 5.3 
(7) 

Malic enzyme 34.9 -+ 4.2 
(4) 

Citrate-cleavage enzyme 6.0 + 0.7 
(4) 

2.71 • 0.62 
(2) 

154 • 36 
(2) 

56 • 11 
(1) 

21.7 (1) 

aMean +S.D. nmoles/min nag soluble fraction protein. 
b( ) = Number of animals. 
CGlucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. 

TABLE VI 

Factors Affecting Acetyl CoA Carboxylase 
Activity in the Soluble Fraction from Rat Testes 

Assay Activity 
conditions (dpm/mg) 

Normala 7103 
20 mM malonate 6191 
20 mM citrate 6332 
12 mM ce-Ketoglutarate 131 
N 2 atmosphere 6895 
38.3 mM Hepes buffer, pH 7.4 3180 

alncubations with 1-14C-acetyl CoA(0.1 #mole)at  
37 C for 20 rain in an atmosphere of air. Incubations 
were 12 mM with respect to malonate and 76.6 mM 
with respect to phosphate concentrations. 

ace ty l  CoA carboxylase  was measured  in incu-  
ba t ions  con ta in ing  varying c o n c e n t r a t i o n s  of  
1-14C-acetyl  CoA. Using a d o u b l e  rec iprocal  
p lo t ,  the  Km for acetyl  CoA was calcula ted to 
be 6.0 X 10 -5 M. The  specif ic  ac t iv i ty  of  acetyl  
CoA carboxylase  measured  in the  so luble  frac- 
t ion  f rom rat  test is  u n d e r  o p t i m a l  cond i t i ons  
was f o u n d  to  be 0 .030  nmoles  of  14C-acetyl  
CoA i n c o r p o r a t e d  i n to  f a t t y  acid pe r  min  per  
mg p ro t e in  (Table  V). 

A sample  of poo led  labeled  f a t t y  acids f r o m  
i n c u b a t i o n s  wi th  1-14C-acetyl  CoA was ana- 
lyzed  by  gas l iquid r a d i o c h r o m a t o g r a p h y .  The  
pr inc ipa l  f a t t y  acid syn thes i zed  was pa lmi t i c  
(87% of  the  t o t a l  14 C recovered  in f a t t y  acids).  
The  o the r  f a t ty  acids syn thes i zed  were  stearic  
(8.5%) and  myr is t ic  (4 .5%) acids. 

An  a m o u n t  of  the  syn thes ized  14C-palmi t ic  
acid was i so la ted  ( >  98% rad iochemicaUy pure)  
b y  gas c h r o m a t o g r a p h y  (GC)  and  used for  

c h e m i c a l  deg rada t ion  (18) .  This p r o c e d u r e  
allows the  d e t e r m i n a t i o n  of  the  ra t io ,  specific 
rad ioac t iv i ty  of  the  ca rboxy l  ca rbon : spec i f i c  
rad ioac t iv i ty  of  t he  average c a r b o n  in the  f a t t y  
acid. A theo re t i ca l  ra t io  of  2.0 is e x p e c t e d  for  
f a t t y  acids syn thes ized  de novo.  A value of  2.2 
was o b t a i n e d  in this  expe r imen t ,  i nd ica t ing  t h a t  
pa lmi t ic  acid i so la ted  f r o m  these  i n c u b a t i o n s  
was syn thes ized  de novo.  

F a t t y  acid synthes i s  in rat  test is  was f u r t h e r  
inves t iga ted  by  s tudy ing  several e n z y m e s  associ- 
a ted  wi th  de novo  synthesis .  These  enzymes  
i n c l u d e d  c i t r a t e - c l e a v a g e  e n z y m e ,  malic  
enzyme,  and  the  first  two  e n z y m e s  in t he  
hexose  m o n o p h o s p h a t e  shun t ,  glucose-6-phos-  
pha t e  dehydrogenase  and  6 -phosphog lucona t e  
dehydrogenase .  The  s p e c t r o p h o t o m e t r i c  pro-  
cedures  used in assaying these  e n z y m e s  gave 
l inear  ini t ia l  r eac t ion  rates ;  the  ra te  of  r eac t ion  
of  each  of  these  enzymes  was l inear  w i th  re- 
spect  to  t ime.  Each  ini t ia l  r eac t ion  ra te  was also 
p r o p o r t i o n a l  to  p r o t e i n  c o n c e n t r a t i o n .  The  
specif ic  act ivi t ies  for  these  enzymes  in ra t  tes tes  
are given in Table  V, a long wi th  values for  the  
co r r e spond ing  enzymes  measured  in  hepa t i c  
cytosol .  

DISCUSSION 

These s tudies  es tab l i sh  tes t i cu la r  t issue as 
one  wh ich  is capable  of  l ipogenesis.  E n z y m a t i c  
activit ies of  f a t t y  acid syn the tase ,  ace ty l  CoA 
c a r b o x y l a s e ,  ci t rate-cleavage enzyme ,  malic  
enzyme ,  and  t h e  g lucose-6-phospha te  dehydro -  
genase /6 -phosphog lucona t e  d e h y d r o g e n a s e  pair  
were d e m o n s t r a t e d  in t he  so luble  f r ac t ion  of  
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testes of normal  rats. These enzymes  allow the < I O 
O comple te  synthesis of  fa t ty  acids de novo by 

supplying the  required cofactors  and substrates 
for acetyl  CoA carboxylase and fa t ty  acid >_ 
synthetase shown to be active in the  testes in ~ ~ 8 LH o 
this study. Glucose-6-phosphate  dehydrogenase o 
activity (21) and malic enzyme (22) act ivi ty  c3 t~ 
have been shown previously to be present  in rat ~ E 6 
testes. The rather  high act ivi ty  of  these two 
enzymes  relative to  fa t ty  acid synthetase,  acetyl  m O O  
CoA carboxylase,  and citrate-cleavage enzyme 
indicates that  there is an abundant  supply of  z x 4 o 
NADPH for bo th  lipogenesis and s teroidogene-  ~ E 
sis. As expected ,  the enzymes  required for de < ix7 
novo synthesis were localized in the  soluble o 2 
fract ion of the testes. The system was shown to a_ n- 
use ei ther  citrate,  acetate  or  acetyl  CoA as effi- o 

t~ 
cient substrates for de novo synthesis, thereby  z 
establishing the existence of  citrate-cleavage - 
enzyme and acetyl CoA synthetase in addi t ion 
to  the o ther  l ipogenic enzymes  in the test icular  
soluble fraction.  

The products  of the testicular synthetase 
system were found  to be 87% palmitic,  4.5% 
myristic,  and 8.5% stearic acid. These data 
agree well with the f inding of  Brady, et al. (20) 
that  81-87% of  the products  p roduced  by the 
liver fa t ty  acid synthetase  was palmit ic  acid. 

I0 Acety l  CoA carboxylase as assayed in the < 
soluble fract ion of the testes seems to be similar o 
to  the liver enzyme.  It was act ivated by ei ther  
citrate or by malonate.  Levels of  malonate  used >- 8 
in these exper iments  (12 mM) act ivate acetyl  w 
CoA carboxylase as effect ively as 20 mM cit- ~ 
rate. The K m of acetyl  CoA carboxylase for ~ o 
acetyl  CoA was found to be 6 . 0 X  10 -s M. This ~- - 6 x 
value agrees well wi th  values for the K m of rat u_ 
liver acetyl  CoA carboxylase of  6.5 X 10 -s M o E 
for acetyl CoA (23). z ~ 4 o v 

Testicular tissue has been shown to synthe- < 
size polyunsa tura ted  and saturated fa t ty  acids n- 

o (4,9). A cont inuous  need for lipid synthesis a_ 
may exist for the cont inuous  p roduc t ion  and n- o 
development  of  spermatocytes  to spermatids  in 7 
the produc t ion  of  spermatozoa  in the  sexually - 

mature  animal. De novo synthesis may  also be 
impor tan t  in the deve lopment  of  testicular 

s t ructure in the immature  animal.  Evans, et al., 
(9) found that  young  rats (30-day old)  incor- 
porated more 14C-acetate in to  fa t ty  acids (pri- 
marily 16:0)  than did adult rats, suggesting a 
more active de novo synthesis system in young  
rats. This, perhaps, is impor tan t  for synthe-  
sizing the complex  lipids required for establish- 
ment  of  testicular s t ructure and funct ion .  The 
impor tance  of  lipids in this process has been 
suggested by others (24). Thus, test icular  de 
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FIG. 3. Activity of acetyl CoA carboxylase as a 
function of malonate concentration. Incubations were 
as in Figure 1. Each flask contained 3 mg of soluble 
fraction protein. The data represent averages of dupli- 
cate incubations. 
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FIG. 4. Effect of Mg 2+ and adenosine triphosphate 
concentration on acetyl CoA carboxylase activity in 
the soluble fraction isolated from rat testes. Incuba- 
tions were as in Figure 1. Each point represents an 
average of duplicate incubations. 

novo synthesis may be impor tan t  in providing a 
readily available, independen t  source of  pap 
mit ic  acid (hence, also stearic and oleic acids) 
for synthesis of these lipids. 
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Synthesis of Cholesterol Esters in the Plasma and Liver of Sheep 
R.C. NOBLE, M.L. CROUCHMAN, 1 and J.H. MOORE, 
The Hannah Research Institute, Ayr, Scotland KA6 5HL 

ABSTRACT 

A study was made with sheep on the 
formation in vitro of long chain fatty acid 
esters of cholesterol by the lecithin-cho- 
lesterol-acyltransferase system present in 
the plasma and the acyl CoA-cholesterol- 
a cyltransferase system present in the 
liver. The rate of cholesterol esterification 
in the plasma was 0.024 /~moles/ml/hr. 
The relative pattern of fatty acids esteri- 
fied during incubation of the plasma re- 
mained constant over the 8 hr period of 
incubation and was similar to the fatty 
acids in the plasma cholesteryl esters 
before incubation began and to the fatty 
acids in the 2-position of the plasma 
lecithin. The predominant cholesteryl 
esters synthesized contained monoenoic 
and  dienoic fatty acids. Unlike the 
bovine, there was no apparent discrimina- 
t i o n  in favor of the 18:2 containing 
species of plasma lecithin as donors of 
fatty acids. This difference could be ac- 
counted for by the similarity in the 18:2 
content of the phospholipids present in 
the high density (density > 1.062 and < 
1.21) and the low density (density 
1.006 and ~ 1.063) lipoprotein fractions 
of the sheep plasma. The possibility of 
some discrimination against 20:4 during 
cholesterol ester synthesis i n  the plasma 
of the sheep cannot be excluded. In the 
liver, the predominant cholesteryl esters 
s y n t h e s i z e d  contained saturated and 
monoenoic fatty acids; cholesteryl linote- 
ate was synthesized to a very much less 
extent. There was considerable similarity 
between the composition of the unesteri- 
fled fatty acid fraction of the liver before 
incubation began and the fatty acid com- 
position of the cholesteryl esters synthe- 
sized during incubation. Addition of 
sonicated suspensions of free fatty acids 
altered markedly the fatty acid pattern of 
the cholesteryl esters synthesized by the 
fiver slices. From the evidence presented 
it is concluded that the cholesteryl esters 
in sheep plasma are syntheized mainly by 
the plasma lecithin-cholesterol-acyltrans- 
ferase system. The results are discussed in 
relation to cholesterol esterification sys- 

1present address: Unilever Research Laboratory, 
Welwyn, Herts, England. 

tems demonstrated in the plasma and 
liver of monogastric animals. 

INTRODUCTION 

Both the plasma and the liver of animals are 
known to contain enzyme systems that catalyze 
the synthesis of cholesteryl esters of long chain 
fatty acids (1,2,3). Together these systems 
constitute the major source of cholesteryl esters 
circulating in the blood (3), although during 
absorption of dietary lipids a significant, if 
transitory, contribution to the plasma choles- 
teryl esters by the intestine also occurs. In the 
plasma, an enzyme, lecithin-cholesteol-acyl- 
transferase (LCAT), catalzes the transfer of an 
acyl group from the 2-position of lecithin to 
the 3-hydroxyl group of cholesterol. In the 
liver, cholesteryl ester synthesis occurs princi- 
pally via an acyl-CoA-cholesterol acyltrans- 
ferase associated with the particulate fraction 
of the cell. Although the cholesteryl ester 
hydrolase present in the lysosomal fraction of 
the liver is also known to possess some choles- 
terol esterifying properties (4,5), its main func- 
tion is that of ester hydrolysis. The relative 
importance of the liver and plasma cholesterol 
esterification processes in the synthesis of the 
plasma cholesteryl esters has been shown to 
vary  considerably between animal species. 
Thus, in man the plasma LCAT system is 
credited with the formation of most of the 
plasma cholesteryl esters (6), whereas, in the rat 
a proportion of the plasma cholesteryl esters is 
of hepatic origin via the acyl-CoA-cholesterol 
acyltransferase system (1). In the ruminant ani- 
mal, the cholesteryl ester fraction constitutes a 
much higher proportion of the total plasma 
lipids than it does in the plasma of nonrumi- 
nant animals, and it may account for as much 
as 47% and 57%, respectively, of the total lipids 
present in the plasma of the sheep and ox (7,8). 
Furthermore, the choelsteryl esters in the 
plasma of ruminant animals are characterized 
by a higher concentration of polyunsaturated 
fatty acids than in most other species. In spite 
of the predominance of cholesteryl esters in the 
plasma lipids of ruminant  animals, little is 
kno w n  about the metabolic function and 
synthetic origin of these plasma lipids, although 
an LCAT anzyme has been shown to be active 
in bovine plasma (9). An investigation into the 
formation of long chain fatty acid esters of 
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cholesterol by both the plasma and the liver of 
sheep is now reported. 

EXPERIMENTAL PROCEDURES 

Animals and Diet 

The animals used were 4 castrated male 
sheep of the Cheviot breed; they were 3 years 
old and their wt ranged between 20 and 25 kg. 
The animals were housed in individual pens and 
were fed a diet of hay and concentrates at 
07.00 hr and 17.00 hr; water was available ad 
libitum. 

Determination of Cholesterol 
Esterification in the Plasma 

Blood samples were obtained from the jugu- 
lar vein of each animal at 10.00 hr by means of 
heparinized Vacutainer tubes (Becton-Dickin- 
son, Rutherford, N J) that had been chilled to 
4 C. After centrifiguing the blood at 4 C, incu- 
bations were carried out with 2 ml aliquots of 
p l a s m a  in  sterilized glass-stoppered tubes. 
Incubations were done in a shaking water bath 
maintained at 38 C. Two different methods 
were used for the determination of esterifying 
activity in the plasma. 

Method 1. In this method, esterifying ac- 
tivity was determined by measuring the change 
that occurred in the concentration of unesteri- 
fied cholesterol in the plasma during incuba- 
tion. After incubation periods of 1, 2, 3, 4, 6, 
and 8 hr, the plasma esterification reaction was 
stopped by the addition of 8 ml methanol con- 
taining "carrier free" (4 -14C)-cholesterol (1.2 x 
10 s dpm). Methanol containing labeled choles- 
terol was also added directly to unincubated 
plasma to provide control samples. The total 
lipids were extracted by the addition of 8 ml 
chloroform. After heating for 20 min at 66 C, a 
further 8 ml of chloroform was added and the 
extract was filtered. The filtrate was washed 
with 6 ml 0.88% (w/v) KC1 and the chloroform 
layer separated off. After removal of the sol- 
vent on a rotary film evaporator, the residue 
was applied to thin layer chromatoplates coated 
with Kieselgel G (E. Merck, Darmstadt, Ger- 
many) and developed in a solvent system of 
hexane:diethyl ether: formic acid (80:20:1 v/v). 
The band corresponding to free cholesterol was 
scraped off the plate and eluted with diethyl 
ether. The solvent was removed and the free 
cholesterol dissolved in 1 ml of diethyl ether; to 
this solution of cholesterol in diethyl ether was 
added 100 ~1 of a solution of 5-~cholestane in 
diethyl ether (21 mg[100 ml) as an internal 
standard. A portion of this solution was then 
introduced into a scintillation vial together with 
10 ml of Scintimix II (Koch Light Laboratories 
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Ltd., Slough, England) and the radioactivity 
determined in a Packard 2425 Liquid Scintilla- 
tion Spectrometer (Packard Instrument Co., 
Downers Grove, IL). The remainder of the solu- 
tion was reduced to a small volume under nitro- 
gen and the ratio of cholestane:cholesterol 
determined by gas liquid chromatography on a 
6 ft column packed with 3% OV17 adsorbed 
onto Gas Chrom Q (100-120 mesh; Applied 
Science Laboratories Inc., State College, PA). 
The column was housed in a Pye 104 chroma- 
t o g r a p h  (Pye  U n i c a m  Ltd. ,  Cambridge, 
England) equipped with flame ionization detec- 
tors and an electronic integrator (Hewlett Pack- 
ard Ltd., Wokingham, Berks, England). The 
concentration of unesterified cholesterol was 
calculated from the peak area relative to that of 
the added cholestane; correction for recovery 
error was determined from the relative amount 
of radioactivity obtained in the final solution 
compared with that at the beginning of the 
extraction procedure. 

Method 2. Cholesterol esterification in the 
plasma was also determined by a radioassay 
t e c h n i q u e .  A solu t ion  of "carrier free" 
(4-14C)-cholesterol (1 x I05 d p m ) i n  I00 /a lo f  
ethanol containing 0.5% Tween 20 (polyoxy- 
e thy lene  sorbitan, Koch-Light Laboratories 
Ltd., Slough, England) was added to each 
incubation tube. The ethanol was evaporated 
under nitrogen prior to the addition of the 
plasma. After incubation for 1, 2, 3, 4, 6, 
and 8 hr, the plasma esterification reaction was 
stopped by the addition of 8 ml methanol to 
each tube. Methanol was added directly to 
unincubated plasma to provide control samples. 
The lipids were extracted from each incubation 
mixture as in Method 1, and the purified lipid 
dissolved in 1 ml of chloroform. Ca. 100/~1 of 
this solution was applied to a thin layer chro- 
matoplate of Kieselgel G, and developed in 
hexane:diethyl ether:formic acid (80:20:1 v/v). 
The cholesteryl ester and free cholesterol bands 
were scraped from the plate directly into scin- 
tillation vials and counted as suspensions in a 
mixture of 10 ml Univolve 1 (Koch-Light 
L a b o r a t o r i e s  L td . ,  S lough ,  E n g l a n d )  
and 4 ml of water. From the remainder 
of the lipid extract, the cholesteryl ester 
fraction was separated by thin layer chromatog- 
raphy (TLC) on Kieselgel G. The mixture of 
cholesteryl esters was then resolved into satu- 
rated, monoenoic, dienoic, trienoic, and tetra- 
enoic fractions by argentation TLC (10)wi th  a 
solvent system of benzene:hexane (1:1 v/v). 
These fractions were eluted from the chroma- 
toplate with diethyl ether directly into scintilla- 
tion vials and the radioactivity in each fraction 
was determined by scintillation counting. 
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Determination of Cholesterol 
Esterification in Liver 

The animals were killed at 10.00 hr with a 
captive bolt humane killer. Each liver was 
perfused in situ via the hepatic portal vein with 
ice cold isotonic saline to remove all traces of 
blood. Slices ca. 0.3 mm thick were cut by 
hand. Homogenates were prepared at 4 C from 
10 g of liver and 25 ml of 0.1M phosphate buf- 
fer (pH 7.4) in a Potter-Evehjem homogenizer 
with a loose fitting pestle. The homogenate was 
centrifuged at 200 x g for 10 min to remove 
cellular debris. All incubations were done in 25 
mi Ehrlenmeyer flasks in a shaking water bath 
maintained at 38 C; air was the gas phase. Each 
flask contained 2 ml homogenate or 100 mg 
slices to which were added the following cofac- 
tors or substrates all in 0.1M phosphate buffer; 
1.5 /~moles CoA, 15 /amoles adenosine triphos- 
phate (ATP), 2 2/amoles MgC12, and 50/~I of a 
solution of (4 -14C)-cholesterol complexed with 
albumin. The (4 -14C)-cholesterol-albumin solu- 
tion was prepared as follows; 1 /~Ci of 14C- 
cholesterol in 100 ~1 acetone was added slowly 
with continuous stirring to a solution of 100 
mg ovine albumin (Fraction V, Sigma Chemical 
Co. Ltd., Surrey, England) in 1 ml of 0.1M 
phosphate buffer. This solution was then placed 
under nitrogen until the acetone was removed, 
50 /al of this solution contained "carrier free" 
(4-14C)-cholesterol with a radioactivity of 1 x 
106 dpm, and 3 mg albumin. When appropriate, 
exogenous fatty acid substrates were included 
in the system by the addition of a sonicated 
suspension of 20 /~moles each of 18:0, 18:1, 
and 18:2 in 0.1M phosphate buffer. The final 
volume in each flask was adjusted to 3 ml with 
phosphate buffer. To serve as controls, slices or 
homogenates were incubated similarly, but in 
the absence of CoA and ATP. Incubations were 
terminated by the addition of 8 ml methanol 
and the lipids extracted according to the pro- 
cedure of Folch, et al., (11). The final chloro- 
form extract was reduced to ca. 1 ml and the 
extent of esterification determined from the 
distribution of radioactivity between the free 
cholesterol and cholesteryl ester fractions. The 
cholesteryl ester fraction was also fractionated 
by argentation TLC and the distribution of 
radioactivity between the saturated, mono- 
enoic, dienoic, trienoic, and tetraenoic fractions 
determined as described above. 

Other Methods 

Serum lipoproteins were separated by ultra- 
centrifugation according to the method of 
Lindgren, Jensen and Hatch (12). Fractions 
collected were very low density lipoproteins 
(VLDL), density <1.006; low density lipopro- 

teins (LDL), density > t . 0 0 6  and <1.063;  high 
density lipoproteins (HDL), density >1.062 
and (1 .21  ; remainder, aU material with density 
> 1 . 2 1 .  VLDL fractions were washed by 
resuspension in physiological saline followed by 
recentrifugation under the conditions of the 
original separation. All other lipoprotein frac- 
tions were obtained without washing. Electro- 
phoretic separations of the lipoprotein fractions 
on cellulose acetate (13) indicated little con- 
tamination of lipoprotein classes between frac- 
tions. 

Lecithin was prepared from extracts of the 
total plasma phospholipids by separation on 
thin layer chromatoplates of Kieselgel G with- 
out binder (Camag, Muttenz, Switzerland) with 
a solvent system of chloroform:methanol:acetic 
acid:water (25:15:4:2 v/v) as described by 
Skipski, et al., (14). The lecithin was subjected 
to hydrolysis with the phospholipase A of 
snake venom (Ophiophagus Hannah) and the 
positional distribution of the fatty acids deter- 
mined by the method of Robertson and Lands 
(15). 

General lipid analyses and the determination 
of the fatty acid compositions of the various 
lipid fractions were by methods described previ- 
ously (16-18). All chromatoplates were visual- 
ised under UV light after spraying with a solu- 
tion of dichlorofluorescein (0.1% w/v). Identifi- 
cation of lipid fractions was by comparison 
with known standards. Solvents were distilled 
before use. 

RESULTS 

The values for the esterification of choles- 
terol during the incubation of sheep plasma at 
38 C as determined by the gas liquid chroma- 
tographic procedure (GLC) (Method 1) and the 
radioassay technique (Method 2) are given in 
Table I. Although it is generally accepted that 
the most accurate method of measuring the rate 
of cholesterol esterification is to determine the 
decrease in the concentration of plasma free 
cholesterol during incubation, the precision of 
this method may be limited by the accuracy 
with which small changes in the concentration 
of free cholesterol may be measured. For exam- 
ple, from the results given in Table I it may be 
seen that a positive error of 1% in the determi- 
nation of the free cholesterol concentration in 
the plasma before incubation began (14.28 in- 
stead of 14.14 rag/100 ml) would result in a 
positive error of 11.5% in the amount of choles- 
terol esterified during the first 2 hr of incuba- 
tion (1.36 instead of 1.22 A mg/100 ml). 
(14C)-Cholesterol has been used widely to 
measure the rate of esterification of plasma free 
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TABLE I 

Esterification of Cholesterol During the Incubation of Sheep Plasma at 38 C a 
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Method 1 Method 2 
Time of Concentration of free Plasma free cholesterol 

incubation cholesterol esterified during incubation 
(hr) (mg/100 ml plasma) (%) 

0 14.14 + 0.25 0.0 
1 13.13 + 0.32 5.52 + 0.29 
2 12.92 + 0.21 9.77 • 0.33 
3 12.09 • 0.27 13.43 • 0.48 
4 11.90 • 0.27 16.38 • 0.64 
6 11.22 • 0.29 20.69 • 0.92 
8 10.68 • 0.21 25.21 • 0.Sl 

aplasma samples from each of the 4 sheep were incubated in triplicate. Mean values are 
given with their standard errors. 

O.O9 

0.08 

0.07 

0.06 

~ 0.05 

i 0.04 

~ 0.O3 

0.02 

0.01 

I I I I I I 1 I 
, 2 ~ . . . . . . .  ~'o . . . . .  ,h~ ~ ' o 

FIG, 1. Amount of free cholesterol 0~moles/ml 
plasma) esterified during the incubation of sheep plas- 
ma at 38 C. �9 = Method t, gas liquid chromatographic 
procedure; o = method 2, radioassay procedure, 

cholesterol, but difficulties might be encoun- 
tered from an inability to attain isotopic equi- 
librium between the various plasma lipoproteins 
(1). Due to these problems, both methods of 
measuring cholesterol esterification were used 
in the investigation now reported. Because 
there is good agreement between the results ob- 
tained by the two methods and from the curve 
obtained by plotting the amount of cholesterol 
esterified against the time of incubation (Fig. 
1), it may be concluded that the rate of choles- 
terol esterification in sheep plasma amounted 
to 0.024/amoles/ml/hr. 

From the distribution of (14C)-cholesterol 
in the cholesteryl ester fractions separated by 
argentation TLC (Method 2), it was possible to 

study the fatty acid specif ici ty of the choles- 
t e r o l  esterification process in the plasma 
throughout the complete incubation period. 
The fatty acid compositions of the newly 
synthesized cholesteryl esters after 1 and 8 hr 
incubation are given in Table II together with 
the composition of the fatty acids esterified to 
cholesterol before incubation began and the 
composition of the fatty acids esterified in the 
2-position of the plasma lecithin. It is clear that 
the pattern of fatty acids that became esterified 
to cholesterol remained constant over the com- 
plete 8 hr period of incubation. Moreover, the 
pattern of fatty acids esterified to cholesterol 
during incubation was very similar to that of 
the fatty acids in the plasma cholesteryl esters 
before incubation began and to that of the 
fatty acids in the 2-position of the plasma 
lecithin. However, in the 2-position of the 
plasma lecithin, the proportion of saturated 
fatty acids was somewhat less, and the propor- 
tion of tetraenoic acids was somewhat greater 
than in the plasma cholesterol esters. 

The fatty acid compositions of the choles- 
teryl esters and phospholipids in the various 
lipoproteins of sheep plasma are given in Table 
III; for comparison, values for bovine lipo- 
proteins obtained by Evans, et al., (19) and 
McCarthy, et al., (20) are also included in 
Table III. The mean percentages of the total 
cholesteryl esters circulating as VLDL, LDL, 
and HDL in sheep plasma were 2.2, 26.6, and 
70.3 respectively; the mean percentages of the 
total plasma phospholipids circulating as VLDL, 
LDL, and HDL were 2.2, 19.2, and 77.6 
respectively. The remainder of the plasma lipo- 
proteins (d> 1.21) contained only ca. 1% of the 
total plasma cholesteryl esters and phospho- 
lipids. The cholesteryl esters in the LDL and 
HDL of sheep plasma contained higher concen- 
trations of 18:1 and lower concentrations of 
the saturated fatty acids than did the choles- 
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teryl esters in the other two lipoprotein frac- 
tions; the highest concentrations of 18:2 in the 
plasma cholesteryl esters were observed in the 
HDL fraction. Compared with the plasma 
cholesteryl esters, there appeared to be less vari- 
ation in the fatty acid compositions of the 
phospholipids in the various lipoproteins of 
sheep plasma. 

Appreciable esterification occurred with 
(14C)_cholestero 1 was incubated with liver slices 
or homogenates at pH 7.4 for 2 hr (Table IV); 
there was little or no increase in the extent of 
cholesterol esterification when the time of incu- 
bation was extended to 4 hr. No experiments 
were conducted with incubation times of < 2 
hr, and, therefore, no details were obtained on 
the linearity of the esterification process during 
incubation. In experiments with either slices or 
homogenates, < 0.5% of the (14C)-cholesterol 
was esterified when ATP and CoA were omitted 
from the incubation medium. The addition of a 
sonicated suspension of fatty acids to the incu- 
bation medium resulted in a small but statisti- 
caUy (P<0.05) significant decrease in the extent 
of cholesterol esterification with both slices and 
homogeantes (Table IV). During the incubation 
If slices or homogenates, the predominant 
cholesteryl esters synthesized were those con- 
taining saturated and monoenoic fatty acids; 
cholesteryl linoleate was synthesized to some 
extent, but there was very little esterification of 
cholesterol with trienoic or tetraenoic fatty 
acids. The fatty acid pattern of the synthesized 
cholesteryl esters did not change when the 
period of incubation was extended to 4 hr. 
There was considerable similarity between the 
composition of the unesterified fatty acid frac- 
tion of the liver before incubation began and 
the fatty acid composition of the cholesteryl 
esters synthesized during incubation (Table IV). 
However, it should be noted that the ratio of 
saturated:monoenoic fatty acids in the liver un- 
esterified fatty acid fraction was 1.3 l, whereas, 
the corresponding ratios in the cholesteryl 
esters synthesized by the slices and homo- 
genates were 1.08 and 1.03, respectively. The 
fatty acid pattern of the cholesteryl esters 
synthesized by the liver slices was altered mark- 
edly when the l : l : l  molar mixture of 18:0, 
18: l ,  and 18:2 was included in the incubation 
medium; the proportion of saturated choles- 
teryl esters synthesized was considerably re- 
duced, whereas, the proportions of monoenoic 
and dienoic esters synthesized were increased. 
From the calculated amounts of the various un- 
esterified fatty acids in each incubation flask 
(Table IV), it is clear that the effect of added 
substrate fatty acids on the composition of the 
cholesteryl esters synthesized by the slices can- 
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TABLE V 
Fatty Acid Composition of Cholesteryl Esters 
and 2-Position of Lecithin in Bovine Plasma a 

797 

Fatty acids 
Saturated Monoenoic Dienoic Trienoic Tetraenoic 

Cholesteryl esters in 
plasma before incubation 6.0 
2-position of total lecithin 
in plasma before incubation 3.9 
Cholesteryl esters synthesized 
during incubation b l 0.3 
2-position of plasma lecithin 
utilized in LCAT reaction 
during incubationb 10.1 

6.4 73.1 5.2 5.4 

21.9 44.2 14.6 14.5 

3.9 67.9 7.6 10.2 

4.4 68.5 7.9 9.0 

aMean values (g/100 g total fatty acids) calculated from results obtained by Noble, O'Kelly, and Moore (9). 
bIncubation was for 12 hr at 38 C. 

not be explained simply by the change in the 
composition of the unesterified fatty acids 
available for esterification, but must involve 
some form of fatty acid specificity during the 
esterification process. In contrast, the inclusion 
of substrate fatty acids in the incubation medi- 
um had little effect on the fatty acid pattern of 
the cholesteryl esters synthesized by the liver 
homogenates (Table IV). This observation may 
be related to the fact that the amount of added 
substrate fatty acids was relatively small com- 
pared with the endogenous unesterified fatty 
acids contained in the liver homogenate; each 
incubation flask contained 105 /.tg unesterified 
fatty acids derived from the liver homogenate 
and only 16.9 /lg derived from the incubation 
medium. The results given in Table IV also 
show that the fatty acid composition of the 
chotesteryl esters synthesized by the liver prep- 
arations during incubation was different from 
that of the cholesteryl esters present in the liver 
before incubation began. 

DISCUSSION 

There is considerable variation in plasma 
LCAT activity between various animal species; 
the highest activities reported by Stokke (21) 
were for  man (0.079 /amoles/ml/hr) and 
monkeys (0.105 /2moles/ml/hr), whereas, the 
activities for ruminant animals appear to be 
among the lowest reported. In addition to the 
activity of 0.024/amoles/ml/hr found for sheep 
plasma in the present investigation, activities of 
0.009 and 0.023/~moles/ml/hr have been found 
for calf (21) and goat (Noble and Moore, un- 
published data) plasma, respectively. 

The results given in Table II show that, apart 
from the 20:4 content, the fatty acid composi- 
tion of the cholesteryl esters synthesized during 
the incubation of sheep plasma in vitro was 
very similar to the composition of the fatty 
acids in the 2-position of the lecithin in the 

plasma before incubation began. This observa- 
tion may be interpreted to indicate that, with 
the possible exception of 20:4, the LCAT 
system in sheep plasma does not discriminate 
be tween  the various molecular species of 
plasma lecithin as donors of fatty acids. Thus, 
there is a marked contrast in the fatty acid 
specificities of the LCAT systems in sheep and 
bovine plasma. For direct comparison with the 
results obtained with sheep plasma (Table II), 
values obtained by Noble, O'Kelly, and Moore 
(9) from a study of the LCAT system in bovine 
plasma have been recalculated and summarized 
in Table V. The fatty acid composition of the 
cholesteryl esters synthesized during the incu- 
bation of bovine plasma for 12 hr at 38 C was 
quite different from the composition of the 
fatty acids in the 2-position of the plasma 
lecithin before incubation began. In particular, 
the concentration of dienoic acids in the newly 
synthesized cholesteryl esters was much greater 
than that in the 2-position of the total plasma 
lecithin (Table V). However, the concentration 
and structure of the bovine plasma lecithin 
were determined at various stages during the 
incubation so it was possible to calculate the 
composition of the fatty acids in the 2-position 
of that fraction of the plasma lecithin that had 
taken part in the LCAT reaction. Very good 
agreement was obtained between these calcula- 
ted values and the values for the fatty acid com- 
position of the cholesteryl esters that had been 
synthesized during incubation (Table V). It is 
clear then that the LCAT system in bovine 
p l a sma  discriminates between the various 
molecular species of plasma lecithin as fatty 
acid donors, and preferentially utilizes those 
molecular species with 18:2 esterified in the 
2-position. This preferential utilization may be 
due to the fact that the specificity of the LCAT 
enzyme in bovine plasma is such that the 
enzyme-substrate complex is formed more read- 
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fly with those molecules of lecithin that  contain 
linoleic acid esterified in position 2, whereas 
the LCAT enzyme in sheep plasma might have a 
much broader substrate specificity (1). Alterna- 
tively, because the plasma LCAT enzyme reacts 
primarily with substrates circulating as HDL 
(6), it is possible that the distribution between 
the various l ipoproteins of lecithin with 18:2 
esterified in the 2-position differs in sheep and 
bovine plasma. Evidence to this effect is pre- 
sented in Table III from which it may be seen 
that  there was little variation in the 18:2 con- 
tent of the phospholipids in the various plasma 
lipoproteins of sheep plasma. On the other 
hand, the results for bovine plasma, taken from 
Evans ,  P a t t o n  and  McCar thy  (19) and 
McCarthy, et al., (20) show that the phospho- 
lipids in the HDL contained much higher con- 
centrations of 18:2 than did the phospholipids 
in the LDL (Table III). This difference in dis- 
tr ibution could partly explain why in sheep 
plasma, but not in bovine plasma, the fat ty acid 
composition of the cholesteryl esters synthe- 
sized by the LCAT system in vitro was very 
similar to the composition of the fat ty  acids in 
the 2-position of the total  plasma lecithin 
(Table II). However, to explain why bovine 
plasma synthesizes so little monoenoic choles- 
teryl ester requires the involvement of some 
direct fatty acid discrimination by the LCAT 
system itself. As with bovine plasma, the LCAT 
system in human plasma has been shown to 
exert some selectivity in the util ization of dif- 
ferent molecular species of plasma lecithin as 
fatty acid donors (1, 22, 23). 

The requirement for ATP and CoA for the 
synthesis of cholesteryl esters by sheep liver 
slices or homogenates at pH 7.4 indicated that 
this synthesis was catalyzed by acyl CoA:cho- 
lesterol acyltransferase, the presence of which 
has  b e e n  demonstrated in rat, pig, dog, 
monkey, rabbit,  guinea pig, and calf liver, but 
not in human liver (21). Because the addition 
of free fat ty acids to the medium had little 
effect on the rate of cholesterol ester synthesis 
by sheep liver slices or homogenates,  and be- 
cause the composit ion of the unesterified fat ty 
acids in the liver was similar to the fat ty acid 
composit ion of the cholesteryl esters synthe- 
sized in the absence of exogenous fat ty acid 
substrate, it may be concluded that the magni- 
tude and composit ion of the endogenous pool 
of unesterified fat ty acids in sheep liver were 
sufficient to maintain opt imum rates of choles- 
teryl ester synthesis. Similar conclusions were 
reached by Goodman, et al., (2) from the re- 
sults of experiments in which rat liver prepara- 
tions were incubated with exogenous palmitic 
or linoleic acids; however, the inclusion of oleic 

acid in the incubation medium increased the 
rate of cholesterol esterification by rat liver. 
The inclusion of the equimolar mixture of 
18:0, 18:1, and 18:2 resulted in 2-fold in- 
creases in the amounts of saturated and mono- 
enoic acids in each flask (Table IV), yet in the 
cholesteryl esters synthesized during incuba- 
tion, the concentration of saturated fat ty acids 
was reduced from 45 to 21% but the concentra- 
tion of monoenoic acids was increased from 41 
to 62%; the 5-fold increase in the amount  of 
dienoic acid in each flask only resulted in an 
increase from 11 to 15% in the concentration 
of dienoic acid in the synthesized cholesteryl 
esters. Analogous results were obtained by 
Goodman, et al., (2) who incubated (3H)-cho- 
lesterol with rat liver microsomes in the absence 
or presence of an equimolar mixture of 16:0, 
18: l ,  and 18:2. The cholesteryl esters synthe- 
sized in the presence of exogenous fat ty  acids 
contained reduced concentrations of saturated 
fatty acids and increased concentrations of  
monoenoic and dienoic fat ty  acids. The satu- 
rated, monoenoic, and dienoic fat ty acid con- 
tents of the cholesteryl esters synthesized by 
sheep liver homogenates were not altered by 
the inclusion of the equimolar mixture of 18:0, 
18:1, and 18:2 in the incubation medium. 
These findings for the saturated and monoenoic 
acids are consistent with the fact that the inclu- 
sion of the exogenous fat ty acids in the incuba- 
tion medium o n l y  increased the amounts of 
saturated and monoenoic acids in each flask by 
ca. 12%. On the other hand, the inclusion of 
the exogenous fat ty acid mixture in the incuba- 
tion medium increased the amount of dienoic 
acid in each flask by ca. 60%, yet there was not  
change in the dienoic acid content  of the cho- 
lesteryl ester synthesized by the homogenates. 
Thus the results in Table IV may be considered 
to be consistent with the view that the fat ty  
acid specificity of cholesteryl ester synthesis in 
sheep liver was monoenoic ~ saturated 
dienoic. A similar fatty acid specificity has been 
reported for cholesteryl ester synthesis in rat 
liver (2). 

From the results of the present investigation, 
it may be concluded that the cholesteryl esters 
in sheep plasma are synthesized mainly by the 
plasma LCAT system. This conclusion is sup- 
ported by the following observations. (a) The 
fat ty acid composit ion of the total  cholesteryl 
esters in sheep plasma is similar to that  of the 
cholesteryl esters synthesized during incubation 
of the plasma in vitro, and to the composit ion 
of the fatty acids esterified in the 2-position of 
the plasma lecithin (Table II). (b) According to 
Glomset (1,6), the LCAT system acts primarily 
on plasma lipoproteins of densities greater than 
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1.006 g/ml, but especially on the HDL with 
densities greater than 1.063 g/ml. The fatty 
acid composition of the cholesteryl esters 
synthesized by the LCAT reaction in vitro 
(Table II) was similar to the composit ion of the 
cholesteryl esters in the l ipoproteins with den- 
sities between 1.06 and 1.21 g/ml (Table III); 
this similarity was particularly noticeable with 
the HDL cholesteryl esters. (c) The cholesteryl 
esters in the LDL and HDL of sheep plasma 
accounted for ca. 97% of  the total  plasma cho- 
lesteryl esters. (d) There were pronounced dif- 
ferences between the fatty acid composit ions of 
the cholesteryl  esters present in the plasma 
(Tables II and III) and those of the choles- 
teryl esters present in, or synthesized by, the 
liver (Table IV). As regards the origin of 
the plasma cholesteryl esters, the sheep would 
thus appear to be similar to man in which the 
LCAT reaction is thought to be responsible for 
the formation of virtually all of the plasma cho- 
lesteryl esters, with the possible exception of a 
very small proport ion derived from the intes- 
tinal tract (21). In the rat, on the other hand, 
the VLDL cholesteryl esters, which under cer- 
tain dietary conditions form a high proporat ion 
of the total plasma cholesteryl esters, are 
though to be synthesized in the liver by the 
microsomal acyl CoA:cholesteryl  acyl trans- 
ferase (2, 24-26). The fatty acid composit ion of 
the VLDL cholesteryl esters in rat plasma is 
very similar to that of the cholesteryl esters in 
rat liver (24). Since the cholesteryl esters 
present in or synthesized by sheep liver con- 
t a i n e d  m u c h  h i g h e r  c o n c e n t r a t i o n s  of 
monoenoic acids (Table IV) than did the VLDL 
cholesteryl esters in the plasma (Table Ill) ,  it is 
unlikely that this small fraction (about 2%) of 
the total  plasma cholesteryl esters was of 
hepatic origin; it is conceivable that the VLDL 
cholesteryl esters were derived from the intes- 
tine (2). 
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ABSTRACT 

R e c o n s t r u c t e d  mass  c h r o m a t o g r a p h y  
using m e t h a n e  as a carr ier  and  reagent  gas 
for  chemica l  ion iza t ion  gas ch roma tog -  
raphy-mass  s p e c t r o m e t r y  of  the  der ived 
m e t h y l  esters  al lows rapid ,  quan t i t a t i ve  
m i c r o d e t e r m i n a t i o n s  of  comple t e  choles- 
t e ry l  ester  f a t t y  acid profiles.  The  sensi- 
t iv i ty  of  th i s  m e t h o d  is cons i s ten t  wi th  
c o m p l e t e l y  specific,  m u l t i c o m p o n e n t  
assay at the  p i comole  level. I n t r o d u c t i o n  
of  two  h o m o l o g u e s  as i n t e rna l  s tandards ,  
one  in to  the  in tac t  b iological  spec imen  
and  the  o t h e r  a f te r  der iva t iza t ion ,  pro-  
vides a measure  of  the  ne t  ef f ic iency of  
the  processes  of  e x t r a c t i o n  and  derivati-  
za t ion .  This  p rocedure  m a y  be  e x t e n d e d  
readi ly  to  the  d e t e r m i n a t i o n  of  f a t t y  acid 
profi les  in mos t  b iological  fluids. 

INTRODUCTION 

Many t e c h n i q u e s  have been  deve loped  for  
quan t i t a t ive  e s t ima t ion  of  f a t t y  acids (1,2);  
however ,  m a n y  of  these  are nonspec i f ic ,  insen-  
sitive, or t ed ious .  A l t h o u g h  gas c h r o m a t o g r a p h y  
(GC)  of  der ivat ized f a t t y  acids,  usual ly  as the i r  

m e t h y l  esters (FAMEs) ,  has  b e e n  used for  quan-  
t i ta t ive  analysis  for  a n u m b e r  of  years  (3-5),  
sens i t iv i ty  and  accuracy  of  GC p rocedure s  m a y  
be c o m p r o m i s e d  b y  in t e r f e r ence  f rom co lumn  
bleed  and  coe lu t ion  of  peaks,  whereas ,  specific- 
i ty  of d e t e c t i o n  depends  u p o n  comple t eness  of 
separa t ion  by  t he  c o l u m n  and  mus t  be verif ied 
at  regular  intervals  by  t he  use of  a u t h e n t i c  
mix tures .  Because of  the  exquis i te  select ivi ty of  
d e t e c t i o n  b y  mass s p e c t r o m e t r y  (MS), t he  
t e c h n i q u e  of  chemica l  i on i za t i on  (CI) recon-  
s t ruc t ed  mass c h r o m a t o g r a p h y  (RMC) suffers  
f r o m  n o n e  of these  p rob lems ,  even for  peaks  
having  ex t r eme ly  low GC s ignal /noise  rat io.  In 
add i t ion ,  the  mass s p e c t r u m  can be consu l ted  if  
u n a m b i g u o u s  peak  iden t i f i ca t ion  is desired.  By 
this  t e chn ique ,  q u a n t i t a t i o n  o f  ind iv idual  f a t t y  
acids and  t o t a l  f a t t y  acids in a comple t e  l ipid 
f rac t ion  is accompl i shed  in a single step. Cho- 
lesteryl  esters (CE) are chosen  as i l lus t ra t ion  in 
this  repor t .  

MATERIALS AND METHODS 

Sample Preparation for GC-MS Analysis 

A m i x t u r e  of  1 ml of  poo led ,  n o r m a l  h u m a n  
plasma and  600  pg (901 nmoles )  of  cho les te ry l  
n o n a d e c a n o a t e  was ex t r ac t ed  w i th  two  4-ml 

TABLE I 

Parameters a for Converting b Measured RMC Peak Areas 
into Molar Concentrations of Individual Fatty Acid Methyl Esters 

FAME m b r range 

14:0 0.871 0.262 .99999 0.01-10 
16:0 0.826 0.426 .99986 0.0t-50 
16:1 0.835 1.308 .99983 0.01-10 
18:0 0.853 0.497 .99982 0.01-10 
18:1 0.832 0.403 .99995 0.01-50 
18:2 0.863 1.747 .99996 0.1 -10 
1 8  : 3 0. 836 0.946 .99998 0.01-10 
1 9 : 0  0.918 0.649 .99996 0.1 -100 
20:4 0.868 1.259 .99994 0.1 -10 

aFAME = Fatty acid methyl ester; m = slope; b = intercept; r = correlation coefficient of 
linear regression. 

bAccording to the expression: [FAMEi] = [17:0] exp{m In(Areal /Areal7:0)+ b}. 
c[ 17:0] added = 370 nmole/ml in this study. 
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TABLE II 100 285 

Amounts of Fatty Acids and Cholesterol from CH3(CH2~SC02MI 
Cholesteryl Ester Fraction of Normal Human Plasma 

Coefficient of Concentration 
Fatty Acid a variation (%) (#mole/ml) 

14:0 7.0 0.027 
16:0 5.5 0.540 
16:1 5.2 0.300 
18:0 11.1 0.108 
18:1 4.0 0.865 
18:2 3.8 2.38 
18:3 10.1 0 . 0 3 2  
20:4 4.6 0.430 

Total concentration 4.68 
Total plasma cholesterol b 7.69-+1.86 
Free plasma cholesterol b 2.84-+0.12 
Cholesterol in CE c (difference) 4.85 

aDetermined as fatty acid methyl ester by chemi- 
cal ionization reconstructed mass chromatography. 

bDetermined by gas chromatography. 

CCE = cholesteryl esters. 

por t ions  of  me thano l : ch lo ro fo rm (2:1);  insol- 
uble mat ter  was dispersed part ial ly by inter- 
mi t ten t ,  vibrat ional  agitation,  and sedimented 
by centr i fugat ion prior to decantat ion.  The 
combined  extracts  were concent ra ted  to dry- 
ness in a s t ream of  ni t rogen,  affording a residue 
that  was redissolved in the min imum amount ,  
ca. 100 pl,  of  spect roqual i ty  heptane and 
quant i ta t ively  transferred to  a 5 x 80 cm thin 
layer chromatographic (TLC) plate (Adsorbo-  
sil-5, Applied Science Labs, State College, PA). 
The TLC plate was developed in hexane:  
e ther :acet ic  acid (90 :20 :1) ,  and components  
were visualized by exposure to iodine vapors. 
The region containing the cholesteryl  esters 
(CE) was scraped into a test tube,  to which 
was added a 5-ml por t ion  of  ch lo ro fo rm:me th -  
anol :e ther  (1:1 : 1). The mixture  was agitated 
vigorously and centrifuged,  and the solvent was 
decanted.  The residue was similarly ext rac ted  
with a second 5-ml por t ion  of  solvent. The 
combined  solutions were concent ra ted  in a 
s t ream of  dry ni t rogen,  dissolved in a mixture  
of  1 ml benzene and 2 ml 0.5 N sodium meth-  
oxide  in methanol  and heated to 80 C for 20 
min. The transesterif ied mix ture  then  was 
cooled and diluted with 3 ml distilled water  and 
3 ml ether.  The organic layer was separated,  
washed wi th  a 3-ml por t ion  of  distilled water ,  
and dried by the addi t ion of  anhydrous  sodium 
sulfate. Af ter  decanta t ion f rom the  desiccant,  
the solut ion was concent ra ted  to dryness in a 
ni t rogen stream and re-dissolved in 100 gl of  
e thyl  acetate  containing 100 #g (352 nmole)  of  
methyl  heptadecanoate  (17 :0  FAME).  
Analysis of  FAMEs by GC-MS 

FAMEs were measured using a Finnigan 
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FIG. 1. Chemical ionization mass spectrum of 
methyl heptadecanoate (17:0 fatty acid methyl ester) 
using methane as reagent gas. 

1015D MS interfaced to a Finnigan 9500 GC 
and a Finnigan 6000 Interact ive Data System 
(DS) (Finnigan Corp., Sunnvale, CA). The GC 
was f i t ted with a 0.5 m x 2 mm internal  diam- 
eter (ID) glass co lumn packed with  3% EGSS-X 
coated on Gas Chrom Q. The solut ion to be 
analyzed (1/11) was injected at a co lumn tem- 
perature of  130 C; the eff luent  f rom the GC 
was diverted into  a vacuum bypass for 30 sec, 
allowing the solvent to elute,  whereupon  the 
co lumn tempera ture  was increased at a rate of  
6 C/rain to a final t empera ture  of  210 C. The 
f low rate of methane,  17 ml /min ,  th rough the 
GC was selected to afford a pressure of  
0.95 tor t ,  which was opt imal  for CI in the MS 
source; e lectron energy was 150 eV, mult ipl ier  
set t ing was 1.7 kV, and pre-amplifier  sensitivity 
was 10 -7 a/V. 

The DS scanned the range 230-330 ainu at a 
un i form rate o f  20 msec /amu during the GC 
run. After  the te rmina t ion  of  data acquisi t ion,  
the DS was directed to recall individual  records 
of  the in tensi ty  of  p ro ton  capture (M + 1) ions 
corresponding to each of  the FAMEs present. 
The DS was used to calculate the area under  the 
peak, reproducible  wi thin  5% for duplicate in- 
j e c t i o n s ,  in each such recons t ruc ted  mass 
ch romatogram (RMC), and to normalize this 
area relative to that  of  17:0 FAME. Values thus 
obta ined were inserted into the  appropriate  
expression f rom Table I to give the concentra-  
t ion of  CE corresponding to that  FAME in 
the original sample. Isolation eff ic iency was 
calculated as the amoun t  of  19:0 FAME mea- 
sured divided by the amount  o f  19:0 CE 
added. Calibration curves were calculated f rom 
quadrupl icate  determinat ions  using gravimet- 
rically prepared standard mixtures  of  FAMEs.  
The data in Table II are averages o f  tr ipl icate 
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measurements on 3 identical preparations of 
normal human plasma. 

Determination of Cholesterol by GC 

Total cholesterol and f ree  cholesterol were 
measured using a Barber-Coleman Model 5000 
GC fitted with flame ionization detection and a 
46 cm x 4 mm ID glass column packed with 3% 
OV-1 on Gas Chrom Q. The system was oper- 
ated isothermally at 240 C, using argon as the 
carrier gas. Peak areas were estimated by tri- 
angulation, and samples were determined in 
triplicate. The preparation was essentially that 
of Blomhoff (6) except that (a) sitosterol was 
introduced into the plasma as an internal stan- 
dard prior to the extraction procedures, and (b) 
measured values of  cholesterol were adjusted to 
correct for losses in isolation and handling. 

F. PETTY, J.B. RAGLAND, L.B. KUIKEN, S.M. SABESIN, AND J.D. WANDER 

a/ FRME 1R RUN =3 CI-METHRNE 
TOTRL ION CURRENT 

10C 

RESULTS AND DISCUSSION 

The characteristic, proton capture (M + 1) 
ion appears as the most abundant species in the 
CI mass spectrum (Fig. 1) of each of the 
FAMEs in this study, accounting for ca. 50% of 
the total ionization in all examples. Conversely, 
the electron impact mass spectrum of a FAME 
exhibits only low intensity ions at the charac- 
teristic, high mass region, the most prominent 
fragments, m/e 74 and 87, being common to 
the entire series of FAMEs (7). Thus, CI MS 
offers both enhanced sensitivity and extreme 
selectivity as a means of quantitatively detect- 
ing FAMEs in a GC effluent; this selectivity 
carries the added advantages that such potential 
interferences as biological background and 
column bleed are generally transparent at the 
mass number being detected, so that baselines 
normally are close to zero in the RMCs. Figure 
2a illustrates the output from the GC detected 
as the sum of the ion currents from 230 to 
330 amu. Therein, methyl myristate (14:0 
FAME) presents a weak signal, that of methyl 
arachidonate (20:4 FAME) is distorted in 
shape by interfering column bleed, and those of 
methyl linoleate (18:2 FAME) and 19:0 
FAME coelute. In the RMCs (Figure 2b) of 
m/e 243, 285, 295, 313, and 319 (M + 1 for 
14:0, 17:0, 18:2, 19:0 and 20:4 FAME, re- 
spectively), each peak is found on a separate 
trace, where its area may be measured accu- 
rately, in the absence of the interferences pres- 
ent in Figure 2a. 

We found that the calibration curves empir- 
ically gave a linear approximation to a log-log 
expression (Table I and Fig. 3) rather than to a 
simple cartesian plot. Published calibration 
curves for the closely related technique of se- 
lective ion monitoring are commonly limited to 

" 1  . . . . . . .  | ' "  . . . . . . .  I "  . . . . . . .  I ' ' " 1 1 1 " ' 1  . . . . . . . .  ; I  . . . . . . . . .  I ' ' ' ' ' ' ' ' ' l  
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bj SELEGTED RMCs 

I O0 rr.o 

18,2 
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14,0 ~ 
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i . . . ,  . . . . .  I " " ' " ; ' 1 ' ' "  . . . . .  | ' " ' ' " " |  . . . . . . . . .  | ' ' ' " " " |  . . . . . . . . .  | "  
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FIG. 2a. Gas chromatogram of fatty acid methyl 
ester (FAME) mixture detected by summing all of the 
ion currents measured by the mass spectrometer; 2b. 
Composite of reconstructed mass chromatograms 
(RMCs) for M + 1 ions of 14:0, 17:0, 18:2, 19:0 and 
20:4 FAMEs. 

a tenfold dilution range (8). However, Clark 
and Foltz (9) reported separate calibration 
curves having different slopes for 3,6-bis(tri- 
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FIG. 3. Calibration plot for area response of fatty 
acid methyl esters (FAME) relative to 17:0 FAME 
versus mole ratio of FAMEs to 17:0 FAME; best-fit 
regression expressions and correlation coefficients are 
recorded in Table II. 

methylsilyl)-morphine over two regions of a 
wider dilution range. The significance of this 
observation is unclear at present. 

Table II contains the amounts of each fat ty  
acid present in the original CE fraction as 
determined by CI-RMC together with a value 
for the amount of cholesterol in the CE frac- 
tion, determined by subtracting free from total  
cholesterol content. Agreement between the 
two values is clearly within the reliability limits 
of either method of determination. 

Thus, the present communication demon- 
strates that CI-RMC offers numerous advan- 
tages as a technique for simultaneous, multi- 
component assay of fatty acids, i.e., simplicity 
of operation, speed, and broad dynamic range 

for determination. Furthermore,  ( a )CI -RMC 
requires only inexpensive internal standards, (b) 
the selectivity of detection minimizes the GC 
resolution needed for reliable quanti tat ion,  and 
(c) the mass spectrum is available to verify the 
identi ty of the component being measured. 
Multiple selective ion monitoring "mass frag- 
rnentography" would be slightly more sensitive 
for this analysis, but (a) commercial instru- 
ments presently have facilities to monitor  no 
more than 4 ions, and (b) the mass spectrum 
would not be available for verification. 
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Lecithin'Cholesterol Acyltransferase Activity in 
Hypercholesterolemic Subjects and in Hypercholesterolemic 
Subjects Treated with Clofibrate 
A. D'ALESSANDRO, A. ZUCCONI, F. BELLINI, L. BONCINELLI, and R. CHIOSTRI, 
Department of Gerontology, Florence University, Florence, Italy 

ABSTRACT 

The lecithin:cholesterol acyl transfer 
reaction in the plasma of hypercholes- 
terolemic subjects and of hypercholes- 
terolemic subjects treated with clofibrate 
was studied. An increased enzyme activ- 
ity was found in the first group of pa- 
t i e n t s ,  while lecithin:cholesterol acyl 
transfer activity tended to normalize in 
the second group. This increased enzyme 
activity might be a defense mechanism 
against the accumulation of cholesterol in 
the arterial wall. 

INTRODUCTION 

The presence in human blood plasma of an 
enzyme that esterifies cholesterol has been 
known for some time (1). Glomset (2) has 
shown that an acyltransferase transfers fatty 
acids from the C-2 position of high density 
lipoprotein (HDL) lecithins to the hydroxyl 
group of cholesterol. Lecithin:cholesterol acyl- 
transferase (LCAT) is involved in the metabo- 
lism of circulating lipoproteins because the few 
subjects affected by familial deficiency of this 
enzyme show serious alterations in lipoproteins, 
in as much as these, when they enter the circu- 
latory stream, are not affected by the action of 
the enzyme (3). Schumaker and Adams (4) 
have suggested that lipoprotein lipase (LPase) 
and LCAT are enzymes that are involved in the 
metabolism of circulating lipoproteins. Ac- 
cording to these authors, the LPase removes 
triglycerides from the interior of the lipopro- 
tein micelles, thereby producing a reduction of 
their volume, while LCAT, by removing a 
molecule of phosphatidyl choline and of cho- 
lesterol from the surface of the micelle, allows 
it to remain intact and spherical. 

Because of the possible connection between 
LCAT and the metabolism of lipoproteins, it 
was decided to study this enzyme activity in 
subjects affected by hypercholesterolemia and 
in hypercholesterolemic subjects treated with 
clofibrate. The predominance of esterified cho- 
lesterol in the plasma suggests that the synthesis 
of these compounds may be an important step 
in the metabolism of cholesterol. 

Cholesterol can be synthesized by cells, but 

these cannot catabolize it; therefore, some 
mechanism must exist for the transport of cho- 
lesterol to the liver. Glomset (5) has hypothe- 
sized that this enzyme enters a metabolic cycle 
which he calls "membrane homeostasis." LCAT 
supposedly removes the cholesterol from the 
cellular membranes and transfers it to the lipo- 
proteins, and particularly to the HDL, for ester- 
ification and subsequent elimination from the 
organism. Consequently, the enzyme might act 
as a defense mechanism by removing choles- 
terol accumulated in the arterial wall, in the 
same manner that the increased synthesis of 
phospholipids in atheromatous lesions (6) sup- 
posedly does. 

MATERIALS AND METHODS 

5,5'-Dithiobis 2-nitrobenzoic acid (Ellman 
reagent) and 2-mercaptoethanol were purchased 
from Eastman Organic Chemicals (Rochester, 
NY). (7c~-3H)Cholesterol with specific activity 
of 9.4 Ci/mmole was obtained from the Radio- 
chemical Center (Amersham, England); it was 
found to be 97% radiochernically pure when 
tested by thin layer chromatography (TLC) and 
was used without further purification. Crystal- 
line human albumin was 100% electrophoret- 
ically pure and was obtained from Behring- 
werke AG (Marburg-Lahn, West Germany). 
2 ,5 -Dipheny loxazo le  (PPO) and 2,2-para- 
p he n y 1 enebis(4-methyl-5-phenyloxazole) (Di- 
methyl-POPOP) were obtained from E. Merck 
(Darmstadt, West Germany). All chemicals were 
reagent grade and were used without further 
purification. 

Plasmas for the determination of LCAT 
activity were taken from 61 subjects of both 
sexes, 20-90 years old. Subjects with coronary 
artery diseases were excluded, as were those 
with endocrine, liver, and renal diseases. Only a 
few subjects affected by hypercholesterolemia 
were also affected by diabetes mellitus. Seven- 
teen subjects had a plasma cholesterol concen- 
tration < 250 mg/100 ml of plasma. Thirty-two 
subjects had a blood cholesterol concentration 
from 280 to 460 mg/100 ml of plasma. Twelve 
subjects in the past had had a high cholesterol 
concentration in the plasma, but this had been 
reduced to ca. 270 rag/100 ml of plasma with 
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TABLE I 

Lecithin:Cholesterol Acyltransferase in Plasma from Young and Old Subjects 

805 

Total Free Cholesterol esterification 
cholesterol cholesterol 

Number Age (mg/dl) (mg/dl) Percentage (~zmoles/liter/hr) 

Young 11 20-40 204+28.5 a 59+15.7 5.7-+1.0 86-+20.6 
Old 6 50-90 181 +- 31.5  59 -+ 18.0  5.7 -+ 0.3  88 -+ 27.7 

aMean + standard deviation. 

TABLE II 

Lecithin:Cholesterol Acyltransferase Activity in Plasma from Normal, 
Hypercholesterolemic and Hypercholesterolemic Subjects Treated with Clofibrate 

Total Free Cholesterol esterification 
cholesterol cholesterol 

Number (mg/dl) (mg/dl) Percentage ( # m o l e s f l i t e r / h r )  

Normal 17 
Hypercholesterolemic 32 
Treated 12 

196 -+ 30.7 a 59 -+ 16.3 5.7 + 0.76 86 -+ 22.5 
321 --- 41.0 107 -+ 22.7 3.9 + 0.61 109 -+ 26.7 
257 -+ 13.4 79 -+ 12.5 4.2 -+ 0.83 86 -+ 22.9 

aMean -+ standard deviation. 

clofibrate in doses varying f rom 1 to 1.5 g per 
day. All the subjects had a plasma tr iglyceride 
concent ra t ion  < 200 rag/100 ml o f  plasma. To 
s tudy the possible inf luence of  age on enzyme 
activity,  the group having b lood  cholesterol  
concentra t ions  up to 250 rag/100 ml of  plasma 
was divided into two  subgroups according to 
age: the first group included subjects be tween  
the ages of  20-40 and the second,  subjects 
be tween  the ages of  50-90. Blood was col lected 
a f t e r  an  overn igh t  fast and mixed  wi th  
K 2 E D T A  (2 mg/ml  blood),  and blood samples 
were placed in ice immedia te ly .  Plasma was 
separated by centr i fugat ion at 4 C and stored at 
0 C until  tested the  same day. 

LCAT activi ty was de termined  according to 
the me thod  of  Stokke and Norum (7). Plasma 
(100/~1) was pre incubated  with  3 0 / l l  o f  5% 
albumin solut ion containing ca. 0.12/2Ci of  
3H-cholesterol  and with  20 /A  of 10 mM Ellman 
reagent for 4 hr at 37 C in a shaking water  bath. 
The pre incubat ion  period,  in which LCAT 
activi ty is inhibi ted by the disulphide, was used 
to obtain  a sat isfactory isotopic  equi l ibra t ion 
be tween  labeled cholesterol  and the  endoge- 
nous free cholesterol  of  the  l ipoproteins .  This 
inhibi t ion was reversed by adding 20//1 of  
0.1 M mercaptoe thanol ,  and the addi t ion of  
3 ml o f  ch lo ro fo rm:me thano l  (2: 1, v/v)  s topped  
the react ion af ter  an hr incubat ion  at 37 C. The 
mixture  was f i l tered and the  precipi ta te  washed 
3 t imes with  ch lo ro fo rm:me thano l .  The extract  
was combined  with  the wash and evaporated 
under  a s t ream of nitrogen. The dry residue was 
dissolved in a small amoun t  of  ch lo ro fo rm and 

the organic solvent was evaporated again under  
a ni t rogen stream. The lipid residue was dis- 
solved in a very small amount  o f  n-heptane and 
transferred to precoa ted  thin layer plates of  
silica gel 60 (E. Merck, Darmstadt ,  West Ger- 
many).  TLC was carried out  in light pe t ro leum 
( b p  4 0 - 6 0  C ) : d i e t h y l  e t h e r : a c e t i c  acid 
(85 :15 :1 ,  by vol). The air dried plates were 
stained by exposure  to iodine vapor;  and after 
the evaporat ion of  the  excess iodine,  the  areas 
containing choles terol  and choles terol  esters 
were scraped off  in to  l iquid scint i l lat ion count-  
ing vials. The scinti l lat ion fluid was made up as 
described by Stokke and Norum (7). LCAT 
act ivi ty  was expressed as /amoles  of  cholesteryl  
esters fo rmed  per li ter of  plasma per hr  or  as a 
percentage of  labeled choles terol  acylated per  
hr. The choles terol  bo th  in its free fo rm and in 
its esterified fo rm was de termined  by the  
me thod  of  Sperry and Webb (8). 

R ESU LTS 

Our data do not  show notable  variations in 
LCAT activi ty according to  age. In fact, the  
ester if icat ion percentage was 5.7 -+ 1.0% in the  
group of  subjects aged 20-40 years and 5.7-+ 
0.3% in the  group of  subjects aged 50-90. Such 
a percentage of  ester if icat ion corresponds to 
86-+ 20 .6 / lmo le s / l i t e r / h r  of  esterified choles- 
t e r o l  in t h e  f i r s t  g r o u p  and to 88 + 
27 .7 /~moles / l i te r /hr  of  esterified choles terol  in 
the  second group. Such differences were not  
significant (Table I), and, therefore ,  subjects 
w i t h  p l a s m a  choles te ro l  concen t ra t ion  < 
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2 5 0 m g / 1 0 0 m l  were considered a homoge- 
neous control group. LCAT activity in the 
hypercholesterolemic subjects was 3.95 • 0.6% 
if expressed as a percentage of esterification 
corresponding to 109 -+ 26.7 gmoles/liter/hr of 
esterified cholesterol. Such values were signifi- 
cantly (P<0.01) different from the values of 
the control group. In hypercholesterolemic 
subjects treated with clofibrate, the percentage 
of esterification was 4.19 + 0.8% corresponding 
to 86.7 _+ 22.5/lmoles/liter/hr. Only the per- 
centage of esterification differs significantly 
(P<0.01) from the values of the control sub- 
jects (Table II). 

To exclude the fact that the increased en- 
zyme activity in the hypercholesterolemic sub- 
jects and the decreased percentage of esterifi- 
cation in subjects treated with clofibrate were 
dependent on the higher plasma cholesterol 
concentration in these two groups, we calcu- 
lated the regression lines of enzyme activity on 
cholesterol concentration (Fig. 1). The com- 
parison of the regression lines between hyper- 
cholesterolemic subjects and control subjects 
differs significantly (P<0.05) in residual var- 
iances while the comparison of the regression 
line of the subjects treated with clofibrate dif- 
fers significantly (P<0.01) from that of the 
control subjects only in elevation. 

O I S C U S S I O N  

Our results do not show a marked variation 
in enzyme activity according to the age of the 
subjects. This fact contrasts with the results of 
some authors (9,10) and may be explained by 
the different way the LCAT reaction was deter- 
mined. In fact, Wagner and Poindexter (9) and 
Gherondace (10) measured the net esterifica- 

�9 tion and not the initial rate of the reaction. On 
the contrary, our data agree with results ob- 
tained recently by Akanuma, et al., (11) who 
found no correlation between age and LCAT 
activity, but did notice a positive correlation 
between enzyme activity and body wt. This, 
too, suggests a connection between the enzyme 
and the metabolism of cholesterol because it is 
known that the adipose tissue is an important 
storage tissue for cholesterol in the organism 
(12). As far as hypercholesterolemic subjects 
are concerned, enzyme activity results de- 
creased if expressed as a percentage of esterifi- 
cation but increased if expressed in/.Lmoles/li- 
ter/hr. This finding is only seemingly contra- 
dictory because it is known that, while enzyme 
activity is dependent on the concentration of 
plasma free cholesterol (13), the rate of esteri- 
fication does not increase linearly in the hyper- 
cholesterolemic subjects; thus, the relative value 
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FIG. 1. Regression lines of lecithin: cholesterol acyl 
transferase activity on cholesterol concentration in 
normal, hypercholesterolemic, and hypercholesterol- 
emic subjects treated with clofibrate. 

of the enzyme activity results decreased. This 
fact may also depend on the presence of in- 
active HDL as substrate in the plasma of hyper- 
cholesterolemic subjects, as Fielding, et al., (14) 
s h o w e d .  In  hypercholesterolemic subjects 
treated with clofibrate, no difference resulted 
in enzyme activity expressed in absolute values, 
while the percent of esterification decreased 
significantly (P<0.01) compared with that of 
the control subjects. This finding is related to 
the fact that the concentration of free choles- 
terol in the plasma of hypercholesterolemic 
subjects treated with clofibrate is significantly 
(P<0.01) higher in comparison to the control subjects. 

If we consider the regression lines of enzyme 
activity on plasma free cholesterol concentra- 
tion, significant variations are apparent both in 
hypercholesterolemic subjects and in treated 
ones. Clofibrate treatment, apart from normal- 
izing the blood cholesterol concentration, tends 
to normalize the regression iine as well, which 
only shows a a significant (P<0.01) difference 
in the elevation. 

Shapiro, et al., (15) found a net decrease in 
LCAT activity in experimental hypercholester- 
olemia; however, thse authors did not measure 
the initial rate of the reaction, but considered 
the net esterification. Langer, et al., (16) 
noticed a reduced catabolism of low density 
lipoprotein (LDL) in the hyperlipoproteinemia 
of type II and reduced LCAT activity was 
found in this hyperlipoproteinemia (17). On 
the other hand, Marcel, et al., (18) found enhanced 
LCAT activity in human primary hyperlipid- 
emia, but they measured the net estefification 
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and  no t  the  ini t ia l  ra te  of  the  reac t ion .  Modifi-  
ca t ions  of  LCAT act iv i ty  was no t i c ed  in some 
congeni ta l  def ic iencies  of the  l ipopro te ins ,  such  
as a b e t a l i p o p r o t e i n e m i a  (19) .  

I t  shou ld  also be n o t e d  t h a t  e n z y m e  act iv i ty  
is decreased in pa t i en t s  wi th  c o r o n a r y  hea r t  
disease, one  of  the  mos t  i m p o r t a n t  clinical 
man i f e s t a t i on  of  a therosc leros is  (20).  We feel 
t h a t  LCAT act ivi ty  depends  o n  t h e  t ype  of  
fa t ty  acid present  in  the  lec i th ins  (21) ;  the  
presence  in C-2 pos i t ion  of  p o l y u n s a t u r a t e d  
fa t ty  acids increases  e n z y m e  ac t iv i ty  (22).  
Gjone ,  et  al., (23)  f o u n d  a r e d u c t i o n  of  LCAT 
act iv i ty  in subjec ts  given a diet  r ich in unsa t -  
u ra ted  fa t ty  acids as well as a s ignif icant  fall in 
the  plasma c o n c e n t r a t i o n  of  the  cho les te ro l  and  
leci thins .  Because it is k n o w n  tha t  in  h y p e r c h o -  
les te ro lemic  subjects  there  is a t e n d e n c y  towards  
a decrease in p o l y u n s a t u r a t e d  fa t ty  acids, th is  
fac tor  might  be i m p o r t a n t  in e n z y m e  act iv i ty  
(24) .  G lomse t ' s  hypo thes i s  (5)  tha t  LCAT 
might  be i m p o r t a n t  in the  cho les te ro l  exchange  
b e t w e e n  m e m b r a n e s  and  plasma could  be con-  
f i rmed by  the  data of R u t e n b e r g  and  Solof f  
(25) ;  t ha t  is, t ha t  the  exchange  of cho les te ro l  
b e t w e e n  plasma and  ar ter ial  wall is re la ted to  
the  presence  of  LCAT act iv i ty  in  the  plasma.  
F u r t h e r m o r e ,  an inverse co r re l a t ion  be t w een  
the  t e n d e n c y  of  various an imal  species t owards  
s p o n t a n e o u s  a therosc leros is  and  LCAT act ivi ty  
(26)  has  been  no t i ced  recent ly .  

Our  data and  those  of  the  l i t e ra tu re  in ques- 
t ion  con f i rm  tha t  LCAT is i m p o r t a n t  in the  
m e t a b o l i s m  of  l ipopro te ins  and  choles te ro l .  The  
increase  in i ts ac t iv i ty  which  we f o u n d  in hyper -  
cho les te ro lemic  subjec ts  and  its t e n d e n c y  to  
b e c o m e  n o r m a l  again dur ing  t r e a t m e n t  w i th  
c lof ibra te  may d e p e n d  on  the  change of  the  
subs t ra t e  (free choles te ro l )  c o n c e n t r a t i o n  pro-  
duced  by the  drug. But  this  hypo thes i s  does  no t  
seem to  be c o n f i r m e d  by  the  c o m p a r i s o n  of  the  
regression lines of  n o r m a l  and hype rcho le s t e ro l -  
e m i c  s u b j e c t s  w h i c h ,  b e i n g  s ta t is t ica l ly  
( P < 0 . 0 5 )  s ignif icant ,  exc lude  a close depen-  
dence  of e n z y m e  act iv i ty  on  choles te ro l  con-  
cen t ra t ion .  We t h i n k  it possible t h a t  increased 
e n z y m e  act ivi ty in h y p e r c h o l e s t e r o l e m i c  sub- 
jec ts  may be a defense  m e c h a n i s m  to r emove  
the  excess cho les te ro l  in  t he  ar ter ial  wall or to  
inh ib i t  the  depos i t ion  of  cho les te ro l  in the  
ar ter ial  wall by  es te r i f ica t ion  of  free choles- 
terol .  Such a defense  m e c h a n i s m  has  already 
b e e n  suggested wi th  a view to  the  increased 

synthes i s  of p h o s p h o l i p i d s  in h u m a n  a thero-  
m a t o u s  lesions.  
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24-Methylenedammarenol" A New Triterpene Alcohol 
from Shea Butter 
T. ITOH, T. TAMURA, and T. MATSUMOTO, College of Science end Technology, 
Nihon University, 8, Kanda Surugadai, 1-chome, Chiyoda-ku, Tokyo, 101 Japan 

ABSTRACT 

A new triterpene alcohol was isolated 
from shea butter and its structure was 
shown to be 24-methylenedammarenol 
(2 4- met  h y l e n e -  5 a-dammar-20 [ 21 ]-en- 
3~-o I ) .  Dammaradienol (5a-dammara- 
20121],24-dien-3~-o1) also was isolated 
from shea butter. 

INTRODUCTION 

Previous work has indicated the presence of 
a-amyrin (1), ~-amyrin (1,2), butyrospermol 
(1,3,4), parkeol (1,5), and 24-methylenedihy- 
droparkeol (6) in the triterpene alcohol fraction 
of shea butter. Shea butter, obtained from the 
kernels of Butyrospermum parkii, a sapotace- 
ous tree of tropical Africa, is a substance used 
as food by the natives and for the manufacture 
of soap and other products. This paper describes 
the isolation and identification of a new dam- 
marane  series triterpene alcohol, 24-meth- 
y l e n e  dammarenol (24-methylene-5a-dammar- 
20121]-en-3t3-ol) (Scheme I,II), and damma- 
r a d i e n o l  (5a-dammara-20[21 ],24-dien-3r 
(Scheme I,I) from shea butter. Dammaradienol 
(Scheme I,I) has only been known as a compo- 
n e n t  of dammarane  series triterpenes in 
dammar resin originating from trees of the 
Dipterocarpaceae family (7-11). 

EXPERIMENTAL PROCEDURES 

Melting points were determined with a Micro 
mp apparatus (Yanagimoto Seisakusho Ltd., 
Kyoto, Japan) and uncorrected. All recrystaUi- 
zations were performed in acetone:methanol. 
Infrared (IR) spectra (KBr) were obtained with 
a Type IRA-2, IR spectrophotometer (Japan 
Spectroscopic Co., Tokyo, Japan). Optical rota- 
tions w e r e  measured in CHC13 using a Carl 
Zeiss Polarimeter 0.01 ~ (Carl Zeiss, Ober- 
kochen, Germany). Concentrations used were 
indicated in parentheses as g/100 ml. Nuclear 
magnetic resonance (NMR) spectra in CDC13 
were recorded on a JNM-C-60-HL instrument 
(60 MHz, Japan Electron Optics Laboratory 
Co., Tokyo, Japan) and calibrated against 
internal tetramethylsilane as 0 ppm. Mass 
spectra were taken with a Hitachi RMU-7M 
mass spec t romete r  (Hitachi Ltd., Tokyo, 
Japan), electron energy 70 eV, target current 

57 /~A, ion source temp 160-180C, sample 
temp 100-120 C, and accelerating high voltage 
4.6 kv. The samples were introduced directly 
into the ion source through a vacuum lock. 

Preparative argentation thin layer chroma- 
tography (TLC) for the fractionation of triter- 
pene acetates was carried out on the 20 x 20 
cm plates coated with 0.5 mm of silica gel 
(Wakogel B-10, Wako Pure Chemical Industries 
Ltd., Osaka, Japan) impregnated with 10% or 
20% silver nitrate, using a Toyo continuous 
f low development preparative TLC (Toyo 
Roshi Kaisha Ltd., Tokyo, Japan). The plate 
was developed for 1 hr using hexane:benzene 
(7:3) as solvent. Separated zones were observed 
under ultraviolet light (3600 A) after spray- 
ing of a rhodamine-6G solution in ethanol 
on the developed plate, and were cut off and 
quantitatively extracted with ether. The argen- 
tation silicic acid column was prepared as de- 
scribed previously (1) in a similar manner as 
proposed by Vroman and Cohen (12). Gas 
liquid chromatography (GLC) was performed 
under the same operating conditions as de- 
scribed previously (1), using a Shimadzu GC-5A 
gas chromatograph (Shimadzu Seisakusho Ltd., 
Kyoto, Japan) equipped with a flame ionization 
detector and a 2 m x 3 mm inside diameter 
glass column packed with 3% OV-17 on Gas 
Chrom-Z, 80-100 mesh. Relative retention time 
(RRT) was expressed by the ratio of the reten- 
tion time for the substance under examination 
to the retention time for sitosterol. Other pro- 
cedures such as saponification of fat, and 
hydrogenation (platinum oxide catalyst, ether 
solution), acetylation, and hydrolysis of triter- 
penes were carried out in a similar manner as 
described previously (1). 

RESULTS AND DISCUSSION 

Isolation of Dammaradienol and 
24-Methylenedammarenol from Shea Butter 

Unsaponifiable material (156 g) separated 
from shea butter (3 kg) was acetylated in the 
same manner as described previously (1). The 
acetate (150 g) was then chromatographed on 
argentation silicic acid (430 g) using hexane as 
eluent at first. The eluate was monitored peri- 
odically by GLC to remove the eluate fractions 
(130.2 g in total, eluted with 5 liters hexane), 
consisting almost exclusively of the acetates of 
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SIDE CHAIN(R) 

, ( i )  ( I I )  

( III ) ( iv ) 

SCHEME I. Diagram of the skeleton and side chains 
of dammarane series of triterpene alcohols. 

a-amyrin, lupeol, and butyrospermol. The col- 
umn was then eluted with benzene (13 liters in 
total) to give an eluate fraction (17.5 g) which 
conta ined  considerable amounts of several 
other triterpene acetates besides the above men- 
tioned three triterpene acetates. This fraction 
was further fractionated on argentation silicic 
acid column (packing t78 g) to give a fraction 
(4.3 g) eluted with benzene: ether (4:1, 1 liter), 
preceded by a fraction (6.5 g) ehited with ben- 
zene (4 liter). The fraction (4.3 g) was then 
fractionated by preparative argentation TLC to 
give a fraction (800 mg) which indicated a 
Rf-value almost identical with that of the au- 
thentic specimen of dammaradienyl acetate iso- 
lated from dammar resin and was found by 
GLC to contain the acetates of I and II 
(Scheme I) in nearly equal proportions. Because 
the repetition of preparative argentation TLC 
of this fraction gave a single broad zone instead 
of two separate zones, the upper and lower por- 
tions of the zone were cut off separately and 
the material from each portion was repeatedly 
worked up by preparative TLC in a similar 
manner to give eventually two fractions; the 
fraction from the upper portion of the zone 
gave the I acetate (Scheme I) (68 rag, GLC 
purity 95%) and the other fraction from the 
lower portion of the zone afforded the II ace- 
tate (Scheme I) (80 mg, GLC purity 93%). 

Both the hydrolyzed triterpene alcohols I 
and II (Scheme 1) showed a mobility identical 
with that of the authentic dammaradienol in 
TLC using silica gel plate (eluent, hexane:ether 
4: t ) .  

Dammaradienol from Shea Butter 
and Its Tetrahydro Derivative 

The I acetate (Scheme I) (RRT 1.35) thus 
isolated from shea butter crystallized as plates, 
mp 151-153 C, [a]~)1+59 ~ (c 0.81) (lit [7] 
dammaradienyl acetate [a]D +60~ �9 Hydro- 
lyzed I (Scheme I) (RRT 1.11) showed mp 
136-138 C (fine needles). Mass spectrum of the 
a l c o h o l  (Scheme I) showed M + at m/e 
426.3836 (C30H5oO , requires 426.3859, rela- 
tive intensity 16%) with the other principal ions 

at m/e 393.3537 (M- [CH 3 + H 20] ,  393.3519, 
2%), 315.2659 (M - [side chain + 2H], 
315.2686, 5%), and 297.2570 (M-  [side chain 
+ 2H + H20] , 297.2581,3%), and base peak at 
m/e 109.0997. Because the sterols with unsatu- 
rated side chain are known to give a characteris- 
tic ion resulting from the loss of the entire C-17 
substituent together with the rearrangement of 
two hydrogen atoms (13), this alcohol, giving 
the ion at m/e 315.2659, is expected to have a 
C8-side chain with two double bonds. These 
double bonds were indicated by the IR spec- 
trum of the I acetate (Scheme I) to exist as 
trisubstituted double bond (831 and 820 cm-1) 
and terminal methylene group (3080, 1642 and 
885 cm-1). The I acetate (Scheme I) showed 
methyl signals at 0.88 (strong), 0.99, 1.64, 
1.71, and 2.05 (3fl-OCOCH3) ppm in the NMR 
spectrum. The other signals also were observed 
at 4.51 (3a-H, multiplet [m]),  4.76 (ca. 2H, 
broad singlet [b] ,  terminal methylene), and 
5.14 (1H, triplet [ t] ,  J 4.2 Hz) ppm. Because a 
pair of the signals at 1.64 and 1.71 ppm is char- 
acteristic to the 26,27-dimethyl protons of the 
A24-sterols (14), the trisubstituted double 
bond shown by IR spectrum is attributable to 
A24-bond. The triplet at 5.14 ppm is, hence, 
assignable to 24-H. In the spectrum of the free 
alcohol I (Scheme I), the signals at 0.88 and 
0.98 ppm, the part of which might be attri- 
butable to the angular methyls, and, further, 
the signals at 1.64 and 1.72 (26,27-dimethyl), 
4.74 (b, terminal methylene), and 5.16 (t, J 4.2 
Hz, 24-H) ppm, were still observed with 
scarcely any changes in their chemical shifts 
from those observed for the I acetate. On the 
other hand, the signals appeared also at 0.79 
(ca. 3H), 2.05 (b, ca. 2H), and 3.24 (3a-H) ppm 
in the spectrum of the free alcohol I. The triter- 
pene I was found identical with the authentic 
specimen of dammaradienol isolated from dam- 
mar resin described later in its IR, NMR, and 
mass spectra, RRT in GLC and mp, as well as 
TLC behavior. The alcohol (Scheme I,I) iso- 
lated from shea butter  is, therefore, identified 
as dammarad ieno l  (5a-dammara-20[21 ],24- 
dien-3fl-o 1). 

Hydrogenation of the I acetate for 3 hr at 
room temperature gave the tetrahydro com- 
pound, dammaranyl (Scheme I,III) acetate ( a 
mixture of the C-20 epimers), which on recrys- 
tallization showed mp 139-140 (plates)(lit  [8] ,  
a mixture of the C-20 epimers of dammaranyl 
acetate, mp 139-141 C). The IR spectrum 
showed no absorptions correlated to any of the 
t e r m i n a l  methylene and the trisubstituted 
double bond. Mass spectrum of the alcohol 
( S c h e m e  I , I I I )  showed M + at m/e 430 
( C 3 0 H S 4 0  , 30%) with the other ions at m/e 
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415 (M - CH3, 10%), 412 (M - H20,  9%), 397 
(M - [CH3 + H20] ,  14%), 317 (M -side chain, 
73%), and 299 (M - [side chain + H20]  , 98%), 
and base peak at m/e 95. The presence of the 
strong ion (M - side chain), which is characteris- 
tic for the sterols with a saturated side chain 
(13), indicates that the side chain of the alcohol 
(Scheme I,III) is fully saturated. The free alco- 
hol III (Scheme I) showed a predominant peak, 
related to one of the C-20 epimers, at RRT 
0.91 with a shoulder in the front side in GLC. 
In the NMR spectrum of the III acetate, the 
signals attributable to the skeletal methyls ap- 
peared, with almost identical chemical shifts 
with those observed for the I acetate, at 0.87 
(strong), 0.97, and 2.06 (3~-OCOCH3) ppm. A 
triplet assignable to 3a-H was observed at 4.50 
(J 7.2 Hz) ppm. On the other hand, the 
26,27-geminal dimethyl protons gave a doublet 
at 0.89 (J 5.4 Hz) ppm, indicating that the tri- 
terpene III (Scheme I) has a C-24 saturated side 
chain (14). The disappearance of the signals re- 
lated to the C-20 terminal methylene and 24-H 
shows further that the side chain of the III is 
fully saturated. The free alcohol III (Scheme I) 
gave the methyl signals at 0.80, 0.87, 0.89 (d, J 
6.0 Hz), 0.97, and 1.00 ppm, and a triplet at 
3.22 (J 7.2 Hz, 3a-H) ppm. 

24-Methylenedammarenol from Shea Butter 
and Its Tetrahydro Derivative 

The new triterpene II acetate (Scheme I) 
(RRT 1.47) isolated from shea butter  showed 
mp 145-147 C (plates), [a]~1+62 ~ (c 0.81). 
Hydrolysis of the II acetate gave free alcohol II 
(Scheme I) (RRT 1.21), mp 131-133 C (fine 
needles). In the mass spectrum, the free alcohol 
II showed M + at m/e 440.4017 (C31H520, 
440.4015, 20%), with the other principal ions 
at m/e 315.2652 (M - [side chain + 2H], 20%) 
and 297.2577 (M - [side chain + 2H + H20] ,  
70%), and base peak at m/e 109.1028. The 
presence of a relatively strong ion M - (side 
chain + 2H) at m/e 315.2652, as is the case 
with the alcohol I, reveals that this alcohol 
(Scheme I,II) has a saturated ring system and a 
C9-side chain with two double bonds. The two 
double bonds in the side chain were recognized 
to exist as the terminal methylene groups 
because the absorptions at 3080, t 640, and 886 
cm-1 were observed without any of other 
olefinic bands in the IR spectrum of the alco- 
hol. The chemical shifts of the skeletal methyl 
signals in the NMR spectra of the triterpene 
alcohol II (Scheme I) and its acetate were 
found almost identical with those of the respec- 
tive derivatives of the triterpene I (Scheme I) 
(dammaradienol) the acetate II (Scheme I) 
indicated those at 0.88 (strong), 0.99, and 2.06 

(3~-OCOCH3) ppm; and the free alcohol II gave 
those at 0.80, 0.88, and 0.99 ppm. This fact 
shows unequivocally that the ring system struc- 
ture of the new triterpene II (Scheme I) is 
identical with that of the triterpene I, i.e., 
5a-dammarane type ring system. On the other 
hand, the triterpene II (Scheme I) gave a signal 
of the 26,27-geminal dimethyl protons as a 
doublet at 1.06 (J 6.6 Hz) ppm. This is charac- 
teristic for the sterols possessing a C-24 termi- 
na l  m e t h y l e n e  group such as 24-methyl- 
enecycloartanol (24-methylene-9/3,19-cyclo-5a- 
lanostan-3t3-ol) (15). Hence, the new triterpene 
II is considered to possess a C-24 terminal 
methylene group. In the NMR spectra of the 
triterpene alcohol II (Scheme I) and its acetate, 
a broad singlet related to terminal methylene 
group was observed also at 4.76 ppm with an 
intensity (ca. 4H) stronger than that observed 
for the triterpene I (Scheme I) (dammaradie- 
nol) possessing one terminal methylene group 
at C-20. This indicates that the triterpene II 
(Scheme I) carries two terminal methylene 
groups in the side chain consistent with the ob- 
servations on the IR and mass spectra men- 
tioned above. As indicated above, because one 
of the terminal methylene groups was shown to 
be located at C-24, the other must be located at 
C-20 just as in the case of dammaradienol 
(Scheme I,I). Accordingly, the structure of the 
new triterpene alcohol (Scheme I,II) may be 
d e t e r m i n e d  as 2 4 - m e t h y l e n e d a m m a r e n o l  
( 2 4- m e t hy 1 e n e-5~-dammar-20 [ 21 ] 7en-3/3-o 1 ). 

Moreover, two broad singlets were observed 
in the NMR spectra of the triterpene alcohol II 
and its acetate, and these signals may be attri- 
butable to the methylenic protons on C-22 and 
C-23, both being located at a-positions relative 
to the olefinic carbons (16). 

Hydrogenation of the II acetate in the same 
way as described above afforded the tetrahydro 
c o m p o u n d  (Scheme I,IV), 24-methyldam- 
maranol (a mixture of the C-20 epimers), which 
on recrystallization showed mp 151-154 C 
(plates). The IR spectrum showed no peaks cor- 
relating with the terminal methylene group ob- 
served in the spectrum of the II. RecrystaUiza- 
tion followed by hydrolysis of the acetate gave 
free alcohol as needles, mp 121-122 C. Mass 
spectrum of the alcohol (Scheme I,IV) showed 
M + at m/e 444 (C31Hs60,  21%) with the other 
principal ions at m/e 429 (M - CH3, 6%), 426 
(M - H20, 8%), 411 (M - [CH 3 + H20]  , 5%), 
317 (M - side chain), and 299 (M - [side chain + 
H20]  , 60%), and base peak at m/e 95. The 
presence of the relatively strong ion at m/e 317 
(M - side chain) accompanied with the stronger 
ion involving loss of water, as is the case with 
the alcohol IlI, reveals that the side chain of the 
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alcohol (Scheme I,IV) is fully saturated. The IV 
acetate showed the signals related to the skele- 
tal methyls at 0.87 (strong), 0.97, and 2.06 
(3J3-OCOCH3) ppm, and the free alcohol IV 
indicated those at 0.79, 0.87, 0.97, and 0.99 
ppm, respectively. The chemical shifts of these 
signals are almost identical with those observed 
for the tri terpene II. On the other hand, a 
doublet  related to the 26,27-geminal dimethyl 
protons was observed at 0.88 ppm, while the 
broad singlets appeared at 2.16, 2.18, and 4.76 
ppm in the spectrum of  the tri terpene II were 
disappeared in the spectra of the IV for both 
the acetate and free alcohol. These facts sup- 
pose that during hydrogenation the side chain 
of the II was fully saturated and produced the 
IV (Scheme I). 

Gas chromatographic evidence affords fur- 
ther support to the structure IV for the hydro-  
genated product of the new tri terpene II. The 
free alcohol IV indicated a major peak, one of 
the C-20 epimers, at RRT 1.19 with a shoulder 
peak in the front side in GLC as was observed 
also in the case of dammaranol (Scheme I,III) 
(major peak RRT 0.91) mentioned above. 
From these retention data, the separation fac- 
tor IV/III  was calculated as 1.31 the value 
was found identical with the corresponding 
separation factor of 24-methyl/24-unsubsti tu- 
ted determined on 5a-lanostane series com- 
pounds under the same GLC condit ion (17). 
Thus, the triterpene (Scheme I,IV) is regarded as 
a 24-methyl homologue of dammaranol (Scheme 
I,III), i.e., 24-methyldammaranol.  

Dammaradienot from Dammar Resin 

An authentic specimen of dammaradienol 
used for the identification of the tr i terpene I 
was isolated from dammar resin as follows. 
Dewaxed dammar (70 g) was prepared from 
coarsely ground resin in a similar manner as de- 
scribed by Mills and Werner (7). It was sus- 
pended in hexane:benzene (4:1, 500 nil), 
poured onto the column of alumina (650 g), 
and eluted with the same solvent system. The 
first fraction (22.8 g) eluted with 7 liters of the 
eluent was left aside. The second fraction (8.4 
g) eluted with 6 liters of the eluent was found 
to consist of nearly equal proport ions of dam- 
maradienol (RRT 1.11) and an unidentified 
keto alcohol (RRT 2.11). A port ion (2.2 g) of 
the second fraction was subjected to prepara- 
tive TLC (0.5 mm thick silica gel plates; eluent, 
hexane:ether  4:1). The zone closer to the sol- 
vent front gave dammaradienol (0.5 g), mp 
136-138 C (fine needles), after recrystallization 
(lit [7] ,  mp 136-138 c). This on acetylat ion 
afforded the acetate (~'99% pure by GLC), mp 

150-152 C (plates) (lit [7] ,  mp 151-153 C). In 
the literature (7), Mills and Werner reported 
that free dammaradienol showed IR absorp- 
tions at 3620, 3070, 1640, and 895 cm-1 in 
CS 2. The IR spectrum of dammaradienyl ace- 
tate isolated in this study showed the presence 
of terminal methylene group (3070, 1641, and 
898 cm "1) and tr isubsti tuted double bond (828 
and 818 cm-l) .  Mass spectrum of free dam- 
maradienol gave M + at m/e 426 (C30H500,  
30%), with the other principal ions at m/e 411 
(M - CH3, 3%), 408 (M - H20,  2%), 393 (M - 
[CHa + H 2 0 ] ,  4%), 315 (M - [side chain + 
2HI,  17%), and 297 (M - [side chain + 2H + 
H20]  , 11%), and base peak at m/e 109. 

In the NMR spectrum, dammaradienyl  ace- 
tate indicated methyl signals at 0.87 (strong), 
0.98, 1.63, 1.70, and 2.05 (3j3-OCOCH 3) ppm. 
Taking advantage of the observations by Lehn 
(18) on dammarane series tri terpenes, the 
strong overlapping singlets at 0.87 ppm are 
at t r ibuted to 103-, 14a,  4a-, and 43-methyl 
protons,  and the singlet at 0.98 ppm to 8/3- 
methyl protons. A pair of the two signals at 
1.63 and 1.70 ppm is related to the 26,27- 
dimethyl protons deshielded by A24-bond (14), 
and the broad singlet observed at 4.76 (ca. 2H) 
ppm is assignable to C-20 terminal methylene 
protons. Further,  the signals appearing at 4.51 
(1H, m) and 5.14 (1H, t, J 4.2 Hz) are attri- 
butable to 3a-H and 24-H, respectively. Free 
dammaradienol gave the signals of the angular 
methyls, 26,27-dimethyl,  C-20 terminal methyl- 
ene, and 24-H, with scarcely any changes in 
their chemical shifts from those observed for 
the acetate mentioned above:83-methyl (0.99 
ppm), 1013-, and ]4a-methyls  (0.88 ppm), 
26,27-dimethyl (1.63 and 1.70 ppm),  C-20 
terminal methylene (4.74 ppm), and 24-H (5.16 
ppm). The 4a- and 4/3-methyl signals were, in 
this case, observed as two separate singlets, one 
of which was at 0.78 ppm and the other was 
overlapped with the signal at 0.99 ppm. Taking 
into consideration the observation of AS-lanos- 
tane series compounds by Barton, et al. ( t9) ,  
the signals at 0.78 and 0.99 ppm were attri- 
buted to 4~-methyl and 4o~-methyl protons, 
respectively. Moreover, a broad singlet observed 
at 2.05 (ca. 2H) ppm in the spectrum is presum- 
ably related to the C-22 methylenic protons 
which are located at a-posit ion relative to the 
olefinic carbon (16). In the spectrum of the 
acetate mentioned above, the presence of this 
signal remained indistinct because of the over- 
lapping 3~-acetoxyl signal just at 2.05 ppm. 

Consequently, the triterpene I isolated from 
shea butter  is reasonably identified as dam- 
maradienol, and the new tri terpene II isolated 
along with the tri terpene I from shea butter  
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must be a 24-methylene homologue of the I, 
i.e., 24-methylenedammarenol. Table I sum- 
marizes the NMR signals of the dammarane 
series triterpenes measured in this study. 
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Fatty Acid Synthesis from 2-14C-Acetate in Rat Testis 
Mitochondrial and Cytosol Fractions In Vitro 
E.W. HAEFFNER 1 and O.S. PRIVETT,  The Horrnel Institute, 
University of Minnesota, 801 16th Avenue N.E., Austin, Minnesota 55912 

ABSTRACT 

An in vitro system for acetate incor- 
poration into fatty acids by the mito- 
chondrial and the cytosol fractions of rat 
testis is described. The rate of incorpora- 
tion of acetate into fatty acids was twice 
as fast with the mitochondrial as with the 
c y t o s o l  fraction; both systems were 
stimulated in the presence of adenosine 
t r i p h o s p h a t e ,  r e d u c e d  nicotinamide 
a d e n i n e  dinucleotide phosphate, co- 
enzyme A, and MgC12. The opt imum pH 
was between 7.0-7.5 for the mitochon- 
drial fraction and between 6.5-8.0 for the 
cytosol fraction. Radio gas chromatog- 
raphy showed that palmitic acid was the 
most highly labeled acid, followed by 
stearic acid, in the mitochondrial fraction 
in accord with the pathway of de novo 
fatty acid synthesis. Some of the labeled 
acetate was also incorporated into the 
16:1 and 18:1 fatty acids of this fraction. 
Distribution of radioactivity among the 
mitochondrial lipid classes was highest in 
the phospholipids and monoglycerides, 
followed by diglycerides and cholesterol; 
little radioactivity was present in the tri- 
glyceride fraction. These observations are 
in accord with studies of the incorpora- 
tion of labeled metabolites into testicular 
lipids following intratesticular injection 
and indicate the validity of the in vitro 
system for studies of specific reactions 
occurring in vivo. 

INTRODUCTION 

The enzymatic pathways for the de novo 
synthesis of fatty acids have been elaborated in 
extensive studies with subcellutar liver prepara- 
tions (1-3). These and other investigations (4-8) 
indicated the existence of 2 regions that are 
responsible for the de novo synthesis of fatty 
acids within the cell, a mitochondrial one and 
an extramitochondrial one. During the past 
several years, in vivo studies have been per- 
formed on the metabolism of polyunsaturated 
fatty acids (9,10) and on the incorporation of 

1present address: Institut fur Zellforschung, 
Deutsches Kresforschungszentrum, D-69 Heidelberg, 
Germany. 

linoleic acid into lipid classes of rat testes (11). 
The importance of these and other results with 
respect to maturation of the spermatids has 
been discussed (12,13). Evans, et al. (14) re- 
ported the incorporation of radioactive acetate 
into testicular lipids in vitro using whole tissue. 
However, this system gave a distribution of 
radioactivity among the lipid classes that dif- 
fered considerably from that obtained in vivo 
upon the intratesticular injection of acetate. 
The present study was undertaken to develop 
an in vitro system for acetate incorporation 
into fatty acids using the mitochondrial and the 
cytosol fractions of rat testes. 

MATERIALS AND METHODS 

A d e n o s i n e  triphosphate (ATP), reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH), Coenzyme A (CoA) glycose-6-phos- 
phate, 6 phosphogluconic acid, cytochrome c, 
and ~-glycerophosphate were purchased from 
Sigma Chemicals Co. (St. Louis, MO). 

Adult male rats of the Sprague-Dawley strain 
weighing 300-400 g were killed and the testes 
immediately removed and freed of the tunica 
albuginea. The soft testis tissue was gently 
homogenized with a total of 10 volumes of 
0.25 M sucrose containing 20 mM Tris-HC1, pH 
7.4 ,  using a Potter-Elvehjem homogenizer. 
After separation of the red ceils and debris by 
centrifugation at 600 x g, the mitochondrial 
and particle free supernatant fractions were pre- 
pared by differential centrifugation (15) with 
minor modifications as previously described 
(16). 

The presparations were checked for contam- 
ination with other subcellular material using a 
number of marker enzymes (17,18); succinate 
cytochrome c reductase for mitochondria, acid 
phosphatase  for lysosomes, glucose-6-phos- 
phatase for microsomes, and 6-phosphogluco- 
nate dehydrogenase for the cytosol, and also by 
electron microscopy. Protein was determined 
according to Lowry, et al., (19). 

The incubation mixture for acetate incorpor- 
ation into fatty acids contained 1 mM sodium 
2-14C-acetate (specific acitivity 1 /.tC/1 /2mole), 
10 mM MgC12 5 mM MnC12, 20 mM KHCO3, 
1-4 mM ATP, 0.2-0.8 mM NADPH 0.5-2.0 mM 
CoA, 30 mM glutathione, 40 mM phosphate 
buffer, pH 7.4, and from 0.5 to 2.0 mg of mito- 
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FIG. 1. In vitro incorporation of 2-14C-acetate 
(0.5 pC/0.5 ~moles) into fatty acids at 30 C as a func- 
tion of protein and acetate concentration, pH and in- 
cubation time; ( - - )  mitochondrial fraction,(---) 
particle free supernatant fraction. Each pair of curves 
was selected from individual animals as typical of a 
series of experiments. 

chondrial or supernatant (cytosol) protein in a 
total  volume of 1.0 ml. The incubation was 
carried out in a Dubnoff metabolic shaker for 
45 min at 30 C. 

Total lipid was obtained by extraction of the 
samples with methylene chloride as described 
by Ziboh and ttsia (20). The fatty acids were 
obtained by saponifying the samples for 3 hr at 
100 C with 2.0 ml of 5 N NaOH. Upon acidifi- 
cation with 1.25 ml of 10 N H2SO4, the fatty 
acids were extracted 3 times with 5.0 ml of 
petroleum ether. The extracts were washed 
twice with water, dried over NazSO4 and re- 
covered by evaporation of the solvent. Radioac- 
tivity measurements were made with a Packard 
Tri-carb Model 3002 spectrometer on solutions 
of the samples dissolved in a toluene scintillator 
(PPO and POPOP, Packard Instrument Co., 
Downers Grove, IL). 

Thin layer chromatography (TLC)analysis  
of the neutral and polar lipids was carried out 
on Silica Gel H plates using the solvent systems 
petroleum ether:ether:acetic acid (85:15:2) 
and  ch lo ro fo rm:methano l : ammonia  (28%): 
water (70:36:5:4).  The lipids were visualized 
by iodine vapor and by charring with 50% 
H2 SO4. 

pmo[es N~DPH 

0.6 

0.4 

02 , 

1 2 5 10 20 

pmotes CeA umoIes MgC[ 2 

FIG. 2. In vitro incorporation of 2-14C-acetate (1 
#C/4 pmoles) into fatty acids using various concentra- 
tions of adenosine triphosphate (ATP), reduced nico- 
tinamide adenine dinucleotide phosphate (NADPH), 
CoA, and MgC12, ( - - )  mitochondrial fraction,(- - -) 
particle free supernatant fraction, 2 mg protein each. 
The samples were incubated for 45 rain at 30 c in the 
presence of the various cofactors. Each pair of curves 
was selected from individual animals as typical of a 
series of experiments. 

Isolation of the lipid classes was performed 
using silicic acid column chromatography (21). 
Fatty acid methyl esters were analyzed on a 

" Varian Aerograph gas chromatograph equipped 
with a hydrogen flame detector and an 8 ft x 
1/8 in. column packed with 10% EGSS-X 
(Applied Science Laboratories, State College, 
PA) on Chromosorb W at 200 C. Nitrogen was 
used as carrier gas. Radio gas chromatography 
of the fatty acid methyl esters was conducted 
on an F & M Model 500 apparatus (F & M 
Scientific Corp., Hillside, IL) equipped with a 
thermal conductivity detector (150 mA), and a 
6 ft x 1/4 in. column packed with Gas Chrom P 
containing 16% EGSS-X at 200 C. The tempera- 
ture of the block heater was 250 C, and helium 
was used as carrier gas (70 ml/min). The radio- 
activity of collected samples was counted with 
a Packard Tricarb Model 3002 spectrometer 
using the toluene scintillation solution of POP 
and POPO. 

RESULTS AND DISCUSSION 

The mitochondrial enzyme system of testis 
was more than twice as active as that of the 

LIPIDS, VOL. 10 NO. 12 



816 

T A B L E I  

E,W. HAEFFNER AND O.S. PRIVETT 

Distribution of 14C Radioactivity 
Between the Lipid Fractions 

Obtained from in Vitro Experiments  

Compounds Counts /min b 

Triglyeerides 28.3 -+ 15.4 
Cholesterol 85.0 • 38.1 
Diglyceride~ 79,7 *~ 48.5 
Monoglycerides 193.3 ~: 129 
Phospholipids 506.3 • 100 

aUsing rat testis mitochondria (6.25 mg) and 16 
gmoles 14C-acetate (I ~zC[4 #moles), including the 
various cofactors after a 45 rain incubation time at 30 
C. 

bMean • standard deviations obtained from 2 
column chromatographic separations of 2 individual 
experiments. 

TABLE II 

Distribution of 14C Radioact ivi ty 
Among Fa t ty  Acids Obtained from in Vitro 
Experiments  Using Rat Testis Mitochondria 

Fat ty  acid Counts / lO mina 

16:0 3 7 3 -  + 137 
16:1 130 -+ 68 
18:0 162 -+ 87 
18:1 155-+ 69 

aMean _+ standard deviations obtained from 2 radio 
gas cbromatograms of 2 individual experiments. 

cytosol for the incorporation of acetate into 
fatty acids. Acetate incorporation was not 
stimulated in mitochondrial free supernatant 
fractions by the addition of up to i mM of 
citrate to the incubation mixture. Figure t 
shows typical results of the effect of cofactors, 
protein and substrate concentration, incubation 
time, and pH on the rate of incorporation of 
acetate into testicular fatty acid. These results 
show that the reaction was linear for at least 40 
min at a concentration of protein of 2 mg and 1 
/~mole of acetate in the incubation mixture. 
The optimum pH was 7.0-7.5 for the mitochon- 
drial fraction, and the cytosol system was less 
sensitive to pH changes between 6.5-8.0. Both 
the mitochondrial and, to a lesser extent, the 
cytosol system were stimulated by the addition 
of ATP, NADPH, CoA and MgCI2, and illus- 
trated in Figure 2. 

Studies with liver preparations (2,22) show 
that acetyl-CoA, the building blocks for the de 
novo biosynthesis of fatty acids, is carboxyt- 
ated to malonyl-CoA which, in the presence of 
NADPH, gives rise to palmitic and stearic acids. 
The chief source of acetyl-CoA is within the 
mitochondria, whereas the chief site of fatty 
acid synthesis is the particle free cytoplasm 

with liver (23). The synthesis of fatty acids in 
the mitochondrial fraction of testes might be 
explained by high activity of acid phosphatase 
in the cytosol which could interfere in reactions 
involving activation by ATP. Because acetyl- 
CoA itself cannot readily penetrate the mito- 
chondrial membrane (24), acetyl-carriers such 
as carnitine or the citrate synthetase system 
may not be present in testis mitochondfia in 
sufficient amounts to exert an effective carrier 
function for transporting acetate into the cyto- 
plasm. It is also possible that the cytosol con- 
tains only a small amount of acetyl-CoA 
synthetase in view of the relatively low stimula- 
tion of this system in the presence of ATP and 
CoA. The substitution of 14C-acetyl CoA for 
14C_acetat e could be used to check this possi- 
bility, but was not studied in the present work. 
The bimodal intracellular localization of this 
enzyme, both in mitochondria and in the 
cytosol fractions, has been established by Aas 
and Bremer (25). 

The distribution of radioactivity between 
the various lipid classes for the mitochondrial 
lipids is presented in Table I. Comparable data 
could not be obtained for the cytosol fraction 
because the total radioactivity was too low to 
be fractionated. Very little of the triglyceride 
was labeled; cholesterol and diglycerides were 
labeled to a greater extent with high activity in 
the monoglyceride fraction. The formation of 
monoglycerides by the mitochondrial enzyme 
system of rat liver has been described by several 
authors (26-28). A large portion of radioac- 
tivity was also observed in the phospholipid 
f r ac t ion ,  i.e., choline-, ethanolamine-, and 
inositol phosphatides. These results differ from 
those of Evans, et al., (14) who found that the 
radioact iv i ty  was distributed fairly evenly 
among the triglycerides, phospholipids, and free 
fatty acids, which contrasts sharply from their 
in vivo experiments upon the intratesticular 
injection of acetate. In previous work from this 
laboratory (11), it was shown that 1-14C lino- 
leic acid injected intratesticularly was rapidly 
and preferentially incorporated into phospha- 
tidylcholine; over 44% of the radioactivity was 
present in this lipid, compared to 5.7% in the 
triglycerides, 1 hr after administration of the 
acid. Moreover, upon the intratesticular injec- 
tion of radioactive trilinolein (glyceryl 1-14C 
trilinoleate) (29), the incorporation of radioac- 
tivity increased to a greater extent in the phos- 
phatidylchollne than in any other lipid class as 
it decreased from the triglyceride fraction. 
Hence, it appears that the present in vitro 
system approximates that which occurs in vivo 
starting with the de novo syntheses of fatty 
acids. 
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Table II shows the distribution of radioac- 
tivity among fatty acids of the mitochondrial 
fractions obtained after lipid hydrolysis and 
radio gas chromatography of the fatty acid 
methyl esters. Palmitic acid was labeled to the 
greatest extent followed by stearic acid as 
expected by de novo synthesis. Myristic acid 
also should be labeled by this pathway, but no 
radioactivity was detected in this fraction. 
However, it could have been missed because of 
the low concentration of this fatty acid in 
testicular lipid and the generally low radioac- 
tivity of the other fatty acids. 

The radioactivity in the 16:1 and 18:1 fatty 
acids might arise from chain elongation inas- 
much as these systems have been reported in 
liver (5), brain (30), and heart sarcosomes (31). 
However, in view of the small amount of endo- 
genous precursors, especially 14:1 in testicular 
tissue, it is probable that they arise from a 
small amount of desaturase activity inasmuch as 
it is very difficult to prepare mitochondria com- 
pletely free of microsomal material. Whether or 
not a chain elongation pathway is involved in 
the synthesis of these fatty acids in testis may 
be determined from their positional isomer 
composition, which will have to await upon 
further studies. Regardless, it appears that the 
in vitro system described herein should be 
useful for the investigation of specific reactions 
in pathways of lipid synthesis in vivo. 
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Fat Metabolism in Higher Plants:l Metabolism of Medium 
Chain Fatty Acids 
ANN SODJA and P.K, STUMPF, Department of Biochemistry and Biophysics, University of California, 
Davis, California 95616 

ABSTRACT 

Cell  free preparations of avocado 
mesocarp and spinach leaf tissue rapidly 
convert lauryl CoA to DL-3-hydroxyl 
laurie acid as well as 2-, and 3-dodecanoic 
acids. The conversion does not occur 
under anaerobic conditions unless a suit- 
able redox carrier such as ferredoxin is 
present. H21 sO is incorporated into the 
3-hydroxyl function, but O2 ~s is not. 
The characteristics of this system are 
presented and a possible function of this 
system is proposed. 

I NTRODUCTION 

It was previously reported that a high speed 
(105,000 x g 60 min) supernatant from avoca- 
do mesocarp catalyzed the conversion of 
medium chain length saturated fatty acids to 
their corresponding beta hydroxy derivatives 
(1). Hawke and Stumpf (2), using barley tissue 
slices, observed that radioactive 13-OH deriva- 
tives of these acids were incorporated into long 
chain saturated and unsaturated fatty acids. 
They concluded, however, that these derivatives 
wefe probably first converted to saturated acids 
and then desaturated aerobically, because 02 
was a requirement for the formation of unsatu- 
rated fatty acids with either the 3-OH derivative 
or the corresponding saturated fatty acid. 
Although there is evidence that c~-linolenic acid 
is a product of sequential desaturation of 
stearic acid (3,4), it was recently observed that 
in disrupted chloroplasts, 18:3 was synthesized 
by elongation of endogenous 16:3 when 14C- 
acetate was added to the incubation (5). In 
addition, synthesis of 18:3 was not affected 
by addition of CN- ,  whereas formation of 
18:1 and 18:2 was markedly inhibited in the 
presence of CN- .  No fatty acid synthesis took 
place in presence of avidin when 14C-acetate 
served as the substrate, except for 18:3 forma- 
tion. Kannangara, et al., (6) showed that 
medium chain length saturated fatty acids 
served as precursors to a-linolenic acid in in 
vivo experiments. It was postulated that the 3 
double bonds of 18:3 were introduced at the 
C-12 hydrocarbon chain level and the product, 
a dodecatrienoic fatty acid, was then elongated 

1Number LXIX of a series. 

to 18 carbons. Hence, an in vitro demonstration 
of desaturation at the C-12 level is of prime 
importance. The present paper describes an 
enzyme system that can account for the intro- 
duction of a single double bond at the C-12 
level. Whether this is the first of the 3 double 
bonds introduced at the C-12 level remains for 
further evaluation. 

EXPERIMENTAL PROCEDURES 

Plant Material 

Avocado (Persea americana) var. Fuerte) and 
spinach were purchased from local markets. 
Avocado mesocarp high speed supernatants 
were prepared according to Harwood, et al., 
(1). Spinach chloroplasts were isolated accord- 
ing to Jacobson, et al., (5). Whole homogenates 
were obtained by grinding young spinach leaves 
in a Waring Blendor. The cytosol fraction was 
obtaiv.ed by centrifuging out the chloroplasts at 
3,600 g for 45 sec. 

Chemicals 

Adenosine triphosphate (ATP), nicotinamide 
adenine dinucleotide (NAD), reduced nicotin- 
amide adenine dinucleotide (NADH), reduced 
nicotinamide adenine dinucleotide phosphate 
(NADPH), cytochrome c, and G-6-P dehydro- 
genase were from Sigma Chemical Co. (St. 
Louis, MO). Methyl fl-hydroxy and methyl 
c~-hydroxy fatty acids were from Anatabs, Inc. 
( N o r t h  H a v e n ,  CT).  [ 1 - 1 4 C l A c e t a t e  
(58 m C i / m m o l e ) ,  [ 1 - 1 4 C ] o c t a n o i c  acid 
( 1 7  m C i / m m o l e ) ,  [ 1 - 1 4 C ] d e c a n o i c  
(14 .3  m C i / m m o l e ) ,  [1-14Clhexadecanoic  
(55/ICi/mmole), and NaBT 4 (130 mCi/mmole) 
were obtained from Amersham-Seafle (Des 
P l a i n e s ,  I L ) .  [ 1 - 1 4 C l T e t r a d e c a n o i c  
(31.2 mCi/mmole) was from Nuclear-Chicago 
(Des Plaines, IL), [1-14C]dodecanoic (31.2 
m C i / m m o l e )  f r o m  Amersham-Searle, and 
[1A4C] dodecanoic (1.62 mCi/mmole) from 
Mallinckrodt (St. Louis, MO) were pooled and 
purified on gas liquid chromatography (GLC) 
y i e l d i n g  a f i na l  specific activity of ca. 
6 /~Ci /pmole .  [ U - 1 4 ] H e x a d e c a n o i c  acid 
(0.05 mCi/0.018 mg) and 3H20 (100 mCi/gm) 
were purchased from New England Nuclear 
(Boston, MA). 1802 (0-17, 0.609 atom %; 
0-18, 93.97 atom %) was from Miles Labora- 
tories (Elkhart, IN) and was a generous gift 
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from E.E. Conn, University of California, Davis. 
H= 180 (0-17, 0.17 atom %; 0-18, 20.6 atom %) 
was o b t a i n e d  from Bio-Rad Laboratories 
(Richmond, CA). Acyl carrier protein (ACP) 
(Escherichia coli) was kindly provided by J.G. 
Jaworski of this laboratory (7). Purified spinach 
f e r r e d o x i n  was a generous gift from R. 
Buchanan of the University of California, 
Berkeley. All other chemicals were reagent 
grade and obtained from commercial sources. 

t 5% HI-EFF 2BP on Gas Chrom Q and 10% 
EGSS-X on Gas Chrom P were from Applied 
Sciences Laboratory, (State College, PA). 1% 
OV-17 on Supelco AWD MCS and n-butyl- 
boronic acid were purchased from Supelco 
(Bellefonte, PA). 

Assays and Incubations 

The basic assay system for the avocado 
mesocarp system was as described previously 
(1). Where [1-14C]acyl CoA substrates were 
used, aU other cofactors were omitted. An assay 
system employing chloroplast preparations was 
described by Jacobson, et al., (5). With whole 
homogenates or cytosol fractions, the NADH 
and NADPH generating systems were omitted 
unless otherwise specified. Incorporation of 
[1-14C]-acetate and of other [14C]-fatty acids 
i n t o  spinach leaf slices was according to 
Applequist, et al., (8) and Hawke and Stumpf 
(2), respectively. Anaerobic studies were per- 
formed in the Gilson oxygen electrode cell with 
a continuous flushing of the incubation mixture 
with N z. Protein concentrations were deter- 
mined according to Lowry, et al., (9) and 
chlorophyll according to Jacobson, et al., (5). 

Extraction and Identification of Products 

Fatty acid extraction was done according to 
Bligh and Dyer (10). Methyl esters of fatty 
acids were prepared by either the BF 3 meth- 
anol (11) or by the diazomethane procedure 
(12). Methyl esters were analyzed on GLC using 
either 15% HI-EFF-2BP or 10% EGSS-X stain- 
less steel columns, 6 or 10 ft in length with a 
helium/butane gas flow rate of 60 ml/min. Thin 
layer chromatography (TLC) was according to 
Harwood, et al., (1). Separation of fatty acids 
according to their degree of unsaturation was 
done according to the argentation TLC proce- 
dure of Morris (13). Authentic unlabeled fatty 
acid methyl ester standards were used along 
with the radioactive products, both on GLC 
and TLC. 

Unsaturated fatty acids were converted to 
their corresponding saturated fatty acids by 
H2/PtO reduction at 30 tb pressure and room 
temperature for 1-1.5 hr. Reductive ozonolysis 
was done according to Stein and Nicolaidis 

(14). Mass spectrophotometric analysis of 180 
samples was kindly performed by C.C. Sweeley 
of the Department of Biochemistry, Michigan 
State University, East Lansing, MI. Acetyl- 
mandeloxy derivatives of/3-OH acids were done 
according to Hitchcock and Rose (15); their 
D-phenyl propionate derivatives were kindly 
performed and analyzed by S. Hammerstr/Jm of 
the  Depar tment  of Chemistry, Karolinska 
Institutet, Stockholm 60, Sweden. 

Determination of the double bond position 
was as follows: to the ozonized and reductively 
cleaved radioactive sample was added 0.5-1 ml 
of 0.1 M KMnO4 in 0.2 M H2SO4; the test tube 
was tightly capped and shaken for 30 min at 
0 C. Excess permanganate was destroyed by 
addition of small amounts of NaHSOa, and the 
product was extracted 6 times with 1-2 ml of 
diethyl ether. Methylation was with diazometh- 
ane and the product analyzed by GLC on 10 ft 
HI-EFF-2BP column at 140C along with 
authentic dimethyl esters of oxalic, malonic, 
and succinic acids. 
Synthesis 

Decanoyl and lauryl CoA were synthesized 
by a modified procedure of Goldman and 
Vagelos (16). After the final acidification of the 
predominantly aqueous solution, the prepara- 
tion was placed on a semi-solidly packed glass 
wool column (4 x 0.5 cm). The acyl CoA was 
eiuted using a modified procedure of Galliard 
and Stumpf (17). The column was washed with 
several volumes of cold diethyl ether (-10 C); 
the acyl CoA product was then eluted at room 
temperature with 10-15 ml of 2-propanohpyri- 
dine:water ( I :1 :1)  solvent, The solvent was 
removed on a rotary evaporator and the residue 
resuspended in an appropriate volume of 0.1 M 
potassium phosphate buffer, pH 59. Estimation 
of the thioester formed was done spectropho- 
tometrically at 260 mp, chromatographically 
according to the method of Huang (18), and 
chemically by the Barton and Mooney proce- 
dure (19). Palmityl CoA was synthesized by the 
same procedure, except that the aqueous solu- 
tion was directly lyophilized and the residue 
was suspended in phosphate buffer as above. 
Decenoyl CoA was synthesized according to 
Seubert, et al., (20) and Wieland, et al., (21). 
Crotonyl CoA was made according to Stern 
(22). 

Radioactivity of these aeyt CoA esters was 
determined by counting aliquots in Bray's solu- 
tion in the Beckman Scintillation counter. 

RESULTS 

Nature of Product and Characterization of the System 
The radioactive polar product obtained 

when [1-14C]octanoic, [1-14C]decanoic or 
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TABLE I 

Effect of Pyridine Nucleotides on fl-Hydroxylation a 

Additions Conversion of control (%) 

Control 100 
NAD + 5 X 10 -4 M 0 

SX 10-2M 0 
N A D H  5 X 10-4 M 100 

5 X 10-2 M 55.3 
NADP S X 10-4 M 100 

5 X 10-2 M 42 
NADPH 5 X 10-4 M 96.8 

5 X 10-2 M 61.8 
NADPH generating system 27.9 
FAD b 5 X 10-4 M 99.8 

5 X 10-2 M 99.2 

aAssay conditions given in Methods with additions indicated above. The nicotinamide 
adenine d inuc leo t ide  phosphate (NADPH) generating system consis ted  of the following: 
0.1 S units of Torula yeast dehydrogenase (1 unit = amount of enzyme oxidizing 1.0 ~tmole 
of G-6-P to 6-P-gluconate per min at pH 7.4, at 25 C in presence of NADP, 4 jumoles G-6-P 
and 0.5 btmoles of NADP. Substrate used was either 10/zmoles of 1-14C-decanoic or 
1-14C-lauric acid. In the control, 4.8/~moles were formed per mg protein in 60 rain. 

bFAD = flavin adenine dinucleotide. 

TABLE II 

Effect of Reducing Agents a 

Control (decanoyl CoA as substrate) 
Reducing agents b Concentration used (%) 

-GSH 8 mM 100 
+GSH 8 mM 100 
+A~corbic acid 8 mM 100 
+DTT 8 mM t00 
+Cysteine 18 mM 100 
+Mercaptoethanol 8 mM 0 
+Mercaptoethanol 1 mM 0 

aAssay conditions as given in Methods with additions indicated above. Incubation with- 
out any reductant was taken as control. The rate of conversion in it was ca. 
0.045/~moles/min/mg protein. 

bGSH = Glutathione; DTT = dithioltreitol. 

[ 1-14C] dodecano ic  acid was incuba ted  wi th  
1 0 5 , 0 0 0 x  g superna tan t  f rom the avocado 
mesocarp  was ident i f ied  as the cor responding  
fl-OH derivative of  the part icular  f a t ty  acid by 
b o t h  ckromatograph ic  and chemical  me thods  
descr ibed previously (1). Convers ion of  this 
p roduc t  along wi th  the  appropr ia te  nonradio-  
active s tandards  to  the  ace ty lmande loxy  and to 
D-phenyl  p rop iona te  derivatives showed  tha t  D 
and L 3-OH isomers were p roduced  in ca. 1:1 
molar  ratio.  The sys tem was active only wi th  
the  a fo r emen t ioned  fa t ty  acids in t he  presence  
of  ATP, CoA, and Mg ++. The cor respond ing  
CoA thioes ters  were equally active. Add i t ion  of  
ACP to  the  comple te  reac t ion  mix ture  did no t  
result  in addi t ional  s t imulat ion.  

External Refluctants and Inhibitors 

It was of  interest  to  learn wha t  e lec t ron  

d o n o r / a c c e p t o r  might  be involved in this 
enzy me  system. Tables I and II show tha t  none  
of  the pyridine nucleot ides  or ex te rna l  reduc-  
tants  seemed to  be involved in an e lec t ron 
accep t ing /dona t ing  capaci ty.  In fact ,  NAD + and 
mercap t o e t h an o l  were p o t en t  inhibi tors .  These 
results would  seem to  exclude the  en zy me  as a 
m e m b e r  of the  monooxygenases  since most  o f  
these  require e i ther  NADH or NADPH in addi- 
t ion to  molecular  oxygen.  As shown  in Table 
III a number  of  inhibi tors  were tes ted  to fur- 
ther  character ize  the  enzyme  sys tem.  Of the  
meta l -pro te in  inhibi tors ,  on ly  NaN 3 caused 
inh ib i t ion  (42%). Iodoace ta t e  exe r t ed  17% 
inhibi t ion ,  while pCMB was total ly  ineffect ive.  
On the  basis of these results,  it is unlikely tha t  
e i ther  t rans i t ion metals or SH groups are im- 
po r t an t  for the catalyt ic  func t ion  o f  the  en- 
zyme(s)  involved. These observat ions  the re fore  
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T A B L E  I I I  

Effect  o f  Inh ib i to rs  on H y d r o x  y la t ion  a 

Inh ib i t ion  
Inh ib i to r  C once n t r a t i on  used  (%) 

None (con t ro l )  -- 0 
A m i n o p t e r i n  3 X 10 -4 M 0 
2 ,2 ' -b ipyr idy l  1 X 10 -6 M 5.1 
pCMBb 1 X 10 -3 M 0 
l o d o a c e t a t e  1 X 10 -3 M 17.6 
Menadione  5 X 10 -2 M 0 
NaCN i X 10 1 M 0 
NaN 3 15 X 10 -3 M 41 .6  

a[ 1.14C] Fa t t y  acyl CoAs were  used  as subst ra tes .  
In the  con t ro l  w i th  no inhibi tors  a dde d  ca. 0 .028  
# m o l e s  of  p roduc t  were  f o r m e d  in 30 min  f r o m  the  
original 0 .039  ;zmoles of  [ 1-14C] decanoy l  CoA. 

bpCMB = p -ch lo ro -mercu r ibenzo la t e .  

seem to exclude this enzyme system from the 
general class of oxygenases which are respon- 
sible for hydroxylation of both aromatic and 
aliphatic compounds and most often require a 
reduced pyridine nucleotide, ascorbate, or 
pteridine derivatives, or metal ion in addition to 
molecular oxygen. 

That the observed/3-OH fatty acid products 
may be related to crotonase activity was ruled 
out by taking advantage of the observation that 
crotonase is stable to heat treatment of 55 C 
for 20-25 rain, whereas the present enzyme was 
not. Whereas heat treated enzyme preparation 
retained full crotonase activity, it could not 
synthesize the 3-OH fatty acids. In addition, 
pCMB completely inhibited crotonase, but did 
not effect the present hydroxylation activity. 

Role of Oxygen 
To establish whether molecular oxygen is 

821 

the donor of oxygen atom to the 3-OH group, 
an experiment was conducted in I802 .  If 
molecular oxygen was the donor, one would 
expect from a mass spectral analysis of the 
resulting fragments of the product, a high in- 
tensity signal at 103, the mol wt of the frag- 

18OH 
ment ~I~I-CH2-COCH3 . None would be ex- 
pected were the experiment conducted in 
H2180. When using 1802, which contained 
93.97 atom % of 0-18 and 0.609 atom % of 
0-17, the analysis of the product showed <3% 
of 1802 was associated with the OH containing 
fragment. Therefore, a second experiment was 
run in H 218 0 (20.6 atom % of 0-I 8; 0.17 atom 
% of 0-16), the results of which showed 100% 
incorporation of 180 into the OH fragment. 
Hence, the oxygen of the/3-OH acyl function is 
derived from H2180 and not from 1802 . Thus, 
molecular oxygen was not involved as a mono- 
oxygenase in the formation of /3-hydroxy 
group. Consequently, the reaction was run 
under N 2 to determine whether the insertion of 
the hydroxl function would proceed anaerobi- 
cally. As seen from Table IV, there was an 
absolute dependence of the reaction on molecu- 
lar oxygen. When the reaction was carried out 
under N 2 but in presence of electron acceptors 
such as ferredoxin, flavin adenine dinucleotide 
(FAD), or cytochrome c, partial or almost 
complete restoration of activity was observed as 
shown in Table V. 

From these studies it appears that molecular 
oxygen was not directly involved in the hy- 
droxylation reaction. The anaerobic studies 

would seem to implicate oxygen as terminal 
electron acceptor with another electron chain 

T A B L E  IV 

F o r m a t i o n  o f /3 -Hydroxy  Fa t ty  Acid  as a Func t ion  o f  O x y g e n  Tens ion  a 

Gas c o m p o s i t i o n  

Convers ion  of  Cont ro l  (%) 

E x p e r i m e n t  

% 0 2  % N 2 1 2 3 

20.5 (air con t ro l )  0 100 lO0 100 
0 100 0 0 0.9 

100 0 93.6 90 89.2 
80 20 73.2 81.8 98 .3  
55 45 83 100 95 
25 75 100 98.1 100 
12 88 93.3  100 99 
10 90 100 99.4  1 O0 

7 93 100 . . . .  
3-5 92-95 66 97.7 - 
2-3 97-98 67.9 80.1 83.3 

a E x p e r i m e n t a l  cond i t ions  as previous ly  descr ibed.  In  the air con t ro l ,  using 1-14C - 
decanoy l  C oA  as the  subs t ra te ,  the  a p p r o x i m a t e  ra te  o f  convers ion  was  1.20 # m o l e s / r a g  
p r o t e i n / 3 0  min  at 30 C. 
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TABLE V 

Replacement of Molecular Oxygen by Electron Acceptors 
in the Formation of ~-Hydroxy Fatty Acids a 

Gas phase Electron acceptor Conversion to ~-OH (%) 

20.5% 02 (air control) -- 26 
100% N -- 0 
100% N 15/~g Ferredoxin 12.6 
100% N 60 gg Ferredoxin 13.9 
100% N 120 #g Ferredoxin 8.8 
100% N 2 gg FAD b 19.6 
100% N 4 #g FAD 18.2 
100% N 8 ~tg FAD 12.1 
100% N 20 ~tg FAD 9.1 
100% N 40/~g FAD 0 
100% N 4 #g cytochrome c 13 
100% N 20 ~tg cytochrome c 25 
100% N 40/~g cytochrome c 15.4 
100% N 80 gg cytochrome c 19.1 
100% N 120 #g cytochrome c 26.2 

aWhen similar reactions with these electron acceptors were performed aerobically, there 
was no detectable effect on the reaction. In the above experiments, approximate rate of 
conversion in the air control was 0.78 #moles/rag protein in 30 min at 30 C. 

bFAD = flavin adenine dinucleotide. 

1 
I 

180 C 

12:1r 12:11~)12:0 

I 

inieetion 
point 

FIG. 1. Typical pattern obtained when the reaction 
products were analyzed on gas liquid chromatography 
using 10 ft HI-EFF-2BP columns at 120 C. To obtain 
the #-OH peak, the temperature had to be increased to 
180 C. The /3-OH peak is much broader than usual, 
because of its longer retention on the column due to 
lower injection temperatures. 

sys tem involved be tween  the  subst ra te  and 
molecular  oxygen.  

Detection of Additional Radioactive Products 

With the use of  longer GLC columns  and 
lower  co lumn tempera tu res ,  2 addi t ional  radio- 
active peaks were observed as shown in Figure 
1. The 2 peaks c o c h r o m a t o g r a p h e d  wi th  the  
m o n o e n o i c  s tandards .  Reduct ive  ozonolys is  and 
subsequent  KMnO4 ox ida t ion  and m e t h y l a t i o n  
of  the  f ragments  resul ted in radioact ive di- 
me thy l  oxalate  f rom 12:1(2) and  d imethy l  
malona te  f rom 12:1(3), as shown  in Figure 2. 
A u t h e n t i c  unlabeled d imethy l  oxala te  and 
malonate  were used as mass s tandards .  

The synthesis  of  the  2 m o n o e n o i c  acids was 
a f fec ted  similarly to  the  synthesis  of  the /3-OH 
fa t ty  acids by the presence  of  pyr id ine  nucleo-  
t ides and inhibi tors .  An in te r re la t ionship  be- 
tween  the  m o n o e n o i c  and the  h y d r o x y  fa t ty  
acids appeared probable .  Time course studies 
were pe r fo rmed  in order  to  observe possible 
p recursor -produc t  re lat ionship.  However ,  this  
re la t ionship could no t  be es tabl ished as rapid 
equi l ibr ium appeared  to  be achieved b e t w een  
the  m o n o e n o a t e  and the  h y d r o x y  acid at all 
t imes.  A similar observat ion  was made in E. coli 
sys tem where fl-OH decanoyl  ACP was dehy-  
dra ted to cis-3 and to  trans-2-decanoyl ACP, 
and the 3 c o m p o u n d s  were ahvays found  in 
e q u i l i b r i u m  a m o u n t s  (23,24).  In addi t ion ,  
[3-3Hl/3-OH lauryl CoA was syn thes ized  and 
used as the  substrate .  Since t r i t ium was on the  
fl-carbon, the  label could no t  be lost  if /3-OH 
acid was dehyd ra t ed  to the  2- and 3-mono-  
enoates .  When the  reac t ion  was pe r fo rmed ,  
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12:12 sample 

;.0, . 0  -: 

E ~ E~ Ea 

~J 

12:13 sample 

g 

o -  o x  _ ~ a  

"o 

, J  

FIG. 2. Gas liquid chromatographic (GLC) analysis 
of the permanganate oxidized ozonolysis fragments of 
12:1 samples. Ozonolysis, permanganate oxidation, 
and methylation are given in Methods. GLC conditions 
were as follows: 10 ft EGSS-X column, 120 C, flow 
rate of 60 ml/min, attenuation of 1 and radioactive 
scale of 1K. Nonradioactive peaks are authentic di- 
methyl ester standards of oxalate, malonate, and succi- 
nate. 

18:3 

P 0 n 
! li2 I'll 

18:1 

Injection pomt 

FIG. 3. 1-14C-Acetate incorporation into young 
spinach leaf slices was assayed according to the 
method of Applequist, et al., (10). The extracted and 
methylated fatty acids were analyzed on gas liquid 
chromatography using a 10 ft EGSS-X column with 
attenuation 1 and radioactive scale of 1K. The column 
temperature at the time of injection was 130 C; after 
25-30 min, it was raised to 180 C to obtain the 
longer chain fatty acids. 

18:3 18:2 18:1 16:0 12;0 

1 

,Inlectlo~ 
aomt 

FIG. 4. 1-14C-Laurate incorporation into young 
spinach leaf slices was determined by the method of 
Hawke and Stumpf (2). The extracted and methylated 
fatty acids were analyzed on gas liquid chromatog- 
raphy under conditions identical to those in Figure 3. 

bo th  monoeno ic  acids conta ined t r i t ium and 
were p roduced  in amounts  equivalent  to those 
obta ined  when corresponding sa tura ted  fa t ty  
acid was the substrate. 

In summary ,  the enzyme system described 
appears rather  unusual in that  b o t h  fl-OH and 
monoeno ic  acids were produced,  ye t  ne i ther  a 
monooxygenase  nor  crotonase appear  to be 
involved.  Because a rapid equi l ibr ium be tween  
the 3 products  was achieved, it was no t  possible 
to establish whether  the h y d r o x y  acid was 
fo rmed  first and was subsequent ly  dehydra ted  
to 2- and 3-monoenoic  acids, or  whe ther  the 
desaturat ion occurred first, fo l lowed by hydra- 
t ion.  

Spinach System 
It was not  possible to  show in vi t ro  fur ther  

metabol i sm of ei ther the  h y d r o x y  or  mono-  
enoic  fa t ty  acids in the  avocado system. To gain 
some insight as to the func t ion  of  this enzyme  
system, we turned to spinach leaf tissue which 
contains large amounts  of  a- l inolenic  acid. A 
desaturase which would  convert  18:2 to 18:3 
has not  been isolated. Work done in our  labora- 
to ry  (5,6) seemed to indicate  that  18:3 was 
synthesized by a pa thway  different  than the  
one involved in synthesis of  o ther  unsatura ted  
fa t ty  acids. In addit ion,  med ium chain length 
saturated fa t ty  acids appeared to be precursors 
of  18:3 (6). Hence,  we proceeded  to  examine  
whether  the hydroxylase-desaturase system was 
present in spinach. 

Localization of the System for the Formation 
of Medium Chain Monoenes in Spinach Leaf 

Figures 3 and 4 show a typical  pa t te rn  ob- 
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40 

~ ao 

2C 

16:0 

I r~ -OH-der i va t i ve  

�9 2- and 3 enoics 

I 
8:0 i0:0 12:0 14:0 

FATTY ACID SUBSTRATES 

e~ 

FIG. 5. Substrate specificity with respect  to/~-OH 
and 2-, 3-monoenoate  formation.  The a m o u n t  o f  each 
substrate used as in the range of 0.5-0.8 ~tmoles and 
ca. 1.5-2.0 ~C. 

tained when [1J4C]aceta te  and [1J4C] laur -  
ate, respectively, were used as substrates for 
young spinach leaf slices. Table VI shows that 
no /3-OH laurate, 12:1(2), or 12:1(3) was 
formed when either acetate or laurate was the 
substrate, while 18:3 was produced from both 
substrates when the incubation was done at 
15 C. At 30 C no unsaturation took place. 

Because no fl-OH or monoenoic acids were 
formed when tissue slices were used, a disrupted 
spinach system was tested next. Whole homoge- 
hates, cytosolic fractions, and French pressured 
chloroplasts were prepared and challenged with 
[1-14C]-laurate. Table VII summarizes the 
results obtained. 2- and 3-Dodecenoic acids 
were formed only in whole homogenate and 
cytosol. In addition, measurable amounts of 
a-linolenic acid were synthesized only in whole 
homogenates. The 18:3 synthesized here and in 
the leaf slices was not a product of a resynthesis 
of C-2 units resulting from possible degradation 
of the original 1J 4 C-12: 0 substrate, because on 
ozonolysis all of the radioactivity was found in 
the C1_ 9 fragment. Sucrose density gradient 
centrifugation of the cytosol fraction showed 
that the activity responsible for 12:1(2) and 
12:1(3) formation was found at the top of the 
gradient. Hence, the system responsible for the 
synthesis of these monoenes is soluble and not 
particle associated. 

Substrata Specificity 

The system displayed highest activity with 
12:0 as shown in Figure 5. No activity was 
observed with fatty acids longer than C-14 or 
shorter than C-8. It should be pointed out that 
while no /~-OH fatty acid was observed in the 
initial experiments, it was a consistently ob- 
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served product in most of the subsequent 
studies. The condition of the particular batch 
of spinach used may very well have been re- 
sponsible for this variation. A definite differ- 
ence in metabolic activity, as measured by the 
amount of C 14 acetate incorporation into fatty 
acids, was observed with different spinach 
preparations. This activity also varied with the 
seasons of the year. 

All the monoenoic acids here had the single 
double bond at the 2 or 3 positions. Assuming 
that the 3,4-double bond system formed first 
and actually represents the first double bond 
of the final product, linolenate, then only the 
3-dodecanoate would have the double bond in 
the correct position, i.e., on elongation by 3 C 2 
units, the double bond would be in 9,10 posi- 
tion of the C18 fatty acid. When [3-3H]/3-OH 
lauryl CoA was used as the substrate, tri t ium 
label in the /3-carbon was retained in both 
12:1(2) and 12:1(3) fatty acids which again 
were produced in amounts equivalent to those 
obtained when laurie acid was used as a sub- 
strate. It may be a possibility that the first 
double bond is produced by a unique aerobic 
sequence, but the succeeding 2 double bonds 
may be formed by a more conventional aerobic 
mechanism. 

Cofactor and Inhibitor Studies 
The spinach system, like the avocado, was 

CoA specific as seen from Table VIII. Table IX 
shows the effect of NAD +, N2 and CN-  on the 
whole homogenates. NAD + and N 2 completely 
inhibited the synthesis of both /3-OH and do- 
decanoic acids. The inhibition by N 2 was 
appreciably alleviated when 3-5% of oxygen 
was returned to the incubation mixture. Of 
interest was the observation that CN-  inhibits 
the synthesis of all unsaturated fatty acids 
except 18:3. The CN-  effect was previously 
reported by Kannangara, et al., (6) who used 
14C-acetate as the substrate. As seen from 
Table X, there appeared to be no appreciable 
effect on either the 12:1 or 18:3 synthesis by 
any of the pyridine nucleotides used except for 
NADH. In the case of the latter, ca. 4-fold 
increase in 18:3 synthesis occurred as compared 
to the control. There was also an overall de- 
crease in the 12:1(2)and  12:1(3)synthesized. 
NADH has been shown to be a requirement in 
other desaturases. Possibly this indicates that 
NADH may be involved in further desaturations 
of 12:1 to 12:2 and 12:3 which are then 
elongated to 18:3. A number of yet unsuccess- 
ful attempts were made to accumulate 12:2 and 
12:3 in addition to 12:1. 

DISCUSSION 
These studies indicated the presence of a 

system in spinach similar to that described in 
the avocado, in that t3-OH, 2- and 3-monoeno- 
ares were synthesized from the corresponding 
medium chain length saturated fatty acids. The 
experiments using 3H-/3-OH4auryl-S-CoA sug- 
gested that the 3 derivatives of laurie acid were 
formed by a pathway presumably different 
from beta-oxidation. The preferred substrates 
were the CoA esters of C-8, C-10, and C-12 
fatty acids. Laurie acid was the most highly 
active substrate, not only with respect to for- 
mation of its hydroxy derivative and the 2- and 
3-dodecenoates, but also with respect to 18:3 
formation. From the in vivo studies of Hawke 
and Stumpf (2) and of Kannangara, et al., (6) it 
was observed that 13-OH derivatives of even 
carbon chain fatty acids of C-8 to C-14 could 
serve as substrates for longer chain polyenoics, 
and that traces of 12:3 and 14:3 were found in 
spinach tissue slices. Detailed characterization 
of the latter 2 polyenoics was, however, diffi- 
cult because they were not observed consist- 
ently and, when observed, were found in very 
small amounts. 

In attempts to increase the level of C-12 
polyenoic fatty acids, avidin, fluoride, and 
arsenite were used in the incubation, with little 
or no effect. The detection of these interme- 
diates was, of course, greatly desired to confirm 
the postulated scheme for a-linolenic acid 
synthesis, which is: 

12 0 3 desaturations 12 3(3 6 9) +C2 +C2 : ................... : , , . ..... 14:3(S,8,11) ...... 

16:3(7,10,13)+-(2-2-18:3(9,12,1 S) (I) 

Major evidence so far favoring this pathway 
consists of the following observations: (a) in 
vivo incorporation of medium chain length 
fatty acids into longer chain polyenoic fatty 
acids (2); (b) insensitivity of 18:3 synthesis to 
CN- ,  while other desaturations were inhibited 
(6); (c) avidin did not inhibit 18:3 synthesis, 
thus excluding its formation via de novo path- 
way (5); (d) 14:0 could not serve as the pre- 
cursor for 18:3, probably eliminating the pos- 
sible alternate pathway of 12:0-+ 12:1-+ 
14:2-+ 16:3-+ 18:3 (6); and (e) ca. 0.4% of 
14:3 and 12% of 16:3 was found in spinach 

chloroplast tipids (6). The present experiments 
with tissue slices confirm that 12:0 serves as 
precursor to 18:3 synthesis. In a cell free sys- 
tem, points a-d above were observed. It was also 
shown that the present system for the forma- 
tion of the 2-, 3-dodecenoates, and t3-OH fatty 
acids was not CN-  sensitive. This enzyme sys- 
tem was localized in the cytosol. Whereas whole 
homogenates were able to convert lauric acid to 
18:3, the cytosol fraction alone could not. In 
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addi t ion ,  chloroplas ts  alone were no t  capable of 
metabol iz ing  lauric acid. It appeared,  therefore ,  
tha t  b o t h  the  cy toso l  and the  ch loroplas t  frac- 
t ions  were requi red  for the  synthes is  o f  18:3 
f rom the  12:0 precursor .  Hence,  it seems feasi- 
ble to pos tu la te  tha t  12:0 fa t ty  acid is desatu- 
ra ted  to 12:3 in the  cy toso l  and is t hen  trans- 
po r t ed  in to  the  chloroplast  where e longat ion  to  
18:3 takes place. The t ranspor t  may  occur  
t h rough  m embrane  cont inui t ies  which  have 
been  observed be tween  various cy toso l  organ- 
elles and the  chloroplas t  (25). 

The sys tem descr ibed in the  present  work  
would  account  for  the  fo rma t ion  of  the first 
double  bond .  The 3-dodecanoa te  conta ins  the  
double  b o n d  at the  correc t  posi t ion,  i.e., this 
double  b o n d  would  be equivalent  to  the  7,8 
double  b o n d  of  16:3(7 ,10,13)  and 9,10 of  
18:3(9,12,15) .  The results  imply  a separate  
C-12 pool  for  the  synthesis  of  18:3, and the  
nar row subst ra te  specif ic i ty  of  the  enzyme  
sys tems seems per t inen t  to  this impl ica t ion.  
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Viral Stimulation of Choline Phosphotransferase in 
Spleen Microsomes 
D.R. HOFFMAN, D.N. SKURDAL, and W.E. CORNATZER, Guy and Bertha Ireland Research Laboratory, 
Department of Biochemistry, University of North Dakota Medical School, Grand Forks, North Dakota 58202 

ABSTRACT 

Choline phosphotransferase and phos- 
phatidyl ethanolamine methyltransferase 
enzymatic activities (nmoles phosphatidyl  
choline/min/mg protein) have been deter- 
mined in spleen microsomes of Rauscher 
virus infected BALB/c mate mice at 5, 10, 
14, and 21 days following inoculation of 
the virus. There is a significant stimula- 
t ion of the choline phosphotransferase 
activity in the virus infected spleens with 
the peak of activity at about 10 days of 
viral infection. The specific activity of 
choline phosphotransferase is 10 times 
that of the phosphatidyl  ethanolamine 
methyltransferase at 10 days of viral in- 
fection. There is a 51-fold increase over 
controls for the total  microsomal choline 
phosphotransferase at 14 days of viral 
infection and only an 18-fold increase 
ove r  c o n t r o l s  for the phosphatidyl  
ethanolamine methyltransferase activity. 
There is a significant (P<0.001)increase 
over controls in the concentration of 
total  phosphotipid-P, phosphatidyl  cho- 
line-P, and phosphatidyl  choline-P frac- 
tions as separated by argentation chroma- 
tography of microsomes from spleens of 
mice infected with Friend virus or 
Rauscher virus for 14 days. The choline 
p h o s p h o t r a n s f e r a s e  and phosphatidyl  
ethanolamine methyltransferase specific 
activities in liver microsomes of 14  day 
Friend and/or  Rauscher virus are un- 
altered during viral infection. 

INTRODUCTION 

Phosphatidyl choline biosynthesis in micro- 
somes is known to occur by 2 different major 
pathways. The Kennedy (1) pathway involves 
choline phosphotransferase which catalyzes the 
following reaction: cytidine diphosphocholine 
+ afl-diglyceride to form phosphatidyl  cho- 
line + CMP. The Greenberg (2) pathway in- 
volves phosphatidyl  ethanolamine methyltrans- 
ferase which catalyzes the following reaction: 
phosphatidyl  ethanolamine + S-adenosyl meth- 
ionine to form phosphatidyl  choline. Phospha- 
t idyl  choline is the major phospholipid of 
membranes of the cell. Phosphatidyl choline 
represents 48.5% of total  lipid-P of microsomes 

(3), 45% of total  lipid-P of  mitochondria (3), 
and 37.4% of the total  lipid-P of plasma mem- 
brane (4). Increased phospholipid synthesis has 
been observed with a number of viral infections 
(5-8). In this report,  the enzymatic activity of 
choline phosphotransferase and phosphatidyl  
ethanolamine methyltransferase has been deter- 
mined in spleen microsomes of mice during the 
development of tumors by Rauscher virus. The 
concentration or "pool  size" of total  phos- 
pholipid-P, phosphatidyl  choline-P, and phos- 
phatidyl  choline-P fractions, as separated by 
argentat ion chromatography of microsomes 
from spleens of mice infected with Friend virus 
and Rauscher virus for 14 days, has been deter- 
mined. Rauscher virus was discovered in 1958 
as a murine leukemia infecting spleen tissue (9) 
and is a RNA virus (10). 

MATERIALS AND METHODS 

Sprague-Dawley BALB/c male mice were 
divided into two groups and fed Purina labora- 
tory chow ad libitum. Group I served as con- 
trois. The animals of Group II were infected 
with Rauscher virus by intraperitoneal injection 
of 0.2 ml of virus as a 33% cell-free extract of 
spleen obtained from 14-day old infected 
animals. 

The animals were killed by cervical disloca- 
tion at 5, 10, 14, and 21 days following viral 
inoculation. The spleen was removed, rinsed 
with cold water, blot ted,  weighed, pooled,  and 
homogenized with ice cold 0.25 M sucrose in a 
P o t t e r - E l v e h j e m  homogenizer with Teflon 
pestle. The microsomal fraction was isolated by 
differential centrifugation (11). The nuclear 
and mitochondriat  fractions were separated 
from the homogenate by centrifuging for 10 rain 
at 14,500g. The supernatant solution was 
centrifuged at 78,450 g for 45 rain to sediment 
the microsomal pellet. Protein was determined 
by a modified Biuret method (12). 

Choline Phosphotransferase Assay 

The reaction catalyzed by the enzyme CDP- 
choline: 1,2-diglyceride choline phosphotransfer- 
ase (EC 2.7.8.2) was assayed according to 
the method of Kennedy (13). The materials 
used were cytidine diphosphate-1,2 -14C-choline 
(ICN Tracerlab Chemical and Isotope Division, 
Irvine, CA) and Tween-20 (Sigma Chemical Co., 
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St. Louis, MO). Diglycerides were prepared 
from egg lecithin by the method of Gurr, et al., 
(14) and purified by the chromatography 
method of Barron and Hannahan (15). Each 
reaction mixture contained 50/amoles Tris-HC1 
(pH 8.0), 2/~moles 1,2-diglycerides emulsified in 
0.1 ml of 1% Tween-20, 10/lmoles MgC12, 
0.5/amoles CDP-1,2 -14C-choline (specific activ- 
i ty,  4 x 10 s cpm//amole), and 10 mg micro- 
somal protein. The final volume of the reaction 
mixture was 1.3 ml. Reaction time was 6 min. 

Phosphatidyl Ethanolamine Methyltransferase Assay 

The assay of the enzyme phosphatidyl  
ethanolamine S-adenosyl methionine methyl- 
transferase (EC 2.1.1.c) was done by the 
method of Rehbinder and Greenberg ( 1 6 ) a n d  
used  L-distearoyl-a-glycerol phosphoryl-N,N- 
d i m e t h y l e t h a n o l a m i n e  as substrate. The 
mate r ia l s  used were 14C-methyl-S-adenosyl 
m e t h i o n i n e  (New England Nuclear Corp., 
Boston, MA), unlabeled S-adenosyl methionine 
(Calbiochem., Los Angeles, CA), and L-distear- 
o y l~-glycerylphosphoryl-N,N-dimethylet  hanoi- 
amine (Schwarz-Mann, Orangeburg, NY). Each 
reaction mixture contained 1 pmoles L-distear- 
o y 1-a-glycerylphosphoryl-N,N-dimethylethanol- 
amine emulsified in 1 ml of 0.2 M Tris-HC1 
(pH 8 .6 )  c o n t a i n i n g  0.4% deoxycholate,  
0 .2  pmoles S-adenosyl-L-methionine methyl- 
14C (specific activity, 2.3 x 10 5 cpm/pmole),  

and 6 mg of microsomal protein. The final vol- 
ume of the reaction mixture was 1.7 ml. The 
reaction time was 10 rain. 

Total Phospholipid-P, Phosphatidyl Choline-P, and 
Phosphatidyl Choline-P Fractions 

Additional mice were inoculated intraperi- 
toneally with either Rauscher or Friend virus 
and killed after 14 days. The spleens were 
removed and microsomes prepared by differen- 
tial centrifugation (11) and lipids extracted by 
the method of Folch, et al., (17) and lipid 
p h o s p h o r u s  determined (18). Phosphatidyl 
cholines were isolated from the lipid extract by 
t h i n  layer chromatography (TLC) by the 
method of Parker and Peterson (19) and lipid 
phosphorus determined (20). Fractionation of 
the phosphatidyl  choline fractions was carried 
out by TLC on Silica Gel H impregnated with 
silver nitrate by the method of Arvidson (21). 
The phosphatidyl  choline fractions were ex- 
tracted from the gel and the lipid phosphorus 
determined (20). The details of the methods 
were reported previously (18). 

Assay of the Methylation of Phosphatidyl Ethanol- 
amine to Phosphatidyl Choline 

Additional  mice were inoculated intraperi- 

LIPIDS, VOL. 10, NO. 12 



CHOLINE PHOSPHOTRANSFERASE 

TABLE II 

Spleen Wt in BALB/c Male Mice Infected with Friend Virus or Rauscher Virus 

831 

Time ofin~ction Friend virus Rauschervirus 
(days) Number of mice (mg) Number of mice (mg) 

0 388 82 200 85 
3 30 108 
5 97 523 44 243 

10 41 1855 43 648 
14 52 1679 72 1572 
21 30 1777 29 1917 

o 2.00 
x 

c 

~ 1.80 

E 1.60 
c 

~ 1.40 ._c 

-~ 1.20 

~ 1.00: 

_8 o.8c 

I -  

>_ 0.6C 

~ 0.4C 

-~ o.2c ,,q 

Ill 
>-- 
N 
Z 
b.l 

E ~  PHOSPHATIDYL 
E ~ M I N E  
METHY LTRANSFERAflE 

CONTROLS 5 10 14 21 
DAYS AFTER INFECTION 

FIG. 1. Specific activities of choline phosphotrans- 
ferase and of phosphatidyl ethanolamine methyltrans- 
ferase (nmoles/min/mg protein) x 10 of spleen micro- 
somes from control and Rauscher virus infected 
BALB/c male mice at various time intervals following 
inoculation of the virus. The vertical lines intersecting 
the tops of the bars indicate values for standard devia- 
tion of means. The number of animals is indicated in 
each bar. 

toneally with either Rauscher or Friend virus 
and killed after 14 days. The spleens were 
removed and microsomes prepared by differen- 
tial centrifugation. The assay of  the methyla- 
tion of phosphatidyl ethanolamine to phospha- 
tidyl choline was accomplished by a modifica- 
tion of the method of Bremer and Greenberg 
(22). The reaction mixture contained the fol- 

lowing components in a total volume of 1.1 ml: 
Tris-HC1, pH8.6 ,  400#moles ,  S-adenosyl-L- 
methionine-methylA4C (specific activity, 2.3 x 
105 cpm/#mole), 0.3/~mole, 1.2 #mole sodium 
deoxycholate, and 0.5 ml microsomal protein 
(5-10 mg). The assay was found to be linear 
with time from 5 to 60 min and with enzyme 
concentrations from 2 to 20 mg microsomal 
protein. The incubation of the complete re- 
action mixture was stopped after 10 min with 
0.2 ml HC1, and lipids were extracted with 
n-butanol (22). 

RESULTS AND DISCUSSION 

The enzymatic activity of choline phospho- 
t ransfe rase  and phosphatidyl ethanolamine 
methyltransferase was shown to be linear with 
time and concentration of enzyme (23). An 
oncogenic virus, Friend virus stimulates choline 
phosphotransferase during the production of 
the tumor (24). Vance and Burke (25) have 
reported that Semliki Forest virus, a non- 
cancerigenic virus, inhibits choline phospho- 
transferase during infection. Figure 1 gives the 
enzymatic activity of choline phosphotrans- 
ferase and phosphatidyl ethanolamine methyl- 
transferase of microsomes of spleen from con- 
trol and infected mice with Rauscher virus at 5, 
10, 14, and 21 days. 

The increase in the specific activity of the 
choline phosphotransferase over the specific 
ac t iv i ty  of the phosphatidyl ethanolamine 
methyltransferase at 5, 10, 14, and 21 days of 
Rauscher viral infection is 4.3, 10.5, 5.8, and 
2.1 times greater, respectively. The % increase 
over the controls of the specific activity of the 
choline phosphotransferase at 5, 10, 14, and 21 
days of viral infection is 20%, 211%, 191%, and 
130%, respectively. However, the % increase 
over control of the specific activities of the 
phosphatidyl ethanolamine methyltransferase 
at 5, 10, 14, and 21 days of viral infection is 
-38%, -33%, +13%, and +138%. It is apparent 
from the data that there is a greater stimulation 
o f  t he  choline phosphotransferase specific 
activity than the phosphatidyl ethanolamine 
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methyltransferase, with peak of activity at 
about 10 days of viral infection. Table I gives 
the total whole spleen microsmal enzymatic 
activity of the 2 enzymes involved in phospha- 
tidyl choline biosynthesis. It is apparent from 
the data that the viral infection greatly stimu- 
lates the choline phosphotransferase. There is a 
24-fold, 50-fold, and 34-fold increase over con- 
trol for the choline phosphotransferase at 10, 
14, and 21 days of viral infection, respectively. 
However, there is only a 4-fold, 18-fold, and 
37-fold increase over control for the phospha- 
tidyl ethanolamine methyltransferase at the 
same time intervals of viral infection. Table II 
shows the progressive increase in size of spleen, 
from 5 to 14 days after Rauscher virus and/or 
Friend virus infection. The spleen hypertrophy 
or increase in wt after viral infection indicates 
tumor growth. The Friend virus tumor reaches 
a maximum wt after 10 days of viral infection 
and represents a 21-fold increase over controls. 
At 21 days of viral infection, the animals began 
to die from rupture of the spleen and metastasis 
of the tumor (24). The average growth of 
Rauscher virus tumor is somewhat slower, and 
at 21 days of viral infection a 19-fold increase 
over controls in wt occurred. The greatest in- 
crease over control for the total spleen choline 
phosphotransferase enzymatic activity is a 
51-fold increase after 14 days of Rauscher virus 
infection (Table I), and for the spleen hyper- 
trophy, a 16-fold increase over controls .  At 
this time of  viral infection, the total spleen 
phosphatidyl ethanolamine methyltransferase 
enzymatic activity has a 18-fold increase over 
control. The specific activity of the choline 
phosphotransferase is 5.8 times the specific 
act iv i ty  of the phosphatidyl ethanolamine 
methyltransferase after 14 days of viral infec- 
tion (Fig. 1). There is, during tumor growth, a 
significant viral stimulation of choline phospho- 
transferase. Table III gives the concentration or 
"pool size" of total phospholipid-P, phospha- 
tidyl choline-P, and phosphatidyl choline@ 
fractions as separated by argentation chroma- 
tography of microsomes from spleen of mice 
infected with Rauscher virus or Friend virus 
for 14 days. Rauscher and Friend virus stimu- 
lated significantly (P<0.001) an increase over 
control in the total phospholipid-P, phospha- 
tidyl choline-P, and phosphatidyl choline-P 
fractions. This viral stimulation in choline phos- 
photransferase activity is reflected in the in- 
crease in "pool size" of phosphatidyl choline@. 
Table IV gives the liver microsomal activity of 
the 2 enzymes involved in phosphatidyl choline 
biosynthesis following viral infection. It is 
apparent from the data that the viruses do not 
stimulate phosphatidyl choline biosynthesis in 
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TABLE IV 

Choline Phosphotransferase and Phosphatidyl  Ethanolamine Methyltransferase Specific 
Activities in Liver Microsomes of 14-Day Rauscher or 

Friend Virus Infected BALB/c Male Mice 

8 3 3  

Number  of tissues 

Phosphatidyl  
Choline et hanolamine 

phosphotransferase methyl t ransferase 

(nmoles /min]mg protein) x 10 

Normal 6 5.43 -+ 2.01 a 9.69 + 0.53 
Rauscher infected 4 5.40 -+ 1.92 11.44 + 1.57 
Normal 3 5.06 -+ 1.59 9.64 + 0.45 
Friend infected 3 3.10 + 0.33 11.85 +- 2.31 

aNumbers  preceded by +- are s tandard deviations. 

TABLE V 

Assay of  the Methylation of Phosphatidyl  Ethanolamine to Phosphatidyl  Choline (PC) 
in Spleen Microsomes of  Mice Infected with Friend Virus or Rauscher Virus for 14 Days 

Specific activity Total activity 
(nmoles PC/min/mg protein) x 10 (nmoles PC/min) x 10 

Control 0 .174+- .057 a 20.59 + 7.00 
Friend infected 0.201 + .038 41.40 + 10.20 
Rauscher infec ted  0.086 + .023  b 14 .73+  5.13 

aNumbers  preceded by +- are s tandard deviations. 
bThe test of  significance was applied to difference between the mean values for the viral 

infected and the controls.  The probability for chance occurrence of  this difference was 
P < 0.001. 

t h e  fiver.  T h e  v i rus  e f f e c t  o f  s t i m u l a t i n g  p h o s -  
p h a t i d y l  c h o l i n e  b i o s y n t h e s i s  is a p p a r e n t l y  
spec i f i c  to  t h a t  t i s s u e  w h e r e  t u m o r  is b e i n g  
p r o d u c e d .  

T o  f u r t h e r  s u b s t a n t i a t e  t h e  l o w  viral  s t i m u -  
l a t i o n  o f  t h e  p h o s p h a t i d y l  e t h a n o l a m i n e  
m e t h y l t r a n s f e r a s e ,  t h e  a s s a y  o f  t h e  m e t h y l a t i o n  

o f  p h o s p h a t i d y l  e t h a n o l a m i n e  t o  p h o s p h a t i d y l  
c h o l i n e  was  m a d e .  T a b l e  V s h o w s  t h a t  t h e  
spec i f i c  a c t i v i t y  a n d  t o t a l  a c t i v i t y  in  t h e  s p l e e n  

m i c r o s o m e s  o f  m i c e  i n f e c t e d  w i t h  F r i e n d  v i rus  
o r  R a u s c h e r  v i rus  f o r  14 d a y s  are  n o t  s t i m u -  

l a t ed .  T h i s  s t i m u l a t i o n  o f  p h o s p h o l i p i d  s y n t h e -  
sis m a y  o n l y  be  o b s e r v e d  in t h o s e  v i ruses  t h a t  
c a u s e  t u m o r s .  

T h e  e x i s t e n c e  o f  2 p a t h w a y s  o f  p h o s p h a t i d y l  
c h o l i n e  b i o s y n t h e s i s  p r o v i d e s  a s o u r c e  o f  dif-  
f e r e n t  l e c i t h i n  m o l e c u l e s  fo r  t h e  n o r m a l  f u n c -  

t i o n  a n d  i n t e g r i t y  o f  t h e  m e m b r a n e s  o f  t h e  cell.  
F r i e n d  a n d  R a u s c h e r  v i ruses  w h i c h  are  cance r i -  
gen i c  s t i m u l a t e  t h i s  p a t h w a y ;  n o n - c a n c e r i g e n i c  

v i ru se s  s u c h  as S e m l i k i  F o r e s t  v i rus  i n h i b i t s  
c h o l i n e  p h o s p h o t r a n s f e r a s e  (25 ) .  T h e s e  p h o s -  
p h o l i p i d  c h a n g e s  in  t h e  m e m b r a n e  o f  t h e  cell  
t h a t  a re  d u e  t o  t h e  viral  i n f e c t i o n  m a y  h e l p  t o  
a l t e r  t h e  c h a r a c t e r i s t i c s  o f  t h e  cell  m e m b r a n e  
a n d  t h u s  be  a p a r t  o f  t h e  m a l i g n a n t  p r o c e s s  t h a t  

is s e e n  in  t h e  cells  in  t h e  p r o d u c t i o n  o f  viral  
t u m o r s .  
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StearoyI-CoA Desaturase Activity in Mammary Adenocarcinomas 
Carried by C3 H Mice 
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ABSTRACT 

Transplantable mammary adenocar- 
cinomas and livers of C3H mice fed a 
stock diet or a linoleate rich diet (15% 
corn oil) contain similar amounts of 
oleate (ca 3 mg/gm tissue). On feeding 
either a high carbohydrate, fat free or a 
high carbohydrate, saturated fat-contain- 
ing  (15% hydrogenated coconut or 
cottonseed oil) diet for 6 weeks, oleate 
levels increased 2-fold in tumor and 5- 
fold in liver. The specific activity of stear- 
oyl-CoA desaturase in liver microsomes 
was similar to that in the corresponding 
fractions of mammary glands of lactating 
mice. In liver, this activity was enhanced 
2- to 3-fold by feeding a high carbohyd- 
rate, fat free or a high carbohydrate, satu- 
rated fat diet. The desaturase activity in 
mammary tumor microsomes, while only 
10% of that in hepatic microsomes, 
remained unaltered regardless of the type 
of diet fed. These observations suggest 
that (a) a major portion of the oleate in 
the mammary tumor is not produced 
within the tissue, (b) dietary adaptation is 
not a general characteristic of stearoyl- 
CoA desaturase in neoplastic tissues, and 
(c) enhanced desaturase activity in liver is 
directly related to the absence of linole- 
ate or oleate, or to a large decrease in 
oleate in the diet. 

INTRODUCTION 

The total fatty acid composition of a trans- 
plantable mouse mammary adenocarcinoma 
derived from a naturally occurring preneoplas- 
tic hyperplastic alveolar nodule (1)resembles 
that of liver (2). Furthermore, the proportion 
of oleate in the total fatty acids of these tissues 
is greater when taken from mice fed a fat free 
high carbohydrate diet or a saturated fat-con- 
taining high carbohydrate diet than when taken 
from mice fed a stock diet (2). Many investiga- 
tions (3-9) have shown that the activity of the 
enzyme responsible for the production of 
oleate (stearoyl-CoA desaturase) increases in 
the livers of animals fed a fat free diet. In the 
present study, we sought to determine (a) 
whether the mammary tumor enzyme responds 

to dietary manipulations and (b) whether the 
response is related to the type of dietary fat or 
merely to its absence. It was not our intention 
to compare the levels of desaturase activity in 
liver with those in mammary tumors, for all 
such comparisons between normal and neoplas- 
tic tissues are only valid if made between tissue 
counterparts. Liver and adenocarcinoma were 
selected as examples of tissues whose responses 
to long term dietary treatments are different 
whereas their fatty acid compositions are simi- 
lar. A preliminary report has already appeared 
(10). 

MATERIALS AND METHODS 

The mammary adenocarcinomas used arose 
from a hyperplastic alveolar nodule outgrowth 
implanted into a cleared mammary fat pad of a 
3-week old C3H mouse (1). The tumor, once 
developed, was serially transplanted into several 
3-month old isologous females maintained on a 
stock diet (Wayne Lab Blox, Allied Mills, 
Chicago, IL). 

In the present study, after tumor transplan- 
tation, mice were fed either a stock diet, a fat 
free high carbohydrate diet (11), or diets con- 
taining 15% of various types of fats (corn oil, 
hydrogenated coconut oil, or hydrogenated cot- 
tonseed oil). After 6 weeks on the respective 
diets, the mice were sacrificed by cervical frac- 
ture and their livers and tumors carefully 
excised and trimmed clean. Pieces of each tissue 
(100 mg liver and 200 mg tumor) were immedi- 
ately taken for analysis of total fatty acid con- 
tent and determination of individual fatty acid 
composition as given below. The remaining 
tissues were separately homogenized in 0.25 M 
sucrose at 0-2 C and the microsomal fractions 
were isolated by the centrifugal procedures de- 
scribed previously (12). 

S t e a r o y l - C o A  desaturase activities were 
measured with either (Assay I) the potassium 
salt of (1=14C) stearic acid or (Assay II) (1-14C) 
s t e a r o y l - C o A ,  as substrate by established 
methods (8,13). Protein was determined by the 
method of Lowry, et al., (14) with bovine serum 
albumin as standard. 

To determine the fatty acid content and 
composition, tissues were heated at 90 C over- 
night under reflux with 30% KOH in 50% 

835 



8 3 6  G. A N A N D A  RAO AND S. ABRAHAM 

< 
[-.. 

LIPIDS, VOL. 10, NO. 12 

"0 

0 

c~ 

"0 

+1 +1 +1 4-1 +1 +l -I-I +1 +1 +1 

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

~.~. ~!. ~. ~.~!. ~! ~. ~.~. 

g 

.! 
d~ 

+l +I +I +I +I +I +I +I +I +I 

~ ~ ~ ~ . ~  

% 

tt~ 
,q 

~ 'q oq " 

.o o~ 00 ~ 

"o ~ o i ~  

, . 0 9 . 9 . 9 . . 0 .  

+, .=. = .= = 



STEAROYL-CoA DESATURASE 

TABLE II 

Stearoyl-CoA Desaturase Activity of 
Microsomal Fractions from 

Livers and Mammary Tumors a 

Microsomes from: Oleate produced in: 

Liver Tumor Assay I b Assay II c 

(mg) (nmoles) 

0.45 0 4.35 1.'72 
0.90 0 9.42 3.08 
1.35 0 12.71 4.63 
0 0.5 0.49 0.22 
0 1.0 0.91 0.46 
0 1.5 1.30 0.58 

aReactions were carried out at 37 C in a Dubnoff 
metabolic shaker for 5 min with air as gas phase. They 
were stopped by the addition of 2 ml 1 N KOH in 
methanol. Fatty acids were extracted after saponifica- 
tion and acidification and converted to their methyl 
esters (8). The methyl oleate was separated using 
AgNO 3 impregnated silica gel thin layer chromatog- 
raphy and quantitated (13). 

blncubation medium of assay I contained potassi- 
um salt of (1-14C) stearic acid (0.2 mM), reduced 
Coenzyme A (0.2 mM), adenosine triphosphate (5 
mM), reduced glutathione (10 raM), MgC12 (10 mM), 
reduced nicotinamide adenine dinucleotide (2 mM), 
DL-glycerol 3-phosphate (10 raM), potassium phos- 
phate buffer (pH 7.4, 0.1 M), and microsomal protein 
in indicated amounts, all in a total volume of 1 ml. 

CThe medium of Assay II contained (1-14C)stea 
royl-CoA (50 #M), NADH (1 raM); potassium phos- 
phate buffer (pH 7.4, 0.2 M) and microsomal protein 
in indicated amounts in a total volume of 0.5 ml. 
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methanol .  Potassium pentadecanoa te  (200 /~g) 
was added as an internal  standard. Af te r  acidifi- 
cation, the fa t ty  acids were ext rac ted  into e ther  
and conver ted to  their  methyl  esters (15). Sepa- 
rat ion of  methyl  esters was carried out  iso- 
thermal ly  at 180 C by gas l iquid chromatog-  
raphy (GLC) in a Varian aerograph mode l  2740 
which had dual f lame ionizat ion detectors  and 
dual stainless steel columns (6 ft x 1/8 in.), 
each packed with 15% diethylene glycol  suc- 
cinate on H/P Chromosorb  G. The peak areas 
corresponding to the  various fa t ty  acid me thy l  
esters were calculated by t r iangula t ion  and the  
percent  distr ibut ion of  individual fa t ty  acids 
was determined.  Tota l  fa t ty  acid conten t  (mg/g 
wet wt) was calculated f rom tissue wts by using 
the areas corresponding to  the to ta l  fa t ty  acids 
and that  of  the known amount  of  added 
pentadecanoic  acid. 

Stearic and pentadecanoic  acids, pure as 
judged by GLC, were purchased f rom Applied 
Science Labs (State College, PA). (1-14C) 
Stearic acid and (1-14C) s tearoyl-CoA were ob- 
t a i n e d  f rom New England Nuclear  Corp. 
(Boston,  MA). Stearoyl-CoA, reduced nicotina- 
mide adenine dinucleot ide (NADH),  adenosine 

5 ' - t r iphosphate  (ATP), reduced Coenzyme  A 
( C o A S H ) ,  r e d u c e d  g l u t a t h i o n e  (GSH), 
DL-g iyce ro l  3-phosphate  (GP), and bovine 
serum albumin were f rom Sigma Chemical  Co. 
(St. Louis, MO). Fully hydrogena ted  coconut  
and co t ton  seed oils were generous gifts f rom 
Pacific Vegetable Oil Corp. (R ichmond ,  CA). 

RESULTS AND DISCUSSION 

The feeding of  fat free or  saturated fat diets, 
rather than stock or  corn oil diets, for  6 weeks 
to mice resulted in an increase in the propor-  
t ion of  oleate in the to ta l  fa t ty  acids of  livers 
a n d  mammary  adenocarc inomas  (Table I). 
Under  these condit ions,  bo th  tissues contained 
eicosatr ienoic acid which originates f rom oleate 
(16,17).  Therefore ,  in all subsequent  calcula- 
tions, we have added the values for oleate and 
eicosatr ienoate  to arrive at the  to ta l  oleate 
amoun t  in the tissues. Oleate levels in fiver 
increased 4- to 6-fold and in tumor ,  2-fold by 
feeding the  mice the fat free or the saturated 
fat diets (Table I). 

To determine  whether  the  increased levels of  
oleate were accompanied  by and presumably  
due to  parallel increases in the s tearoyl-CoA 
desaturase activities in these tissues, the initial 
expe r imen t s  were carried out  to establish 
o p t i m a l  c o n d i t i o n s  f o r  e n z y m e  assay. 
Product ion  of  oleate f rom (1-14C) stearate or  
(1-14C) s tearoyl-CoA was shown to be direct ly  
p ropor t iona l  to microsomal  prote in  f rom bo th  
fiver and mammary  t umor  (Table II). However ,  
the desaturase act ivi ty  in the microsomal  frac- 
t ion of  liver was about  10-fold higher  than that  
of  the  corresponding fract ion f rom the tumor .  
The low enzymat ic  act ivi ty  in the t u m o r  micro-  
somes was not  due to  the  presence of  endo-  
genous inhibi tors  because, in exper iments  wi th  
microsomes f rom fiver in the  presence of  those 
f rom tumor ,  an addit ive effect  on enzyme  ac- 
t ivi ty was observed. During a 10 rain incuba t ion  
period,  oleate p roduc t ion  f rom each substrate 
increased linearly wi th  t ime,  using microsomal  
fract ions f rom either tissue. 

Several recent  investigations (18-21) have 
shown the superiori ty of  using acyl-CoA genera- 
ting systems over exogenous  acyl-CoA when 
studying acylat ion reactions.  Such is also the  
case with the s tearoyl-CoA desaturase system. 
When a s tearoyl-CoA generating system was 
used rather  than s tearoyl-CoA, the desaturase 
was more active. The lower  act ivi ty  wi th  stea- 
royl -CoA may be due, in part,  to the detergent  
nature  of  the  substrate. 

Stearoyl-CoA desaturase specific activities of  
the microsomal  fract ions of  livers and mam- 
mary adenocarc inomas  of  mice mainta ined 
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TABLE III 

Specific Activity of Stearoyl-CoA Desaturase in the Microsomal 
Fractions of Livers and Mammary Tumors of Mice Fed Different Diets a 

Diet Oleate produced with microsomes from: 

Fat (nmoles/min/mg protein) 
Designationb content (%) Liver Tumor 

Stock 4 1.81 + 0.43 0.18 +-0.07 
Corn oil 15 1.75 +0.46 0.17 +0.04 
Fat free 0 4.58 + - 1.10 0.16 -+0.05 
Hydrogenated 15 4.29 ~+ 0.77 0.17 + 0.04 

coconut oil 
Hydrogenated 15 4.2'7 +- 0.80 0.17 + 0.03 

cottonseed oil 

aMice were innoculated with the tumor and were then fed the indicated diets for 6 
weeks prior to sacrifice. Stearoyl-CoA desaturase activity was determined using Assay I as 
described in Table II with two different protein concentrations (0.5 and 1 mg). The values 
from microsomal preparations obtained from the respective tissues trom 4 different mice in 
each dietary regimen are given as the mean + standard deviation. 

bSee Table I for fatty acid composition of each diet. 

unde r  var ious d ie tary  cond i t i ons  were deter-  
m ined  wi th  (1-14C) s tear ic  acid as subs t ra te ,  
unde r  cond i t ions  where  o lea te  p r o d u c t i o n  was 
l inear  (Table  III). Hepat ic  desa turase  act ivi t ies  
of mice wh ich  were fed t he  s tock  or  the  co rn  
oil diet were similar  and  of  the  same order  of 
magn i tude  as those  observed  previous ly  f rom 
the  m a m m a r y  glands of  lac ta t ing  mice  (12).  
However ,  t h e  enzyme  act ivi t ies  in t he  mam-  
mary  t u m o r s  were small,  ca. 10% of  the  values 
for  the  hepa t i c  desaturase.  Because a 2- to  3- 
fo ld  increase  in e n z y m e  activit ies was observed  
w i th  p repa ra t i ons  f r o m  livers of  mice main-  
t a ined  on  a fat  free or a s a tu ra t ed  fat  diet ,  it 
would  appear  t ha t  this  increase  is associated 
wi th  the  absence  of l ino lea te  or o leate ,  or wi th  
a large decrease in o lea te  in the  diet .  Regardless  
o f  t h e  d i e t a r y  cond i t i ons  e m p l o y e d ,  the  
desaturase  activi t ies in m a m m a r y  t u m o r s  re- 
ma ined  unchanged .  

Recen t  inves t iga t ions  w i th  the  F isher  sar- 
coma  (R-3259)  (7) and  Morris h e p a t o m a s  
( 5 1 2 3 c  and  7777)  (9)  have s h o w n  t h a t  the  
s tearoyl -CoA desaturase  act iv i ty  in t he  micro-  
somal  f rac t ions  of  these  neop lasms  increased  2- 
to  3-fold w h e n  hos t  animals  were m a i n t a i n e d  
on  a fat  free diet  for 3-4 m on t hs .  O n  the  o the r  
hand ,  feeding fat  free diets for  on ly  1 week  did 
no t  al ter  desa turase  act ivi t ies  in  Morr is  hepa to -  
mas 5123c  and  7800  (8).  We have s h o w n  here  
t ha t ,  even t h o u g h  the  fat  free and  the  sa tu ra t ed  
fat  diets were fed to  mice for  6 weeks,  t he  de- 
sa turase  ac t iv i ty  in a m a m m a r y  a d e n o c a r c i n o m a  
was no t  a l tered.  Thus,  t he  capaci ty  of  s tearoyl-  
CoA desaturase  to  a d a p t  to  diet  as seen in liver 
is no t  a general  charac te r i s t i c  of  t h e  e n z y m e  
and  is mani fes t  on ly  in some neop lasms ,  no t  in 
all. 

In  general,  t hose  h e p a t o m a s  wh ich  have low 
desaturase  act ivi t ies  (8 ,9)  also have low f a t t y  
a c i d  syn the t a se  activit ies.  However ,  Morris  
h e p a t o m a  7800  (8) wh ich  has  a desa turase  ac- 
t ivi ty  2-fold greater  t h a n  t h a t  in hver ,  shows  a 
f a t t y  acid s y n t h e t a s e  level s imilar  to  t h a t  in  
liver. I t  has been  suggested (8)  t h a t  low desatu-  
rase act ivi ty  may  be re la ted  to  an  overall  reduc-  
t ion  of  t he  l ipogenic  capac i ty  of  the  tissue. This  
conc lus ion  can also be e x t e n d e d  to  mouse  
m a m m a r y  adenoca rc inomas .  This  neop lasm,  
w i th  i ts low desaturase  ac t iv i ty ,  has  on ly  a 
l imi ted  hpogen ic  capac i ty  (22 ,23)  and  con ta ins  
very low levels of  f a t t y  acid s y n t h e t a s e  (24)  
w h e n  c o m p a r e d  w i th  m a m m a r y  glands of  lac- 
t a t ing  mice. 

While the  o lea te  c o n t e n t  of  the  liver and  the  
m a m m a r y  t u m o r  are s o m e w h a t  similar,  t h e  
spec i f i c  act ivi ty  of  the  desa turase  in hver  is 
10-fold greater  t h a n  it is in  the  neop lasm.  In 
b o t h  tissues, t he  o lea te  c o n t e n t  increases  at  the  
expense  of  l ino lea te ;  i.e., when  the  p o l y u n s a t u -  
r a t ed  fa t ty  acid is r e m o v e d  f rom the  diet .  How- 
ever, the  hepa t i c  desaturase  act iv i ty  is the  on ly  
one  which  responds .  We may  conc lude  t h a t  the  
low desaturase  act iv i ty  and  t he  lack of  adapta-  
t i on  to  diet observed  here  suggest t h a t  a ma jo r  
p o r t i o n  of t h e  oleate  in the  m a m m a r y  t u m o r  
m ay  no t  be syn thes ized  wi th in  the  t issue, bu t  is 
der ived f r o m  the  diet  or f r o m  o t h e r  t issues 
t h r o u g h  the  c i rcula t ion.  
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Intestinal Lipid Absorption" Evidence for an Intrinsic Defect 
of Chylomicron Secretion by Normal Rat Distal Intestine 
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ABSTRACT 

Intracellular triglyceride accumulation 
and delayed chylomicron secretion were 
demonstrated in distal but not in proxi- 
mal rat intestine following prolonged 
steady state fat absorption. After 1 and 4 
hr of intraduodenal  triolein infusion, the 
mucosal triglyceride content in distal 
intestinal segments was greatly increased 
compared with proximal segments. Elec- 
tron microscopy at each time interval 
disclosed greater quantities of lipid drop- 
lets within the distal cells and these were 
much larger than the intracellular drop- 
lets in the proximal cells, some attaining 
an enormous size (9000 m/a). When proxi- 
mal and distal cells were compared at 
intervals after cessation of a 4 hr triolein 
infusion, the differences in intracellular 
l ip id  accumulation were also evident 
because, even after 6 hr the distal cells 
were  still filled with large droplets, 
whereas the proximal cells were almost 
devoid of fat. These results indicate a 
basic cellular difference between prox- 
imal and distal intestine in the processing 
of fat and, in contrast to current con- 
cepts, suggest that defective chylomicron 
secretion is not necessarily associated 
with limited B-apoprotein availability. 

INTRODUCTION 

The intestinal absorption of dietary fats 
begins with the intraluminal lipolysis of long 
chain triglycerides (TG) to fat ty acids and 
2-monoglycerides by pancreatic lipase. These 
l ipolytic products,  dispersed in bile salt mixed 
micelles, are then taken up by the intestinal 
mucosal epithelial cells, reconverted to TG, and 
complexed with free and esterified cholesterol, 
phospholipids, and specific apoproteins within 
the endoplasmic reticulum to form lipoproteins 
(chylomicrons) which are secreted into the 
lymph. 

Despite considerable previous research, the 
precise factors which are essential to the final 
assembly and secretion of chylomicrons remain 
u n k n o w n .  Evidence derived from human 

abetalipoproteinemia and animal experiments 
with protein synthesis inhibitors has inferred an 
obligatory role for the apoproteins in this 
process (1,2). In abetalipoproteinemia,  the 
hereditary defect in B-apoprotein biosynthesis 
results in a marked impairment of chylomicron 
secretion and an accumulation of TG within the 
mucosal epithelial cells (3,4). Impaired chylo- 
micron secretion accompanied by intracellular 
TG accumulation has been produced experi- 
mentally in rats treated with protein synthesis 
inhibitors (5-7). Recently Glickman, et al., have 
shown that,  in the rat, the biosynthesis of one 
of the major chylomicron apoproteins is inhibi- 
t e d  b y  acetoxycycloheximide,  resulting in 
impaired lipid absorption and the secretion of 
abnormal chylomicrons (8,9). 

Gastric emptying normally controls the pat- 
tern and rate of intestinal fat absorption. Be- 
cause absorption is rapid and efficient, only the 
proximal intestine usually participates; how- 
ever, when increasing amounts of emulsified TG 
are infused directly into rat duodenum, the 
entire length of the small intestine may be 
utilized in the absorptive process and a maximal 
rate of absorption is readily demonstarted (10). 
In  a recent study, a triolein infusion of 
1000-1030/aEq fat ty acid (FA) per hr resulted 
in a maximum absorption rate of about 500 
#Eq FA/hr,  which continued for at least 4 hr 
(11). In these experiments,  during prolonged 
steady maximal triolein absorption, the distal 
intestine (segments 6-8 of 10 equally divided 
segments between the pylorus and ileocecal 
valve) accumulated TG progressively, whereas 
the concentration of TG in proximal intestine 
(segments 3-5) remained constant. In the pres- 
ent investigation, ultrastructural and biochemi- 
cal studies were performed on intestinal tissues 
after 1 and 4 hr of maximal rate emulsified 
tr iolein-l-14C infusion. The results of these 
experiments indicate that TG accumulation and 
defective chylomicron release occurs in distal 
intestine during conditions of prolonged steady 
state fat absorption. 

MATERIALS AND METHODS 

A detailed analysis of the utilization of tri- 
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olein-l-14C-labeled lipid emulsions to investi- 
gate intestinal lipid transport under steady state 
conditions following intraduodenal infusion has 
recently been reported by Clark, et al., (11). 

Preparation of Triolein Emulsions 

Triolein oil (K and K Laboratories, Plain- 
field, IL) washed with ethanol until the free 
fatty acid (FFA) content was reduced to <2% 
and the residual ethanol removed under re- 
duced pressure to constant wt, yielding a sapon- 
ifiable fat content of 3016/.tC/100 g oil). 

The oil was labeled with tr iolein-lA4C 
( A m e r s h a m - S e a r l e  Corporation, Arlington 
Heights, IL) by magnetic stirring at room tem- 
perature for 2 hr (200 pC/100 g oil). When iso- 
topically homogenous, replicate 10 pl aliquots 
were weighed and counted and the specific ac- 
tivity of the oil was determined (ca. 1400 dpm 
per/~Eq FA). 

A solut ion containing dextrose, 4.15%; 
pluronic F-68, 0.30% (Wyandotte Chemicals 
Corp., Wyandotte, MI); and vegetable lecithin, 
1.20%, in water was prepared by sonication 
with a Branson sonifer at 45 C for 2 min. Next, 
692 ml of this solution was mixed with 108 ml 
of the 14C-labeled triolein oil and the mixture 
sonicated intermittently at 40-45 C until the 
emulsion which resulted was isotopically homo- 
genous. The triolein-1A 4C emulsion was stored 
at 4 C for several days with occasional brief 
sonication to ensure homogeneity. When in- 
fused at 2.33 ml/hr (1012-1030 /IEq FA/hr), 
maximal absorption rates of about 50% were 
expected (11). 

Animal Methods 

Male Wistar strain rats, 240-280 g. were 
maintained on Purina rat chow until the morn- 
ing of surgery. Duodenal and gastric cannulas 
were implanted under anesthesia and the ani- 
mals allowed to recover for 48 hr in restraint 
cages. For the first 24 hr, the animals were 
allowed 2% dextrose in water ad libitum. The 
dextrose was replaced by water for an addi- 
tional 24 hr and, on the evening of the second 
post operative day, each rat was given 0.3 ml of 
olive oil plus 1.0 ml of 4.15% dextrose solution 
via the gastric cannula. Earlier experiments 
using a radioactive triolein tracer established 
that this amount of oil was 95-100% absorbed 
in 16 hr after gastric administration. The fol- 
lowing morning, emulsified triolein was infused 
intraduodenally at a constant rate of ca. 1 mEq 
FA per hr for a total of 1 or 4 hr. At the end of 
the infusion period, the animals were sacrificed 
immediately by cervical dislocation. The entire 
small intestine from duodenum to terminal 
ileum was washed once in situ with 30 ml ice 

cooled sodium-taurocholate (2 mM) in isotonic 
saline, and washed again immediately after re- 
moval. The combined washes were collected 
and stored at -20 C. The small intestine was 
then divided into 10 equal segments and at least 
8 blocks of tissue obtained from each segment 
for ultrastructural study. 

Tissue Methods 

Samples of intestinal tissue < 1 mm 3 were 
fixed for 2 hr in 2% ohosphate buffered glu- 
taraldehyde, rinsed in buffer and post fixed in 
2% osmium tetroxide for 2 hr. After repeated 
rinsing in several changes of buffer, the blocks 
were dehydrated in a graded series of alcohols 
and embedded in epoxy resins. Ultrathin sec- 
tions cut with diamond knives on a Porter-Blum 
MT-2A microtome, mounted on 100-mesh grids 
stained in 2% uranyl acetate and in lead citrate, 
were examined in a Zeiss EM-10 electron micro- 
scope at 60 kv. 

After sampling the intestine for electron 
microscopy, the segments were transferred 
immediately to homogenizing tubes containing 
2 ml of acid saline (pH <1). All tissues were in 
acid saline within 8 rain of stopping the infu- 
sion. Separate measurements established that 
mucosa wt was a constant fraction of the total 
intestinal wt in all segments. Therefore, all 
segments contained equal amounts of mucosal 
tissue. Next, the tissues were homogenized, ex- 
tracted with toluene:ethanol (2:1) aliquots of 
the toluene phases removed for determination 
of total radioactive lipid, and other aliquots 
separated into lipid classes by thin layer chro- 
matography (TLC). Intestinal washes were 
mixed thoroughly and duplicate 2 ml aliquots 
immediately transferred to centrifuge tubes 
containing 6 ml acidified toluene:ethanol (final 
pH <1) for lipid extraction. The contents of 
stomach, cecum, and colon, if considerable 
fecal material was present, were washed sepa- 
rately and the washes thoroughly mixed as 
above. 

Thin Layer Chromatography 

Lipids extracted into toluene or chloroform 
were separated on Silica Gel G into origin 
(phospholipids), monoglycerides, FAs, 1:2 di- 
glycerides, 1 : 3 diglycerides, and TG using a 
2-stage separation procedure (12). The chroma- 
tographic fract ions were counted without 
further extraction of labeled lipid from the 
silica gel. 

All samples were counted in Bray's solution 
in a Beckman LS-250 liquid scintillation 
system. The data was normalized to unit wet wt 
of whole intestinal tissue, which is approxi- 
mately equivalent to surface area, because the 
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% by wt of mucosa did not  vary with distance 
along the  intest ine and because it has been 
shown that ,  in most regions of  rat intest ine,  
surface area is propor t iona l  to  mucosal  wt (13). 

In o ther  exper iments ,  the intest inal  tissues 
were obta ined  and similarly analyzed 3,6,9,12, 
and 24 hr af ter  cessation of  a 4 hr  tr iolein 
infusion.  

RESULTS 

A f t e r  1 hr of  t r iolein infusion,  proximal  
intestinal  segments conta ined less lipid (44 /aEq 
FA per g wet  wt) than distal segments (68 /aEq 
FA per g wet wt), and by e lec t ron microscopy 
it was evident that  the distal intestinal  villous 
epi the l ium conta ined more,  and generally lar- 
ger, droplets than those  found  in proximal  cells 
(Figs. 1 and 2). In bo th  regions of  intestine,  the 
intracellular l ipid droplets were bounded  by 
smoo th  endoplasmic re t iculum membranes ,  and 
the appearance of chylomicrons  in dilated inter- 
cellular spaces suggested active secret ion.  In 
proximal  segments,  the intracellular  droplets 
measured 110-875 m/a (average 350 m/a) com- 
pared to  a larger size in distal segments,  
105-1860 m/a (average 800 m/a). 

T h e s e  d i f f e r e n c e s  in intracellular lipid 
accumula t ion  and in droplet  size were greatly 
accentuated  fol lowing a 4 hr tr iolein infusion. 
Distal segments now conta ined 204 pEq  F A  per 
g wet wt (segment 7) compared  wi th  55 /aEq 
FA per g wet wt in the proximal  intest ine 
(segment 3). By electron microscopy,  the proxi- 
mal ceils appeared similar at 1 and 4 hr  (com- 
pare Figures 1 and 3). Distal epithelial  cells at 4 
hr were engorged with  lipid droplets,  many of 
enormous  size (compare  Figures 3 and 4). In 
many distal cells (Fig. 4), the droplets  measured 
180-3570 m/a (average 1665 m/a); in some cells, 
droplets measuring almost  9000 m/a with an 
average diameter  of  2700 m/a (Fig. 5) were 
found.  In many of these engorged cells, the  
Golgi could not  be readily ident i f ied because 
they were dis tended with large lipid droplets  
which al tered their  characteris t ic  ul t rastructural  
appearance.  Al though  the ul t ras t ructural  ob- 
servations indicated an impai rment  in lipid 
t ransport ,  the  distal epithelial  cells were still 
capable of  active chy lomic ron  secret ion because 
the adjacent intracellular spaces and lymphat ics  
w e r e  f i l l e d  w i t h  chylomicrons .  It is of  
considerable interest  that  proximal  and distal 
lymphat ic  chylomicrons  (Figs. 6 and 7) were 
relatively similar in size (50-550 m/a), in marked 
contrast  to  the striking differences in the size of  
the respective intracellular lipid droplets.  

Proximal and distal segments were also 
s tudied at intervals be tween  3 and 24 hr af ter  
cessation of  a 4 hr t r iolein infusion. A progres- 

sive decrease in the  quan t i ty  of lipid in proxi- 
mal and distal segments was observed which 
ref lected the gradual secret ion of  intracellular 
TG into  lympha t ic  channels. Three  hr  fol lowing 
cessation of the  infusion, distal cells (Fig. 9) 
still contained many more and much larger lipid 
droplets than cells in the proximal  segments 
(Fig. 8). By 6 hr, the  proximal  segments were 
almost  devoid of  intracellular deoplets  (Fig. 
10), whereas many distal cells still contained 
large droplets,  some measuring 8000 m#  (Fig. 

FIG. 1. Electron micrograph of rat proximal intes- 
tine 1 hr after intraduodenal triolein infusion. The 
epithelial cells are filled with 107-875 mr* membrane- 
bound lipid droplets and the Golgi (arrow) are dis- 
tended with lipid. (x 6572) 

FIG. 2. Distal intestinal segment 1 hr after intra- 
duodenal triolein infusion. In comparison with proxi- 
mal segments (Fig. 1), the intracellular lipid droplets 
are larger in size measuring 106-1860 mp. (x  3360) 

FIG. 3. Proximal intestine 4 hr after intraduodenal 
triolein infusion. The cells still contain many small 
membrane-bound lipid droplets. The appearance is 
similar to that of proximal segments (Fig. 1) at t hr (x 
2800) 

FIG. 4. Distal intestine 4 hr after triolein infusion. 
The distal cells are engorged with lipid droplets many 
of which are very large, measuring as much as 3570 
rntt compared with a maximum of 1640 mr* in the 
proximal intestine (Fig. 3) at 4 hr. (x 2800) 

FIG. 5. Distal intestine 4 hr after triolein infusion. 
This electron micrograph illustrates the extremely 
large size (9000 rap) which some droplets attain, in 
the distal intestinal segments. (x 2660) 

FIG. 6. Proximal intestinal lymphatic 4 hr after 
intraduodenal triolein infusion. The chylomicrons 
measure 50-550 intL. (x 12,000) 

FIG. 7. Distal intestinal lymphatic 4 hr after fat 
infusion. In contrast to the enormous size of the intra- 
cellular lipid droplets (Figs. 4,5), the chylomicrons 
within the lymphatic are of normal size measuring 
50-500 nap. (x 12,000) 

FIG. 8. Proximal intestine 3 hr after cessation of a 
4 hr triolein infusion. The ceils still contain many lipid 
droplets measuring 107-880 mp. (x 3920) 

FIG. 9. Distal intestine 3 hr after cessation of a 4 
hr triotein infusion. In contrast to proximal intestine 
(Fig. 8), the cells are still filled with large quantities of 
retained lipid. Some of the droplets measure 8500 mu. 
(x 3920) 

FIG. 10. Proximal intestine 6 hr after cessation of 
a 4 hr triolein infusion. The proximal ceils have now 
secreted almost all of the lipid which had been previ- 
ously absorbed. The few droplets remaining measure 
71-500 nap. (x 3696) 

FIG. 11. Distal intestine 6 hr after cessation of a 4 
hr triolein infusion. Even at this time many cells are 
filled with lipid droplets which have not yet been 
secreted. (x 3584) 
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11). Nine hr after cessation of the triolein infu- 
sion, mobilization of retained lipid was still 
apparent by electron microscopy of distal cells; 
however, by 12 hr the distal cells were almost 
completely devoid of lipid droplets, although 
chylomicrons were still observed in distal 
lymphatics. 

To exclude the possibility that prolonged 
uptake of luminal fat by distal mucosa might 
have contributed to the delayed clearance and 
also to measure lymph chylomicron output di- 
rectly in proximal and distal intestine, proximal 
and distal intestinal segments were perfused 
directly in different animals prepared with 
abdominal thoracic duct fistulas (14). In these 
studies, differences in intraluminal fat digestion 
were avoided by diversion of bile and pancre- 
atic juice in all animals with infusion of donor 
bile and pancreatic juice directly into the test 
segments. Emulsified triolein-lA4C, 140 /~Eq 
FA per hr submaximal rate, was perfused 
through cannulas placed either in the proximal 
duodenum or into the midportion of the smaU 
intestine. The output of lipid-14C in lymph 
from proximal intestine reached a steady state 
within 2 hr and, after cessation of infusion, the 
t-1/2 of disappearance of lipid A 4C from lymph 
was calculated to be 0.84 hr. A defect in the 
exit of absorbed triolein from distal intestine 
was directly demonstrated because a steady 
state was not achieved until  5 hr and the t - l /2  
of lipid -14C disappearance in lymph in this area 
was prolonged to 1.15 hr (14). The mucosal 
uptake was complete in both segments of in- 
testine at the end of the perfusion; therefore, 
the difference in decay half time was due only 
to differences in output from proximal and 
distal mucosal cells. 

The ultrastructural appearance of segments 3 
and 6 of these animals showed changes similar 
to those found in rats perfused at maximal 
rates. Lipid particles of diameters reaching 
8500 m/~ were present in distal segments, 
whereas the proximal droplets were similar in 
size to those found after maximal intraduo- 
denal perfusion. Distal intestinal segments also 
contained more TG at the end of the 6 hr per- 
fusion (100 vs 31 #Eq FA per g wet wt). There 
was no evidence of defective mucosal function 
in these experiments because proximal and 
distal segments had identical lymphatic chylo- 
micron appearance rates when measured on the 
second day of the study following repeated 
triolein infusion. Additional evidence against 
functional damage was the observation that 
mesenteric lymph flow, a sensitive indicator of 
mucosal damage, was not reduced during distal 
perfusion. 

Chylomicrons harvested from thoracic duct 

lymph after proximal and distal intestinal 
perfusion also differed in composition. During 
steady lymphatic lipidA4C output,  the TG to 
phospholipid molar ratio was 11.4 + 0.4 (SEM) 
in chylomicron from animals receiving proximal 
perfusion, compared with 14.0-+ 0.8 (SEM)in 
animals with distal perfusion (p~0.025). Fur- 
thermore, chylomicron size, determined by 
electron microscopy, showed a significant shift 
towards larger particles in lymph from distal 
intestine compared with those from proximal 
intestine. 

This observation was unexpected because 
chylomicrons in proximal and distal lymphatics 
were similar in size foUowing intraduodenal 
triolein perfusion. There is as yet no adequate 
explanation for the larger chylomicrons in the 
d i s t a l  lymphatics;  however, ultrastructural 
studies currently in progress may serve to clar- 
ify the reasons for the size differences. 

DISCUSSION 

This study thus demonstrates that chylo- 
micron production in distal intestine is limited, 
resulting in massive intracellular TG accumula- 
t ion during both maximal and submaximal fat 
abosorption. The prevailing view of the mech- 
an i sm for defective intestinal chylomicron 
secretion accompanied by mucosal TG accumu- 
lation attributes the defect to changes in B- 
apoprotein availability. Our current experi- 
m e n t s ,  however, demonstrate that similar 
changes occur in normal animals without 
inhibited intestinal protein synthesis. Indeed, 
preliminary studies performed in collaboration 
with P. Roheim, Albert Einstein College of 
Medicine (New York, NY), indicate that 
B-apoprotein concentrations in chylomicrons 
synthesized by distal intestinal mucosa were at 
least as great as chylomicrons formed by proxi- 
mal intestine following direct triolein perfusion. 
One interpretation of these results is that B- 
apoproteins are available in proximal and distal 
segments for chylomicron formation and that 
the regional difference in chylomicron secretion 
is related to other factors. It is possible, of 
course, that the turnover of the B-peptides is 
slower in the distal segments. This possibility 
could be tested by specific isotopic studies to 
determine B-apoprotein synthesis and secretion 
rates in mucosal preparations from different 
segments. However, further support for the 
conclusion that B-apoprotein synthesis may not 
be the sole factor determining chylomicron 
secretion rates comes from studies in essential 
FA deficiency rats (15) and in bile fistula rats 
fed a lecithin free micellar solution of monolein 
and fatty acid (16). In recent studies, Clark, et 
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al., (15) demonstrated that rats made deficient 
in essential FA, when fed a fat free diet supple- 
mented with 4% triolein, had a decreased capa- 
city for chylomicron synthesis or release, al- 
though uptake of FA from the intestinal lumen 
was normal. Because there was no defect in 
intraluminal fat digestion and the mucosal 
lipids were present as TG, it appeared plausible 
to attribute the chylomicron secretory defect 
to alterations in the membrane phospholipid 
composition or on phospholipid availability 
induced by the essential FA deficiency. This 
could result in compositional alterations in the 
chylomicrons or in defective Golgi function, in 
either case leading to imparied chylomicron 
secretion in the absence of direct effects on 
B-apoprotein biosynthesis. In another recent 
study, O'Doherty and coworkers (16) provided 
additional evidence that phospholipid availabil- 
ity is important for chylomicron synthesis and 
release. They demonstrated an impairment of 
fat release from the intestinal mucosa in rats 
deprived of dietary or biliary lecithin or cho- 
line. Because the phospholipid deficit also re- 
suited in an overall depression of mucosal pro- 
t e in  synthesis, an effect on B-apoprotein 
synthesis was not excluded. However, lecithin 
comprises 70-80% of rat chylomicron phospho- 
Iipids, most of which is derived from dietary or 
bfliary sources. Thus, decreased lecithin avail- 
ability might produce compositional alterations 
in chylomicrons and in intracellular mem- 
branes, thereby, influencing chylomicron re- 
lease by mechanisms still to be determined. 
Striking mucosal accumulation of absorbed fat 
have been demonstrated in the je junum of 
cottontop marmosets fed a high fat, high cho- 
lesterol diet (17) and in inositol deficient 
gerbils fed diets rich in TG containing large 
amounts of saturated FA (18). 

In each of these studies, intracellular TG 
accumulation similar to that observed in the 
distal intestine in the present studies was ob- 
served. In all of the models discussed, effects on 
in tes t ina l  B-apoprotein synthesis were not 
specifically excluded; however, the importance 
of phospholipids in membrane function and in 
chylomicron composition suggest that secretory 
defects could be just as easily explained by 
phospholipid deficiency. In this regard, the 
work of Friedman and CardeU is noteworthy 
(19). They confirmed the previous observations 
of Sabesin and Isselbacher (5) regarding the 
inhibition of lipid absorption by puromycin; 
however, they related the secretory defect to a 
puromycin induced deficiency of endoplasmic 
reticulum and Golgi membranes. In Friedman's 
and Cardell's study (19) a lack of endoplasmic 
reticulum and Golgi membranes was correlated 

with impaired chylornicron release and thus 
intracellular lipid accumulatio n. This might be 
explained by a puromycin induced inhibition of 
phospholipid synthesis (20). 

The observations in the present study imply 
a basic cellular difference between proximal 
and distal rat intestine in the processing of fat. 
Differences in mucosal esterification are not 
responsible because accumulated fat in mucosa 
is always TG. Furthermore, no restriction in the 
transfer of chylomicrons into the intercellular 
spaces on lymphatics could be detected by 
electron microscopy. Regional differences in 
Golgi function between upper and lower intes- 
tine could be responsible for the observed dif- 
ferences in chylomicron secretion and the re- 
suiting distal intracellular TG accumulation. 
This may involve regional differences in Golgi 
membrane biosynthesis or altered incorporation 
of phospholipid, cholesterol, or glycoprotein 
into chylomicrons. Our results strongly suggest 
that B-apoprotein availability is not responsible 
for the regional differences, but additional 
studies will have to be performed to substanti- 
ate this concept. It is more intriguing, perhaps, 
to speculate on regional differences in mem- 
brane availability or Golgi function to account 
for the observations, as recent studies have 
emphasized the importance of the Golgi in the 
final processing of chylomicrons, with particu- 
lar emphasis on the role of the Golgi in glyco- 
protein synthesis (21). 

In normal animals, including man, the distal 
intestine does not participate in fat absorption. 
However, after proximal intestinal resection or 
bypass and in biliary obstruction, ileal fat 
absorption does occur in man, and chylomic- 
rons of unusual composition and size may 
result. Because chylomicrons of differing size 
and composition have altered systemic metabo- 
lism, their metabolic fate may also be altered in 
these clinical situations. 
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Conversion of Linoleic Acid Hydroperoxide by Soybean 
Lipoxygenase in the Presence of Guaiacol" Identification 
of the Reaction Products1 
GUNTER STRECKERT 2 and HANS-JURGEN STAN, Institut f(J'r Lebensmittelchemie der 
Technischen Universit~'t Berlin, D-1000 Berlin 12, MGIler-Breslau-Strasse 10, West Germany 

ABSTRACT 

Linoleic acid hydroperoxide formed 
by soybean lipoxygenase was metabolized 
by the same enzyme in the presence of 
guaiacol. The products of this reaction 
included trihydroxyoctadecenoic acids, 
hy d r o p e r o  x y d i h y d r o  xyo  ct a decenoic 
acids, hydroxyepoxyoctadecenoic acids, 
dihydroxyoctadecenoic acids, hydroxy- 
octadecadienoic acids, and oxooctadeca- 
dienoic acids. 

INTRODUCTION 

Lipoxygenase (E.C. 1.13.11.12.) is an en- 
zyme which has been found in many plant 
sources. It is present in high concentrations, 
especially in cereals and legumes (1,2). The en- 
zyme is known to catalyze the oxidation of 
essential unsaturated fatty acids with oxygen 
from air forming hydroperoxides with trans-cis 
conjugated double bonds. In 1966, Zimmerman 
(3) found an isomerase in linseed which con- 
verted linoleic acid hydroperoxide (LOOH) to 
an unsaturated a-ketol. Similar enzymes were 
later detected in barley, wheat, soybeans, corn, 
and mung beans by Zimmerman and Vick (4). 
Gardner (5) investigated this reaction in corn, 
and Grave/and (6-8) reported the formation of 
an abundance of compounds arising after en- 
zymatic LOOH formation during the incuba- 
tion of linoleic acid with flour suspensions from 
wheat, rye, barley, oats, and corn. The enzymes 
participating in the courses of these reactions 
are unknown, but in wheat, Graveland (9) 
found that when lipoxygenase was adsorbed on 
glutenin, the formation of trihydroxy deriva- 
tives was favored. Heimann, et al., (10-12) de- 
scribed a lipoperoxydase in oats, which reduced 
LOOH to the corresponding hydroxyoctadeca- 
dienoic acids. 

As early as 1943, Balls, et al., (13)reported 
that crude preparations of soybean lipoxy- 
genase destroyed the previously formed LOOH 

1These results were presented in part at the 12th 
International Society for Fat Research Congress, 
Milan, September, 1974. 

2present address: Department of Chemistry, 
Karolinska Institutet, S-10401 Stockholm 60, Sweden. 

slowly. It was shown later (14,15) that purified 
enzyme preparations destroyed LOOH only in 
the presence of a cofactor, guaiacol, and that it 
was impossible to separate lipoxygenase activity 
from the LOOH destroying factor. 

The present report describes the formation 
and structures of compounds formed from 
LOOH in the presence of soybean lipoxygenase 
and guaiacol. 

MATERIALS AND METHODS 

Enzyme and Substrate 

Soybean lipoxygenase was prepared from 
soybeans as reported earlier (15). We used en- 
zyme L-1 according to the nomenclature of 
Christopher, et al., (16). The substrate was 
e i t h e r  [ 1-1 4C] linoleic acid (Amersham 
Buchler, Braunschweig, West Germany) diluted 
with unlabeled material (Roth, Karlsruhe, West 
Germany) to 30pCi/mol  or [1-14C] linoleic 
acid hydroperoxide. These substrates did not 
show any detectable chemical or radiochemical 
impurities in our chromatographic systems. 

LOOH was prepared by incubation of 0.4 g 
linoleic acid with soybean lipoxygenase (2 por- 
tions of 2 rag, the second portion being added 
15 rain later) at 3 C in sodium borate buffer 
(0.05 M, pH 8.5). Oxygen was bubbled through 
the solution during the time of incubation. 
After 30-40 re_in, the mixture was acidified with 
2N HC1 to pH 2-3 and extracted twice with 
diethyl ether. The ether layer was washed with 
water until  neutral and dried over anhydrous 
sodium sulfate. The solvent was evaporated in 
vacuo, and the residue subjected to preparative 
thin layer chromatography (TLC) using diethyt 
ether:heptane:acetic acid (50:50:1,  v/v/v) as 
developing solvent mixture. After detection 
under ultraviolet (UV) light, the band con- 
taining the LOOH was scraped off, eluted with 
diethyl ether, and finally dissolved in ethanol. 
The concentration of the LOOH was deter- 
mined photometrically at 234 nm using 25,000 
mol "1 cm -1 as the extinction coefficient. 

Conversion of LOOH and Isolation of Products 

For preparative isolation of the degradation 
products, 4 x 10 "5 moles LOOH or linoleic acid 
were incubated with 2 mg lipoxygenase in 2 
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liters sodium borate buffer (0.05 M, pH 8.5) 
containing guaiacol (20 raM). To follow the 
reaction, aliquots of 3 ml were removed and the 
change in absorbance at 234 nm was recorded. 

When no further change in absorbance 
occurred, another portion of LOOH was added. 
When the reaction was complete, an additional 
1-2 mg lipoxygenase was added and the p r o c e s s  
was repeated 3-4 times. The total process took 
ca. 4-5 hr. The reaction mixture was subse- 
quently acidified to pH 2-3 with 2N HC1 and 
extracted twice with diethyl ether. The ether 
phases were washed with water until neutral, 
dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure. The residue 
was treated with diazomethane and subjected 
to TLC using double development with ace- 
tone:heptane (1:2, v/v). 

Chromatographic Methods 

TLC was carried out on glass plates (40 x 
2 0 c m  or 2 0 x  20cm)  coated with 0.5 or 
0.25 mm Silica Gel HF254 (Merck, Darm- 
stadt, West Germany). Methyl esters of the 
reaction products were separated by double 
development with acetone: heptane (1:2, v/v) as 
solvent as shown in Figure la. For further 
purification of single fractions of methyl esters, 
solvent mixtures of diethyl ether and heptane 
were used. 

Spots and bands were located by spraying 
with 50% H2SO 4 and heating to 120 C for 10 
min. Carbonyl compounds were seen as yellow 
spots after spraying with 0.05% 2,4-dinitro- 
phenylhydrazine (DNPH) in 30% HC104. Per- 
oxides were detected as violet spots by spraying 
a KI solution followed by 1% starch .solution. 
The KI solution had been freshly prepared from 
40rag KI in 10ml water mixed with 5 ml 
acetic acid and a small amount of Zn powder. 
This solution was filtered immediately before 
use. 

Radioactivity assay of TLC plates was per- 
formed with a thin layer scanner LB 2720 
(Berthold, Wildbad, West Germany). 

GLC was performed with a Hewlett Packard 
gas chromatograph 7620 A and stainless steel 
columns (diameter 1/8 in., length 6 ft) packed 
with 3% JXR on Gaschrom Q 100/120 mesh at 
210 C isothermally. Carrier gas was helium at a 
flow rate of 35 ml/min. All compounds were 
chromatographed as methyl esters and as tri- 
methylsilyl ethers if hydroxyl groups were 
present in the molecule. 

Diazomethane in diethyl ether containing 
10% methanol was used for methylation of 
carboxylic acids (17). Silylation prior to GLC 
analyses was carried out on 10-50/.tg of the 
methyl esters with 40/.d bis(trimethylsilyl)tri- 
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FIG. 1. Thin layer chromatograms of the methyl 
esters of the reaction mixture on Silica Gel HF254, 
double development with acetone:heptane (1:2, v/v). 
A = Front of first development; B = front of second 
development, a = Untreated mixture, b = mixture after 
treatment with SnCI2; c = mixture after treatment 
with NaBH 4. The numbers correspond to the com- 
pounds shown in Figure 4. 

fluoroacetamide (BSTFA) in 20/Jl pyridine at 
70 C for 10 min. The resulting mixture of 
silylated compounds was injected directly. 

Infrared, Ultraviolet, and Mass Spectral Analyses 

Infrared (IR) spectra were obtained with a 
Perk in  Elmer Infracord Spectrophotometer 
157E. Spectra were taken mostly from liquid 
films. UV measurements were obtained with a 
Zeiss PMQ-2 spectrophotometer.  Mass spectra 
were recorded with the double focusing mass 
spectrometers Varian MAT CH5-D and Varian 
MAT 311 coupled with a gas chromatograph 
Varian 2700. For the coupling, a dual stage 
Helium separator (Watson-Biemann type) was 
used. The temperature was 210 C in the gas 
liquid chromatography (GLC) column as well as 
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FIG. 2. Gas liquid chromatograms of the silylated 
methyl esters of the reaction mixture on 3% JXR. a = 
Untreated mixture; b = mixture after hydrogenation; 
c = mixture after treatment with SnC12; d = mixture 
after treatment with NaBH4. The numbers correspond 
to the compounds shown in Figure 4. 

in the separator and the ion source of the mass 
spectrometer. Ionization was performed by 
electron impact with an electron energy of 
70 eV. The mass spectra were scanned mag- 
netically with a scan rate of 100 m]e per 
second. A Packard 3375 liquid scintillation 
counter was used for counting the radioactivity 
of liquid samples. 

Microcbemical Methods 
Hydrogenation of small samples of unsat- 

urated hydroxy fatty acid methyl esters was 
performed in 10 ml ethanol with 10 mg PrO2 as 
catalyst. Reduction of hydroperoxides and 
ketones was carried out with an excess of 
NaBH 4 in methanol at room temperature for 
30 min. 

Reduction of hydroperoxide with an excess 
of SnC12 was carried out in methanol. 

Periodic acid oxidation was performed on a 
microscale with isolated fractions from TLC 
separations. The substance (0.1-0.5mg) was 
dissolved in 1 mi acetic acid and mixed with 
0.2 ml of 0.02 M KIO4 solution. The mixture 
was stirred 60 rain at room temperature. After 
30 rain of the reaction time, one drop of ethyl- 
ene glycol was added. The oxidation products 
were converted to 2,4-dinitrophenylhydrazorms 

(DNPs) by adding 2 ml 0.4% DNPH solution in 
4N CH1 (18). The DNPs were separated by TLC 
on Silica Gel G with cyclohexane:diethylether: 
methanol (100: 10:2, v/v/v) as solvent. Ozonol- 
ysis of linoleic acid was performed with an 
apparatus constructed as described by Bonner 
(19). Linoleic acid was dissolved in methyl ace- 
tate and cooled to -78 C for ozonolysis. After 5 
rain, the reaction was stopped and tfiphenyt- 
phosphine was added. The aldehydes formed 
were converted to 2,4-dinitrophenyldrazones. 

Quantitative determination of peroxides was 
pod�treed in 5 ml 60% methanol. The solution 
was acidified with 10/~1 concentrated HC1, and 
after 1 min 10/A 3.6% FeSO4 solution in 3.6% 
HC1 was added. Exactly 30 sec later 0.5 ml of 
20% KSCN solution was added; 150 sec after 
the addition of the KSCN solution, the absorp- 
tion was measured at 505 nm against a blank. 
Peroxide values were calculated from a calibra- 
tion curve obtained with purified LOOH of the 
same specific radioactivity as the formed re- 
action products. 

RESULTS 

Formation and Separation of Reaction.Products 

Because  of strong irreversible substrate 
inhibition with LOOH concentrations higher 
than 6 x 10 -5 M (15), the reaction had to be 
carried out i~ relativeIy large volumes to obtain 
sufficient quantities of products. The substrate 
([1-14C]LOOH or [1-14C] linoleic acid) was 
added in 8-10 portions, each subsequent por- 
tion being added when the substrate of the 
previous addition had been fully converted. In 
this way, the products of the reaction were 
pooled without causing substrate inhibition. 
Radio-TLC showed that at least 6 different 
compounds were formed (Fig. la). TLC frac- 
tion 7 consisted of linoleic acid and was present 
only when LOOH was produced from linoleic 
acid in the same reaction mixture without pre- 
ceding purification. The main TLC fractions 
(1,2, and 5) contained ca. equal amounts of 
radioactivity with little variation in different 
incubations. A difficult problem in the purifi- 
cation of the radioactively labeled products was 
the large number of mainly yellow compounds, 
which were formed from guaiacol during the 
course of the reaction. These compounds were 
distributed from TLC fraction 1 to fraction 5, 
making it difficult to use IR, nuclear magnetic 
resonance (NMR), or spray reagents and other 
chemical methods for the structure elucidation 
of the radioactively labeled compounds. GLC 
of the whole reaction mixture (Fig. 2a) was 
carried out after esterification with diazometh- 
one and silylation. To compare the TLC and 
GLC peaks, the fractions from TLC were gas 
chromatographed separately. Each of  the TLC 
fractions 1, 2, and 5 were split into two GLC 
peaks. 

Influence of Different Reaction Conditions 

Lipoxygenase isoenzyme L-1 according to 
Christopher, et al., (16) was used in most of the 
experiments described here. This isoenzyme, 
which has a pH optimum of 8.5 for the forma- 
tion and degradation of LOOH corresponds to 
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that described by Theore11 (20). It was purified 
and shown to be homogeneous by disk electro- 
phoresis. The reaction of the pure enzyme was 
compared with that of commercially available 
soybean lipoxygenase (Fluka, Neu-Ulm, West 
Germany). Both enzyme preparations showed 
identical pH optima and product formation. 
The same reaction product pattern could be 
obtained by using purified LOOH as well as 
linoleic acid as substrate. When LOOH was 
prepared in situ, the only difference found was 
that some unchanged linoleic acid was left in 
the reaction mixture (Fig. la). 

The reaction took place even with very low 
oxygen concentrations. In preliminary experi- 
ments, we found that when the reaction was 
carried out under nitrogen the usual products 
were formed. Experiments with 1802, how- 
ever, showed clearly that atmospheric oxygen 
was taken up during the reaction (Streckert and 
Stans, unpublished data). 

Lipoxygenase isoenzyme L-2 (16) with a pH 
optimum for the formation of LOOH at 6.5 
also catalyzed the degradation of LOOH in the 
presence of guaiacol. The pH optimum for the 
degradation was found to be 8.5 as was the case 
for isoenzyme L-1. 

In earlier reports (15), it was shown that 
lipoxygenase was irreversibly destroyed during 
the course of the reaction. The enzyme is de- 
stroyed only when both LOOH and guaiacol are 
present, because preincubation with either 
LOOH or guaiaco/ separately did not lead to 
significant changes in enzyme activity. 

Although the physiological role of this re- 
action is unknown, it is of interest that when 
the reaction is carried out in soybean meal sus- 
pensions the enzyme is active for several hr 
(Streckert and Stan, unpublished data). Under 
these conditions, most of the products were 
identical to those produced in the reactions 
described above. 

Identification of Reaction Products 

Determination o f  junctional groups. Fluores- 
cence quenching on developed TLC plates 
showed 3-6 distinct bands indicating com- 
pounds with conjugated double bonds. Because 
of interference with products from guaiacol, 
this indication was unambiguous only for TLC 
fraction 6. Spraying with Is:starch gave a 
strong reaction with TLC fraction 2 indicating 
the presence of peroxy groups, and weaker 
reaction with fraction 5, possibly due to some 
unconverted LOOH. Spraying with 2,4-dinitro- 
phenylhydrazine showed a broad band due to 
products from guaiacol and distinct coloring of 
TLC fraction 6. Upon reduction of the product 
mixture with NaBH4, TLC fractions 2 and 6 

I, CH N~ 
^ _ ~ -  ~ ^ ^ ^ C.OOHZ..I~'K~ , . , o  , . ,  0 0 %  

/ v v ~oHv v v v v 3BSrFA~  

. ' .  s~= 
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~ t. C~Nz 
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FIG. 3. Reactions carried out on thin layer chro- 
matography fraction 2 on SiLica Gel HF 254 developed 
with acetone:heptane (2: 3, v/v). 

disappeared (Fig. lc) and were not replaced by 
any new fractions. With the isolated fractions 2 
and 6, it could be shown that fraction 2 was 
converted into fraction 1 and fraction 6 into 
fraction 5. With SnC12 TLC fraction 2 again 
was converted to fraction 1 (Fig. lb), but frac- 
tion 6 remained unchanged. 

When the reaction mixture was not silylated, 
GLC analysis indicated that peaks 6 and 7 re- 
mained unchanged, but peaks 1 and 5 were 
absent. When acetylation was used instead of 
silylation peaks 1, 1', 2, 2', 5a and 5b shifted to 
slightly higher Rf values (peaks corresponding 
to TLC fractions 3 and 4 were not clearly de- 
tectable because of the tow concentrations), 
whereas, peaks 6 and 7 again remained un- 
changed. Retention times of hydrogenated 
products were only slightly different from 
those of unsaturated compounds except that 
peaks 2 and 2' did not appear and peak 6 
changed place with peak 5b (Fig. 2b). When 
TLC fraction 2 was isolated, hydrogenated, and 
subjected to GLC, it was identical with hydro- 
genated fraction 1 (Fig. 2b, peaks 1H and I'H). 
Reduction with NaBH4 prior to GLC showed 
that peak 6 was converted to peak 5b, whereas, 
with SnC12 peak 6 remained unchanged. Peaks 
2 and 2' disappeared after reduction with either 
NaBH 4 or SnC12 and were replaced by peaks 1 
and 1' (Fig. 2c and 2d). 

The results of these peak shift experiments 
can be summarized as follows. Peak 7 remained 
unchanged in all reactions except hydrogena- 
tion; it was identified as linoleic acid (Co- 
chromatography and GC-MS). Peak 6 seemed to 
contain a keto group. All peaks from 1 to 5b 
contained hydroxyl groups; they all remained 
unchanged after reduction except for TLC frac- 
tion 2. The latter seemed to contain a func- 
tional group which could easily be reduced to a 
hydroxyl group and, therefore, was probably a 
hydroperoxy or a peroxy group. When TLC 
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FIG. 4. Structures of reaction products formed 
from linoleic acid hydroperoxide on incubation with 
lipoxygenase and guaiacol. 1. 9,12,13-Trihydroxy-10- 
trans-octadecenoic acid and 9,10,13-trihydroxy-ll- 
trans-octadecenoic acid. 2. 9-Hydroperoxy-12,13-di- 
hydroxy-10-octadecenoic acid and 9,10-dihydroxy- 
13-hydroperoxy-ll-octadecenoic acid. 3. 9,13-Dihy- 
droxy-10-octadecenoic acid and 9,13-dihydroxy-ll- 
octadecenoic acid. 4. 12,13-Dihydroxy-9-octadeeenoic 
acid and 9,10-dihydroxy-12-octadecenoic acid. 5a. 
11-Hydroxy-12,13 epoxy-9-cis-octadecenoic acid and 
11-hydroxy-9,10-epoxy-12-cis-octadecenoie acid. 5b. 
1 3-Hydroxy-9-cis-ll-trans-octadecadienoic acid and 
9-hydroxy-lO-Crans-12-cis-octadecadienoic acid. 6. 
13-Oxo-9,11-octadecadienoic acid and 9-oxo-10,12- 
octadecadienoic acid. 

fraction 2 was isolated and subjected to GLC, 
four peaks were found (1, 1', 2, 2'), showing 
the high thermal lability of this fraction. 

Structures of  products. Figure 4 contains 
all the structures determined for the reaction 
products. The basis for the assignments of these 
structures will be discussed below. 

TLC fraction 1 consisted of a mixture of 
9,12,13-trihydroxy-10-trans-octadecenoic acid 
and  9,10,13-trihydroxy-11-trans-octadecenoic 
acid. Mass spectra of the silylated methyl esters 
in the GLC peaks 1 and 1' were identical and 
showed ions at m/e 545 (M-CH3), 460 (M- 
hexanal), 387, 301, 297, 259, 211, 173, 155 
and ions at m/e 147, 129, 103, 75, and 73, 
which are typical  for tr imethylsi lyl  ether deriva- 
tives. The mass spectra are in accordance with 

, those obtained by Graveland (6), Heimann and 
Dresen (12), Arens and Grosch (21), and 
Tsuchida, et al., (22) for the same compounds. 
The hydrogenated compounds showed signifi- 
cant ions at m/e 389, 315, 299, 259, 213, and 
173 together with the usual ions for silylated 
compounds,  which is in accordance with spec- 
tra reported by Graveland (6). Comparison of 
the mass spectra of compound 1 before and 
after hydrogenation showed a double bond 
between C-9 and C-13. The IR spectrum of 
TLC fraction 1 showed a strong absorpt ion 
band at 970 cm "1 (trans double bond). Several 
repeated chromatographies of fraction 1 with 
different mixtures of acetone:heptane gave 
0.5 mg of a substance which had a sharp mp at 

9 4 C  after three recrystallizations from hep- 
tane:acetone.  The crystalline substance gave 
only one peak on GLC (peak 1). The  mass 
spectrum of this substance measured with a 
direct inlet system was identical with that of 
peak 1 or 1' obtained using GC-MS. Periodic 
acid oxidation carried out on TLC fraction 1 
followed by formation of DNP of the cleavage 
products gave four compounds on TLC. Two of 
the compounds were 14C-labeled as could be 
expected from the following cleavage reactions: 

CH 3-(CH2)4-CHOH-CH= CH-CHOH-CHOH- ~ 
(CH2)7.14CO2CH3 r 

CH3-(CH2)4-CHOH-CH=CH-CHO + (A) 
OHC-(CH2)7-14CO2CH3 (B) 

(i) 

CH 3-(CH2)4-CHOH-CHOH-CH=CH-CHOH- 
(CH2)714CO2CH3 ~ (II) 

CH3-(CH2)4-CHO + (C) 
OHC-CH=CH-CHOH.(CHt)7-14CO2CH3 (D) 

The DNPs of compounds B and C were syn- 
thesized by reductive ozonolysis of linoleic acid 
and used as references. 

The DNPs of compounds B (Rf = 0.33) and 
C (Rf = 0.56) had absorption maxima at 358 
nm (DNPs of saturated aldehydes), whereas 
those of compounds A (Rf = 0.26) and D (Rf = 
0.15) had absorption maxima at 371 nm (DNPs 
o f  a , / 3 -unsa tu r a t ed  a ldehydes) .  With the 
crystalline compound (peak 1 on GLC), all four 
cleavage products were found again, which 
showed that the separation of TLC fraction 1 
on GLC into two peaks (1 and 1') was not  due 
to a separation of positional isomers, but 
might be explained by a separation of 
stereoisomers. 

TLC fraction 2 was completely identical 
(TLC, GLC, GC-MS) with fraction 1 after re- 
duction with NaBH4, SnC12, or after hydro- 
genation of both fractions (Fig. 3). Reduction 
with NaBtH4 showed no uptake of deuterium. 
Quantitative determination of the peroxide 
content of fraction 2 gave a ratio of 1 : 1.1 com- 
pared with the same amount of LOOH, showing 
that one hydroperoxy group was present in 
compound 2. The position of the hydroperoxy 
group has not yet been definitely determined, 
but it is most probably attached to carbon 
atom 9 or 13 as shown in Figure 4. Acetyla- 
t ion foUowed by reduction with NaBH4 (Fig. 
3) and subsequent analysis by GC-MS of the 
silylated compound gave a significant ion at 
m/e 259, which is typical  for a tr imethylsi lyl  
ether group at position 9. Labeling experiments 
with 1802 also suggest this position (Streckert 
and Stan, unpublished data). 
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TLC fraction 5 could be separated into two 
TLC fractions when rechromatographed using 
acetone:heptane (3:7, v/v). It also was sepa- 
rated into two peaks (5a and 5b) by GLC. 

Fraction 5a consisted of an isomeric mixture 
of 11-hydroxy-12,13-epoxy-9-cis-octadecenoic 
a c i d  and 11-hydroxy-9,10-epoxy-12-cis-octa- 
decenoic acid. The IR spectrum showed bands 
at 3300cm-1 (hydroxyl) ,  1750cm -1 (ester), 
a n d  890  cm "1 (epoxy),  but no band at 
970 cm-1 (trans double bond). Mass spectra 
taken on the ascending GLC peak showed sig- 
nificant ions at m/e 398 (M+), 383 (M-CH3), 
367 (M-OCH3) , 327 and 285 (base peak), 
whereas, on the descending peak in addition to 
the above peaks, ions at m/e 199 (base peak), 
241, 211, and 225 were found. The main ions 
can be explained by the following fragmenta- 
tions: 

327 285  

CH3-(CH2) -CH-Ctt -~H-CH=CH-(CH2)7-CO2CH 3 

(saq) (In) 

199 241 
CH 3-(CH2)4-CH=CH-IC ~-CH-~-~-(CH2)7.CO 2 CH 3 

CH OTMS\O 
(Sa-2) (IV) 

Compound 5a-1 was recently described by 
Hamberg and Got thammar (23). The mass spec- 
trum reported by these authors is very similar 
to that obtained on the ascending peak of frac- 
tion 5a. When TLC fraction 5a was hydro-  
genated, significant ions were obtained at 
m/e 385 (M-CH3) , 369 (M-OCH3) , 287 (base 
peak), 271, 215, 201, and 183 together with 
the ions for silylated compounds. The strong 
ions at m/e 287 and 201 are due to cleavage 
between the epoxy and the tr imethylsilyl  ether 
groups. Comparison of  the mass fragmentation 
pattern of both  original and hydrogenated com- 
pounds 5a indicated that one double bond is 
present, which is most probably located be- 
tween C-12 and C-13 or C-9 and C-10. After  
hydrolysis with acetic acid (23), TLC fraction 
5a gave a more polar compound.  On TLC this 
compound was a little less polar than those in 
fraction 1, whereas, on GLC it behaved in a 
similar manner to the compounds in fraction 1. 
Mass spectra showed significant ions at m/e 460 
(M-100,  loss of hexanal), 387, 361, 297 
(387-90), 285, 275, 271 (361-90), 259, 185 
(275-90), 173, and 155. The main ions can be 
explained by the following fragmentations: 

173 387 

CH3-(CH2)4-ICI~-bH}-CH-CH~CH-(CH2)7-CO2CH 3 
OT M~.J OT._._M S 

2 7 5  2 8 5  
(V) 

1 9 9  361 

CH 3-(CH2)4-CH=CH-CF~-CF~-CH-(CH2) 7 -CO2CH 3 

301 2 5 9  

(vo  

The ions at m/e 199, 301, and 211 (301-90) 
deriving from the minor compound are weak 
compared to those of the major compound.  For 
reference we prepared a sample of  compound D 
previously described by Hamberg and Gottham- 
mar (23). TRis compound was found to be 
identical (IR, TLC, GLC, and GC-MS) with 
fraction 5a, but  in disagreement with the 
findings of Hamberg and Gotthammar,  the mass 
spectra showed additional ions at m/e 199 and 
241. This might be due to a higher content of 
9-LOOH in our preparation. The exact ratio of 
positional isomers was not determined in this 
preparation. 

Fract ion 5b consisted of an isomeric mixture 
o f  1 3-hydroxy-9-cis-11-trans-octadecadienoic 
acid  and  9-hydroxy-lO-trans-12-cis-octa- 
decadienoic acid. A sample prepared by reduc- 
tion of LOOH with NaBH 4 was identical to 
fraction 5b according to UV, TLC, GLC, and 
GC-MS data. Mass spectra showed significant 
ions at m/e 382 (M+), 367 (M-CH3), 351 (M- 
OCH3) , 311, 225, 155. Mass spectra recorded 
on the hydrogenated fraction 5b showed signi- 
ficant ions at m/e 371 (M-CH3) , 355 (M- 
OCH3) , 339, 315, 259, 229, and 173. The 
appearance of ions at m/e 173 and 315, as well 
as 259 and 229, showed that fraction 5b was a 
mixture of isomers. 

TLC fraction 3 behaved on TLC and GLC as 
expected for a dihydroxy acid. The small 
amount of material present in fraction 3 was 
not sufficient for detailed studies. Mass spectra 
showed significant ions at m/e 472 (M+), 457 
(M-CH3) , 441 (M-OCH3), 429, 285, 259, 199, 
173, and 155. The ions are in accordance with 
the following scheme of fragmentations: 

199 25~ 

CH 3-(CH2)4-CHoCH=Ct~-CH2[CH-(CH2)7-CO2CH 3 

OTMS OTMS (VII) 

173 2 8 5  

CH3-(CH2)4-IC-~-CH ~ -CH=CH-CH-(CH2)7-CO2CH 3 

OTMS OTMS (VIII) 
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Mass spectra recorded on fraction 3 after 
h y d r o g e n a t i o n  s h o w e d  ions  at m / e 4 5 9  
(M-CH3) , 443 (M-OCHa) , 427, 403, 374 (M- 
h e x a n a l ) ,  317 ,  313 (403-90), 259, 227 
(317-90), 173, and 155. This clearly established 
the position of the hydroxyl  groups at carbons 
9 and 13 and the position of the double bonds. 

TLC fraction 4 behaved on TLC and GLC as 
expected for a dihydroxy acid. The small 
amount of material again was not sufficient for 
detailed studies. Mass spectra showed signifi- 
cant ions at m/e 457 (M-CH3), 441 (M-OCH3), 
382 (M-90), 401, 362 (M-hexanal), 361, 311 
(401-90), 299, 275, 271 (361-90), 259, 213, 
185 (275-90), and 173. This is in accordance 
with mass spectra obtained by Graveland (9) 
for the compounds 4 in Figure 4. The posi- 
tions of the hydroxyl  groups were confirmed 
by mass spectra of fraction 4 after hydrogena- 
tion. They showed ions at m/e 459 (M-CH3), 
443 (M-OCH3), 374 (M-hexanal), 301, 259, 
215,173,  and 155. 

TLC fraction 6 was less polar on TLC than 
fraction 5b, but was eluted later on GLC than 
5b. Silylation did not change the retention time 
on GLC. Reduction with NaBH4 gave a com- 
pound, which was identical with fraction 5b 
according to TLC, GLC, and GC-MS. Treatment 
with SnC12 did not have any effect on fraction 
6. Analysis of an aliquot by UV spectropho- 
tometry showed an absorption band at 278 nm 
typical for unsaturated ketones (24). Bands in 
the IR spectrum (inter alia: 1730 cm -1 [methyl 
ester] ,  1680 cm -1 [unsaturated ke tone] ,  3050, 
990, and 960 cm "1 [cis-trans-conjugated double 
bond] )  and the mass spectrum of fraction 6 
was in accordance with that reported by Arens 
and Grosch (21) for the oxooctadecadienoic 
acids shown in Figure 4. 

The mass spectrum of the fraction after 
hydrogenation showed ions at m/e 312 (M+), 
281 (M-OCH3) , 256, 241, 200, 185, 170, 150, 
114, and 99. This indicated clearly the presence 
of an isomeric mixture of 9-oxo- and 13-oxo- 
octadecanoic acid methyl esters (25). 

DISCUSSION 

Our investigations show that purified soybean 
l ipoxygenase  catalyzes a reaction between 
LOOH and guaiacol, which leads to a number 
of products,  none of which is in predominance. 
Some of the compounds have been described 
earlier and are formed enzymatically in plant 
material. The unsaturated t r ihydroxy com- 
pounds (Fig. 4:1) for example arise from 
linoleic acid in flours of different cereals. In 
wheat flour they are the main products,  where- 
as, m flours of rye, oats, and barley they are 

formed to a lesser extent (8). 
The  hy  dr  o pe r  o xydihydroxyoctadecenoic  

acid (Fig. 4:2) is an interesting compound 
which has not been described previously. The 
proposed structure is based on the ease of re- 
duction to t r ihydroxyoctadecenoic  acid and the 
occurrence of one hydroperoxy group in the 
molecule. Because the position of the hydro- 
peroxy group has not yet been determined 
unequivocally, it is difficult to discuss the 
mechanism of its formation. It is clear, how- 
ever, that it cannot arise by isomerization or 
decomposit ion,  but rather by oxidat ion of 
LOOH. Experiments with 1802 confirm that 
this compound is formed by the incorporation 
of molecular oxygen into LOOH (Streckert and 
Stan, unpublished data). Possibly hydroperoxy-  
dflaydroxyoctadecenoic acid is the precursor of  
the t r ihydroxyoctadecenoic  acids which can be 
formed easily by reduction of the hydroperoxy 
group. In soybean meal suspensions, fraction 2 
could not be detected, and the t r ihydroxyocta-  
decenoic acids were the main products (Streck- 
ert and Stan, unpublished data). This suggests 
that the hydroperoxy group is rapidly reduced 
in natural media. Fur ther  investigations on the 
mechanism of formation of the t r ihydroxy 
compounds are in progress. 

The third group of products,  which are 
present in larger amounts,  consisted of hy- 
droxyepoxyoctadecenoic  acids (Fig. 4:5a). 
These compounds have not been detected pre- 
v i o u s l y  in p l a n t  material. Hamberg and 
Got thammar (23) have recently described their 
formation by heating LOOH in aqueous ethanol 
solution. Obviously, these compounds are quite 
stable and are hydrolyzed to vicinal t r ihydroxy-  
octadecenoic acids only by acetic acid at ele- 
vated temperatures.  This explains the fact that 
the vicinal t r ihydroxy acids were not present in 
our incubation mixtures. 

Monohydroxyoctadecadienoic  acids are the 
main products in oats, where they are formed 
by a specific l ipoperoxidase, which requires 
reducing agents (10-12). The same compounds 
were reported to be formed in suspensions of  
flour from wheat and other cereals by Grave- 
land (8). He suggested, however, that  the re- 
duction of the hydroperoxy group was due 
mainly to nonenzymatic reductions by sulf- 
hydryl  groups present in the proteins of cereals. 
In our system only small amounts of mono- 
hydroxyoctadecadienoic  acids were formed 
(Fig. 4:5a). Oxooctadecadienoic acids are 
known to be by-products in the l ipoxygenase 
reaction (24). Arens and Grosch (21) have 
found these compounds in peas. Garssen, et al., 
(26) have reported that 13-oxo-9,11-octadeca- 
dienoic acid is formed during the anaerobic 
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reac t ion  of  13-LOOH in the  presence  of  l ipoxy-  
genase and  l inoleic acid. In the  r eac t i on  re- 
p o r t e d  here ,  LOOH was conve r t ed  to  a m i x t u r e  
of 9- and  13 -oxooc tadecad ieno ic  acids in the  
absence  of  l inoleic acid as well as in the  pres- 
ence of  oxygen .  There fore ,  the  m e c h a n i s m  
suggested by  Garssen,  et al., (26)  can be  ex- 
cluded.  

D i h y d r o x y o c t a d e c e n o i c  acids (Fig. 4 :3  and  
4) were f o r m e d  only  in low c o n c e n t r a t i o n s  
in  the  r eac t ion  r e p o r t e d  here,  and  the re fo re ,  
could  on ly  be  s tud ied  by  GS-MS analysis .  The  
f o r m a t i o n  of  a m ix tu r e  of  vicinal  d i h y d r o x y  
acids in  cereals was r e p o r t e d  earl ier  b y  Grave-  
land,  et  al., (7) and  Arens  and  G r o s c h  (21) ,  
whereas,  t he  9 , 1 3 - d i h y d r o x y o c t a d e c e n o i c  acids 
have no t  been  r e p o r t e d  previously.  

R e m a r k a b l y ,  some of  the  c o m p o u n d s  
f o r m e d  in the  r eac t ion  w i th  guaiacol  and  
l ipoxygenase  were f o u n d  recen t ly  in  several 
mode l  r eac t ions  wi th  LOOH,  i.e., hea t  t rea t -  
m e n t  in e t h a n o l  (23) ,  Fe- ions in 80% e t hano l  
(27) ,  h e m o g l o b i n  in p h o s p h a t e  b u f f e r  (28) ,  and  
l ipoxygenase  L-2 f rom peas at pH 6.5 (21) .  This  
suggests t h a t  these  c o m p o u n d s  could  be  f o r m e d  
in p lan t  mater ia l  no t  on ly  by  e n z y m a t i c  re- 
ac t ions ,  bu t  also by  a more  general  m e c h a n i s m  
in i t i a t ed  by  t he  f o r m a t i o n  o f  p e r o x y  or  oxy  
radicals  f r o m  LOOH. 
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SHORT COMMUNI CATI ONS 

Effect of Vitamin B12 Status on the Occurrence of Branched-chain 
and Odd-numbered Fatty Acids in the Liver Lipids of the Baboon 

ABSTRACT 

Branched chain fa t ty  acids of  the  
anteiso series and others with methy l  sub- 
s t i tu t ion nearer to the carboxyl  group 
were found,  together  wi th  odd numbered,  
straight chain fa t ty  acids, in very small 
p ropor t ions  in baboon  liver lipids. The 
propor t ions  were increased in vi tamin 
B12-dep le ted  animals, especially af ter  
adminis t ra t ion of  a B 12 analogue. 

INTRODUCTION 

In a recent  s tudy with baboons  (1), it was 
observed that  animals fed on a vi tamin B12- 
d e f i c i e n t  diet excre ted  methy lmalona te ,  a 
metabol i te  of  p rop iona te  and of  valine, in their  
urine in excess 6f  the amount  excre ted  by con- 
trols. Fur ther ,  it was observed that  v i tamin 
B 1 2 - d e p l e t e d  baboons  excre ted  addi t ional  
methy lmalona te  fol lowing the oral administra- 
t ion of  p rop iona te  or valine, and that  the 
amounts  excre ted  were also enhanced after  the  
in t ramuscular  in jec t ion  of  an inactive analogue 
of  vi tamin B12 (cyanocobalamin  monoca rbox-  
ylic acid). It  was therefore  of  interest  to ex- 
amine the lipids of  some of these baboons,  and 
others  of  differing vi tamin B12 status, for the 

presence of  odd numbered  and branched chain 
fa t ty  acids since it was inferred (2-4) that  such 
acids can be fo rmed  when  impaired metabol i sm 
of propionate  leads to the  accumula t ion  of  
p r o p i o n y l  CoA and of  its carboxyla t ion  
product ,  me thy lma lony l  CoA. 

EXPERIMENTAL PROCEDURES 

Liver biopsy samples (ca. 250 mg) were ob- 
ta ined f rom 4-year old, male baboons  (Papio 
cyanocephalus) which had been fed as previ- 
ously described (1) on a synthet ic  diet with or 
wi thout  a supplement  of  vi tamin B 12. Samples 
also were obta ined f rom two vi tamin B12- 
depleted baboons  immedia te ly  af ter  they  had 
been given a B12 analogue (cyanocoba lamin  
monocarboxy l i c  acid) by  in t ramuscular  injec- 
t ion in daily doses of  500 btg per kg body wt 
for 1 mon th  and daily doses o f  250 ktg per kg 
body  wt for a fur ther  2 months .  In addit ion,  
liver biopsy samples were ob ta ined  f rom 4-year 
old, male baboons  which had received a s tock 
diet of  fresh fruit ,  vegetables and high-protein 
biscuits. Biopsy samples of  omenta l  adipose 
tissue (ca. 500 mg) were also obta ined  (at the 
same t ime as the liver samples) f rom at least 
one animal in each t r ea tmen t  group. 

TABLE I 

Odd Numbered, Straight Chain Fatty Acids and Branched Chain 
Fatty Acids in Liver Lipids of Baboons of Different Vitamin B12 Status a 

Diet 

Liver 
Branched chain acids vitamin BI~ 

Odd numbered 
acids b Anteiso c Others d ~g/g-1 wet wt) 

Stock (4) e 0.7 
Synthetic with vitamin B12 (4) 0.7 
Synthetic without vitamin B12 (3) 1.2 
Synthetic without vitamin B12: 

given analogue (2) 2.0 

0.2 0.2 0.47 
0.2 0.6 0.76 
0.2 1.4 0.22 

1.1 4.0 0.18 

aFatty acid proportions (% by wt of total fatty acids) are given for pooled liver lipids from the 
animals in each dietary treatment group and vitamin B12 results are means of individual values within 
each treatment group. 

bMostly 15:0 and 17:0, with some 13:0. 
CMostly 12-methyltetradecanoic acid and 14-methylhexadecanoic acid. 
dTentatively identified as branched chain components and confirmed subsequently (see Table II). 
eNumber of animals from which the pooled liver lipids were derived is given in parentheses. 
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TABLE II 

Equivalent Chain Length (ECL) Values of Branched Chain 
Fat ty  Acid Methyl Esters from Liver Lipids of Baboons a 

ECL value 

Ident i ty  of methyl  ester A B b C c D d 

4-Me-Dodecanoate 12.40 12.40 12.40 
4,8-diMe-dodecanoate 12.64 12.68 12.68 
4-Me-tridecanoate 13.39 13.38 13.38 
4, 8-diMe-tride caooat e 13.58 13.53 13.55 13.55 
6-Me-tetradecanoate 14.30 14.30 14.28 14. 30 
8-Me-tetradecanoate 14.34 14.33 14.33 
4-Me-tetradecanoate 14.37 14.38 14.38 14.38 
12-Me-tetradecanoate 14.70 14.68 14.72 
4-Me-pentadecanoate 15.36 15.33 15.38 15.35 
8-Me-hexadecanoate 16.32 16.30 16.31 16.30 
4-Me-hexadecanoate 16.36 16.38 16.35 16.35 
12-Me-hexadecanoate 16.42 16.40 16.40 16.40 
14-Me-hexa decanoate 16.70 16.70 16.70 16.68 
6-Me-heptadecanoate 17.28 17.25 17.28 

aCorresponding to  those previously characterized by gas l iquid chromatography and 
mass spectrometry  (column A). 

b Animal fed on s tock diet. 

CAnimal fed on synthet ic  diet with vitamin B12. 
dAnimal fed on synthet ic  diet wi thout  vitamin BI2 and which had been given 

cyanocobalamin monocarboxyl ic  acid 15 months previously. 

TABLE III 

Proportions of Branched Chain Acids in Liver 
Lipids of Three Baboons Receiving Different Diets 

Diet 

Branched chain acids a 
(% by wt) 

Anteiso Others 

Stock 

Synthet ic  with vitamin B12 

Synthet ic  wi thout  vi tamin B12: 
given analogue 15 months earlier 

0.2 0.1 

0.1 0.5 

1.0 1.2 

aFor components  which were ident if ied see Table II. 

A portion of each liver sample was used for 
determination of vitamin B12 (5) and total 
lipids were extracted from the remainder with 
chloroform:methanol (2:1,v/v). To obtain suffi- 
cient fatty acids for analysis, lipids from simi- 
larly treated baboons were pooled and saponi- 
fled with excess 0.5M ethanolic KOH. The 
recovered fatty acids were converted to methyl 
esters which were analyzed (2) by conventional 
gas liquid chromatography (GLC). To facilitate 
the determination of the content of branched 
chain components in the methyl esters, a 
weighed portion was treated as described before 
(3) with mercuric acetate to remove unsatu- 
rated esters and then with urea to remove most 
of the straight chain esters. The resulting con- 
centrate of branched chain methyl esters was 
weighed and subjected to conventional GLC. 

These analyses (Table I) indicated that more 

detailed analyses were required to identify the 
branched chain fatty acids. Accordingly, large 
pieces of liver (ca. 50 g) were subsequently ob- 
tained from three of the baboons, given differ- 
ent dietary treatments, which were killed fif- 
teen months after the biopsy samples were 
taken. During the intervening time, one animal 
continued to receive the stock diet, one the 
B12-supplemented diet, and the other, which 
had earlier been given the B12 analogue, con- 
tinued to receive the B12-deficient diet. Fatty 
acid methyl esters were prepared as outlined 
above, and the concentrates of branched chain 
components were subjected to open tubular 
column GLC, using a 100 m column (internal 
diameter 0.25 mm) coated with polymerized 
butanediol succinate (3). The equivalent chain 
length (ECL) values were compared with those 
obtained previously from barley-fed lambs 
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u n d e r  the same GLC conditions (2) for 
branched chain fatty acids which were identi- 
fied bY mass spectrometry. Those compo- 
nents to which identities could thus be assigned 
are listed in Table II. 

RESULTS AND DISCUSSION 

The liver fatty acids of baboons given the 
stock diet or the vitamin B12-supplemented 
diet contained < 1% by wt of branched chain 
or  odd  numbered components (Table I). 
Vitamin B12 depletion resulted in the produc- 
tion of more of each of these groups of fatty 
acids, and, when the depletion was exacerbated 
by the administration of  an analogue of B12 , 
the proportions of these fatty acids were 
increased further (Tables I and III). These find- 
ings  subs tant ia te  the suggestion (1) that 
cyanocobalamin monocarboxylic acid exerts an 
antagonistic effect on the function of vitamin 
B12 , and indicate that in vitamin B12 defi- 
ciency propionyl CoA and methylmalonyl CoA 
can accumulate and become incorporated into 
fatty acids to give amounts of odd numbered 
and branched chain components in excess of 
those produced when vitamin B12 is not limit- 
ing. As Table II shows, the branched chain acids 
comprised members of the anteiso series, to- 
gether with other acids in which one or two 
methyl groups were present in positions nearer 
to the carboxyl group of the molecule. Conclu- 
sive evidence that methylmalonyl CoA can be 
utilized for the production of such acids has 
recently been obtained from studies in vitro 
with fatty acid synthetase preparations from 
animal tissues (6). 

Though there was an association between 
vitamin B12 status and occurrence in liver lipids 
of fatty acids derived from propionate and 
m e t h y l m a l o n a t e ,  correspondingly different 
proportions of such acids were not found in 
adipose tissue triacylglycerols. In no sample 

f r o m  any  treatment group did the odd- 
numbered and branched chain fat ty acids 
exceed 0.5 and 0.3%, respectively, of the total 
fatty acids, 

The presence of very small amounts of 
branched chain acids in the liver and adipose 
tissue of the baboons which had apparently 
received an adequate intake of vitamin B12 sug- 
gests that, even under normal metabolic condi- 
tions, not all the m e t h y l m a l o n y l  CoA pro- 
duced from branched chain amino acids in the 
liver is converted to succinate, and some of it 
can be incorporated into newly synthesized 
fatty acids. 
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Effect of Diet on Fatty Acids in the Lipoprotein Cholesteryl 
Esters of Type I la and Normal Individuals 1 

ABSTRACT 

Four normal and two individuals with 
t y p e  IIa  hyperl ipoproteinemia were 
placed on the National Heart and Lung 
Institute Type IIa Diet (<300 mg of 
cholesterol per day, high polyunsatu- 
rated, low saturated fat diet) for 1 week 
and on a normal diet the following week. 
Plasma samples were obtained and the 
cholesterol contents of plasma and of 
very low density, low density and high 
d e n s i t y  lipoproteins determined. The 
cholesteryl esters in one type IIa and two 
normal individuals were identified. 

The cholesteryl esters in type IIa very 
low density lipoproteins from blood 
drawn 45 rain after the last meal in each 
dietary period, contained less 18:2 than 
from the normal. After the first dietary 
period, the very low density lipoprotein 
cholesteryl ester 18:2 content for the 
type IIa was 37.2M% and for the normals, 
54.7M%. After the second dietary period, 
the corresponding values were 49.7M% 
and 56.7M%. Fasting samples had lower 
18:2 contents in the low density lipopro- 
teins from the Type IIa subject following 
both dietary periods and in the high 
density lipoproteins following the Type II 
diet. 

INTRODUCTION 

In Type II hyperlipoproteinemia, the indi- 
vidual has an elevated cholesterol level due to a 
decreased turnover of the low density lipopro- 
tein (LDL) (1). This decrease in the catabolism 
of the LDL has been linked to the formation of 
atheromatous plaques (1,2). Because choles- 
terol and cholesteryl esters (CE) are compo- 
nents of the plaques and are carried in the 
blood by lipoproteins (LP), differences in fatty 
acid (FA) composition of CE between normal 
and type II individuals are of interest. The FA 
composition of CE in various LP fractions from 
a type IIa has not been reported. However, one 
publication has appeared giving these data for 
seriously ill patients following a 100 g corn or 
coconut oil meal (3). These data are available 
for whole plasma (4,5). 

1Scientific contribution 620, Agricultural Experi- 
ment Station, University of Connecticut, Storrs, CT 
06268. 

In this paper we present the FA composition 
of CE from two normal and one type IIa indi- 
vidual as affected by one week on a type IIa 
diet (6) and one week on a normal American 
diet. 

MATERIALS AND METHODS 

Materials and methods are described in detail 
in a previous publication (7). Given below is a 
brief synopsis of the experimental protocol. 

Potential subjects were screened for hyper- 
lipoproteinemia using the criteria of Frederick- 
son, et al., (8) including plasma cholesterol and 
triglyceride (TG) levels, qualitative LP pattern 
by agarose gel electrophoresis, and quantitative 
determination of cholesterol in the major LP 
separated by sequential preparative ultracentri- 
fugation. Two control and one Type IIa subject 
were selected for the study. 

The subjects were placed on the type IIa diet 
(6) for one week, followed by a second week 
on a normal American high calorie, high choles- 
terol, high saturated fat diet. Blood was col- 
lected at the end of each dietary period using 
0.1% Na 2 ethylenediamine tetraacetic acid 
(EDTA) as an anticoagulant. One collection was 
made 45 min after the last meal on the diet for 
analysis of exogenous CE and another the fol- 
lowing morning, after a 14 hr fast, for identifi- 
cation of endogenous CE. 

Plasma and the major LP fractions isolated by 
ultracentrifugation were analyzed for choles- 
terol as described previously (7). CE were iso- 
lated by thin layer chromatography (TLC) fol- 
lowing Folch extraction of the LP fraction and 
separation of polar and nonpolar lipids by 
column chromatography. TLC of the neutral 
lipid fraction was accomplished on 20 x 20 cm, 
0.5 mm thick plates of Silica Gel G using a 
s o l v e n t  s y s t e m  of petroleum ether:ethyl 
ether:acetic acid (90:30:2) and fractions were 
made visible by brief exposure to iodine vapors. 
The samples were eluted from the scraped CE 
band using chloroform:methanol ( 2 : 1 ) a n d  
stored under nitrogen at -20 C until  analyzed. 

Samples were esterified by first evaporating 
to dryness and adding 5 ml of 2.5N sodium 
methoxide. After 15 min at room temperature, 
the esters were extracted, concentrated (9), and 
analyzed by gas liquid chromatography (GLC). 
A Barber Colman series 5000 GLC with hydro- 
gen flame ionization detectors was used for 
separations at 190 C on a 3.12 m stainless steel 
column (0.45 mm internal diameter) packed 
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with 18% DEGS on Anakrom ABS 70/80 mesh. 
Component  esters were quanti tated with a Disc 
Chart Integrator Model 205 and calculated as 
mole %. Identif ication was by comparison of 
carbon numbers with those of standard methyl  
esters. Each sample was analyzed 3 times, and a 
standard error of  the mean was calculated for 
each fat ty acid. 

R ESU LTS 

The effect of  diet, on the cholesterol levels 
o f  p l a s m a  ve ry  low density l ipoproteins 
(VLDL), LDL, and high density l ipoproteins 
(HDL) has been published (7). Following the 
first dietary period (Type IIa diet), the plasma 
cholesterol level in the Type IIa individuals was 
reduced ca. 15%, whereas the control  group had 
an 8% reduction over the same 7 day period. 
During the second week (normal diet), the 
plasma cholesterol levels were not altered fur- 
ther. 

Blood samples were taken 45 rain after com- 
pletion of a meal to obtain exogenous F A  in 
VLDL-CE. Endogenous FA of CE for the 
VLDL, LDL, and HDL was obtained from 
blood samples drawn after a 14 hr overnight 
fast. The effects of  the diets on CE F A  are 
reported in Table I (low cholesterol) and Table 
II (high cholesterol). 

Following the first dietary period (Table I), 
the Type IIa individual had a markedly lower 
18:2 level in the exogenous VLDL-CE than did 
the normal; 37.2M% versus an average of  
54.7M% for the normal subjects. Other differ- 
ences noted in the exogenous fraction following 
the IIa diet were an increase of  14:0, 15:0, 
16: 0, and 18:0 relative to controls. Endogenous 
VLDL-CE in the Type IIa subject following 
dietary period 1 showed a higher level of 14:0 
and 15:0, while 18:2 in the HDL fraction was 
depressed when compared to controls. 

After dietary period 2 (Table II), a small 
reduction in 18:2 relative to the controls was 
still apparent in the exogenous VLDL-CE for 
the Type IIa individual and in the endogenous 
LDL fraction. 

The differences above are in excess of varia- 
t ion noted in GLC analysis of  the samples. 

DISCUSSION 

Through  the first dietary period,  to ta l  
plasma cholesterol levels decreased, and reduced 
LDL-cholesterol concentrations were observed. 
During the second dietary period, in which 
there was an increased caloric intake (118%), 
increased dietary cholesterol, and increased 
saturated fat over period I, there was no change 

in plasma cholesterol, and a continued decrease 
in LDL-cholesterol. A probable explanation is 
that ,  due to the short duration of  the thera- 
peutic diet, a carry over effect influenced the 
continued decrease in the LDL-cholesterol. 

Recent studies by Allard, et al., (10), in 
which the fat ty  acid profiles of  the plasma lipid 
classes from coronary heart disease (CHD), 
p r i m a r y  hyperl ipoproteinemic,  and healthy 
subjects were obtained,  found no differences 
between the fat ty  acid patterns of LP-CE from 
healthy and CHD patients. However, in con- 
trast, the fat ty acid patterns of plasma lipids 
from the hyperl ipoproteinemic patients showed 
that  the CE and other lipid classes were signifi- 
cantly richer in polyunsaturated fa t ty  acids, 
(PUFA, mostly 18:2) in the primary Type II 
than in other types of hyperl ipoproteinemia.  
Therefore, AUard, et al., (10) did not  support  
the view proposed by Sinclair (11) and more 
recently by Kingsbury, et al., (5) that  athero- 
sclerosis is accompanied by  a decrease in the 
proport ion of plasma PUFA. We observed a 
slightly reduced 18:2 content in CE from the 
Type IIa individual 's endogenous LDL, and 
HDL following dietary period 1 (Table I). Fol- 
lowing dietary period II (Table II), 18:2 in the 
Type II subject was reduced only in the endoge- 
nous LDL. Following both  dietary periods 
(Tables I and II), a reduction in 18:2, for the 
Type II subject, was observed in the exogenous 
VLDL. This may indicate a reduced transport  
of 18:2 from the intestine of  our one subject 
with Type II hyperl ipoproteinemia.  

Kayden,  et al., (3) noted some differences in 
the composit ion of CE from the VLDL of 
seriously ill patients 8 hr after single meals 
(100 g) of corn or coconut oil. As compared to 
the fasting samples, both  18:1 and 18:2 con- 
tents were reduced after feeding coconut oil, 
while only 18:l  was reduced after corn oil. The 
differences were not as large as those we ob- 
served for 18:2, and, because the status of the 
subjects and the experimental  protocols were 
markedly different, comparisons are probably 
not meaningful. 

In evaluating these data, one should remem- 
ber that the two dietary periods were short and 
that  we used few subjects, two normals and one 
Type IIa individual. However, to our  knowl- 
edge, these are the first available data on the 
composit ion of the cholesteryl esters from an 
individual with Type IIa hyperl ipoproteinemia 
and should be considered along with the 
information in our recently published paper 
(7). 
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